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ABSTRACT: Preorganization and predisposition are impor-
tant molecular recognition concepts exploited by nature to
obtain site-specific and selective metal binding to proteins.
While native structures containing an MS3 core are often
unavailable in both apo- and holo-forms, one can use designed
three-stranded coiled coils (3SCCs) containing tris-thiolate
sites to evaluate these concepts. We show that the preferred
metal geometry dictates the degree to which the cysteine
rotamers change upon metal complexation. The Cys ligands in
the apo-form are preorganized for binding trigonal pyramidal
species (Pb(II)S3 and As(III)S3) in an endo conformation
oriented toward the 3SCC C-termini, whereas the cysteines are
predisposed for trigonal planar Hg(II)S3 and 4-coordinate
Zn(II)S3O structures, requiring significant thiol rotation for metal binding. This study allows assessment of the importance of
protein fold and side-chain reorientation for achieving metal selectivity in human retrotransposons and metalloregulatory
proteins.

■ INTRODUCTION

Thiolate-rich ligands are used in several biological systems to
interact with heavy metals. Prokaryotes employ metalloregula-
tory proteins to control the level of essential and toxic metals in
cells.1−5 Often Cys-rich, these proteins function at the
transcriptional level as metal sensors that regulate the
expression of numerous gene products for overseeing proper
metal ion homeostasis or detoxification. Two distinct classes of
these metalloregulators are the MerR and SmtB/ArsR
families.2,3 MerR proteins function as repressors in the absence
of metals and become activators upon metal binding,6 whereas
SmtB/ArsR proteins are classic repressors.3 MerR itself has a
strong selectivity for Hg(II),8 but some MerR family proteins
(e.g., PbrR, CueR, and ZntR) can discriminate against other
metals.2 Spectroscopic and site-directed mutagenesis studies
suggest that these proteins bind target metals into specific
coordination geometries. MerR binds Hg(II) with a trigonal
planar structure using three Cys residues,1,6,7,9−11 whereas a
Pb(II)S3 site forms in PbrR691 with a hemidirected trigonal
pyramidal geometry.5 The transcriptional repressor ArsR is
proposed to bind As(III) in a trigonal pyramid.3 Heavy metals
exploit the same basic chemistry to interfere with biological
binding sites that contain Cys ligands. One well-known
example is Pb(II) substitution in the Zn(II)-dependent enzyme
δ-aminolevulinic acid dehydratase (ALAD), which catalyzes the
second step of the heme biosynthetic pathway.12 Inhibition of
this enzyme is thought to cause Pb(II)-related anemia and
neurological symptoms. Pb(II) inhibits ALAD by replacing the

native pseudo tetrahedral Zn(II)S3O site with Pb(II)S3 in a
trigonal pyramidal geometry.13,14

The structure of the human Line-1 retrotransposon is of
particular interest to this study. Retrotransposons increase the
variability of the human genome. The Line-1 element contains
two open reading frames, one of which (ORF1) encodes a
sequence that may be an RNA packaging protein.15,16 It
includes an N-terminal sequence that utilizes a heptad repeat
with hydrophobes in the a and d positions and trimerizes to
form a three-stranded coiled coil (3SCC) that appears essential
for proper activity. There are two very interesting aspects of this
coiled coil structure that relate to bound ions. First, chloride
appears to stabilize the fold at two positions that have either
glycine (a) and arginine (d) in adjacent layers or a position that
has asparagine (d). Second, there are hydrophobic layers
substituted by cysteine in a and d positions, as shown in the
sequence in Figure S1, that are excellent binding motifs for
heavy metal cations such as Hg(II) and Pb(II). Thus, a here-to-
fore unrecognized potential target for heavy metal effects on the
human genome may be the change in dynamics of the 3SCC
due to the strong M−S bonds.
Metal binding to three Cys ligands is the core feature of these

examples. Thus, studying how the Cys3 ligand set adopts to
varied metal geometries, within different protein folds, is critical
for assessing metal specificity and selectivity in natural systems.
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To achieve this level of understanding, structural character-
ization of both apo- and metalated protein forms is required.
Synthetic biology is an effective tool for elucidating native

protein function. One strategy is de novo metalloprotein and
metalloenzyme design.17−21 The controllable incorporation of
metals into designed scaffolds provides an understanding of the
interplay between amino acid side chains, coordination number,
and polyhedral preference of different cations. We use designed
3SCCs containing thiol residues for chelating metals in
geometries relevant for understanding heavy metal interactions
in proteins. These 3SCCs exploit a heptad motif strategy
previously described for the design of CoilSer and VaLd
peptides reported by DeGrado.22,23 The TRI and GRAND
peptide sequences use the heptad repeat LaKbAcLdEeEfKg
(Table 1).24 Using these peptides, we generated a heavy
metal binding site by substituting cysteine for leucine in either
the first (a) or the fourth (d) position of one heptad. Adding
Hg(II) to (TRIL16C)3 led to Hg(II)(TRIL16C)3

−, the first
water-soluble model of a trigonal planar Hg(II) site for
MerR.25−27 Moreover, Cys3-substituted 3SCCs can bind other
heavy metals, including Pb(II), Cd(II), As(III), Bi(III), and
Zn(II).25−36 Despite significant success in spectroscopically
characterizing metalated 3SCCs to elucidate metal−protein
interactions in aqueous solution, the structural details of these
systems remained elusive.
To optimize the predictive ability for binding metals within

these scaffolds, and to understand how native proteins achieve
metal selectivity, one must define the extent of predisposition
versus preorganization of the apo-proteins for the target metal.
Here, we define predisposition as the placement of ligands at an
appropriate layer to complex a metal, whereas a preorganized
site not only contains the requisite numbers and types of
heteroatoms in a layer, but in addition requires no, or minimal,
reorganization of the protein side chains when complexing the
desired target. One can imagine that preorganizing a site for a
specific coordination geometry can lead to selectivity of metal
binding either for distinguishing different metals at the same
binding site or for discrimination of different sites (a vs d)
within an individual scaffold. Structural information is required
to evaluate the extent of site preorganization for metal binding
proteins. There are numerous examples of preorganized metal
binding sites in proteins.37 Both the electron transfer blue
copper protein and the zinc-dependent hydratase carbonic
anhydrase are highly preorganized for metal binding.38−40 In
contrast, proteins such as zinc fingers are neither preorganized
nor predisposed for metal binding. Systems such as the
designed protein Dueferri 1 (DF1) or Zn(II)-bound metal-
loregulators SmtB/ArsR and CadC appear to be intermediate
between these extremes.41−43 The level of molecular

recognition exhibited by apo-MerR and metalated MerR
indicates that neither preorganized nor even predisposed
metal sites for Hg(II) binding exist.44

Because both TRI and GRAND peptide sequences have not
been amenable for growing X-ray quality single crystals, we
have utilized CoilSer peptides (CS or GRAND-CS) that
contain cysteine or histidine substitutions in the helical core.
These analogues behave spectroscopically and functionally
identically to the corresponding TRI and GRAND peptides;45

however, the CS and GRAND-CS peptides contain a histidine
in the f position of the last heptad. These His residues are
present on the exterior of the 3SCC and can form, between
bundles, a Zn(II) binding site that links individual scaffolds to
generate well-structured single crystals. Therefore, metal site
design strategies can be evaluated by comparing the structures
of apo versus metalated CS and GRAND-CS peptides. In this
report, we address the extent of sulfur layer complexation for
binding Pb(II), As(III), Hg(II), and Zn(II) in a position
cysteine-substituted peptides.
With this detailed structural study, we explore how the metal

binding structures observed correlate with metal geometry
preferences. Importantly, these designed systems allow us to
address active site preorganization exclusively, without
complications associated with other protein conformational
changes. We find that Cys residues in 3SCCs are predisposed
for binding metals that prefer trigonal planar (Hg(II)S3) and
pseudo tetrahedral (Zn(II)S3O) geometries, but are preor-
ganized for binding trigonal pyramidal metals (Pb(II) and
As(III)), regardless of size or charge. Furthermore, packing in
the second coordination sphere plays an important role in
determining preorganization versus predisposition for Zn(II),
Pb(II), and As(III) sites. Thus, we provide the first systematic
study defining the role of active site preorganization in helical
assemblies, which should aid in both unraveling the molecular
basis for heavy metal recognition and defining general rules for
metal selectivity observed in biological systems.

■ RESULTS AND DISCUSSION
Cys Arrangement in the Apo-Structure. The crystal

structure of apo-(CSL16C)3 provides the Cys arrangement
when a metal is not bound to the site (Figure S2). The major
conformation for the three cysteine side chains, considered as a
single unit, is based on the major Sγ conformers (60%
occupancy) of two chains combined with the third Cys from
the other (70% occupancy). Thus, approximately 25% of the
time (Table S3), all of the ligands are directed toward the
helical core with an average Sγ−Sγ distance of 3.32 Å (average
χ1 of Cys = −66.24°) (Figure 1a). This same Cys arrangement
was observed in the major Sγ conformers (average χ1 of Cys =

Table 1. Peptide Sequencesa

peptides a b c d e f g a b c d e f g a b c d e f g a b c d e f g a b c d e f g

2 9 12 16 30

TRI Ac-G LKALEEK LKALEEK LKALEEK LKALEEK G-NH2

TRIL16C Ac-G LKALEEK LKALEEK CKALEEK LKALEEK G-NH2

CoilSer (CS) Ac-E WEALEKK LAALESK LQALEKK LEALEHG -NH2

CSL9C Ac-E WEALEKK CAALESK LQALEKK LEALEHG -NH2

CSL16C Ac-E WEALEKK LAALESK CQALEKK LEALEHG -NH2

GRAND-CoilSer Ac-E WEALEKK LKALESK LQALEKK LQALEKK LEALEHG -NH2

GRAND-CSL16CL30H Ac-E WEALEKK LAALESK CQALEKK LQALEKK HEALEHG -NH2

GRAND-CSL12AL16C Ac-E WEALEKK LAAAESK CQALEKK LQALEKK LEALEHG -NH2
aBold residues indicate substitutions. C- and N-termini are capped by Ac and NH2 groups, respectively.
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−70.52° and average Sγ−Sγ distance of 3.32 Å) of the
published apo-(CSL9C)3 structure, which has the Cys residues
in the ninth position (a site) (Figure S3).46 These structures
suggest that Cys layers at a sites generate analogous apo
cysteine major conformations. In addition to these two

conformations, multiple combinations of the two conformers
are possible. 45% of the conformations have two of the
conformers directed to the helical core. Thus, we may conclude
that 70% of the sites are fully or significantly preorganized for
lead or arsenic binding. The remaining 30% have at least two of
the Cys residues oriented outward to the helical interface. With
this in mind, only the major conformation will be discussed
further to represent the apo-coordination in the 3SCC
peptides. One can imagine that native proteins, which utilize
hydrogen-bonding residues to the sulfur atoms, would
constrain such sites into single conformations. All crystallo-
graphic parameters determined from the structures are listed in
Table 2.

Structural Analysis of Trigonal Planar Hg(II)S3 Binding
in 3SCC Peptides. With a 3.32 Å Sγ−Sγ distance, the major
Cys conformation in apo-(CSL16C)3 would require a M−S
distance of ∼1.90 Å to accommodate a metal within the three
sulfur atom plane.47 This distance is unrealistically short for a 3-
coordinate Hg(II)−S bond and most other heavy metal−sulfur
bonds. Thus, a trigonal planar geometry as in MerR must
impart some degree of cysteine side-chain rearrangement. Koch
demonstrated that simple Hg(II)(SR)3

− complexes have 2.44 Å
Hg(II)−S distances and 4.19 Å Sγ−Sγ separations.48,49 The
Hg(II)−S dis tances in Hg(II)SZn(II)N(GRAND-
CSL16CL30H)3

+ and MerR9,10 match these parameters.
Overlaying the trigonal Hg(II)S3 site (Figure 1c, d) from
Hg(II)SZn(II)N(GRAND-CSL16CL30H)3

+ onto the Cys3 site
in apo-(CSL16C)3 (rmsd = 0.510) confirms the different Cys
orientations expected between the two structures. Thus, fitting
a Hg(II) ion into the metal binding plane requires the thiols in
the apoprotein to reorient for the trigonal planar structure, and
is accomplished by moving the core- and N-termini-directed
cysteine sulfur atoms (in the absence of metal, χ1 of −66.24°)
to face out to the helical interface and “down” toward the C-

Figure 1. Ribbon diagrams demonstrating an overlay of the cysteine-
substituted 16th layer between Hg(II)SZn(II)N(GRAND-
CSL16CL30H)3

+ and apo-(CSL16C)3. Top-down (N-termini) view
of the major conformer of Cys residues in (a) apo-(CSL16C)3 and (b)
Hg(II)SZn(II)N(GRAND-CSL16CL30H)3

+. (c) Top-down and (d)
side-on views of the overlay showing the predisposition of three Cys
ligands toward Hg(II) binding. Main-chain atoms of Hg(II)SZn-
(II)N(GRAND-CSL16CL30H)3

+ are colored in green and apo-
(CSL16C)3 in orange. Cysteine side chains are shown as sticks with
the sulfur atoms in yellow. Hg(II) is present as a blue sphere, and the
water observed between the 12Leu and 16Cys cavity is omitted for
clarity.

Table 2. Crystallographic Parameters Determined from the Crystal Structuresa

peptides apo-(CSL16C)3
Hg(II)SZn(II)N(GRAND-

CSL16CL30H)3
+

Pb(II)SZn(II)N(GRAND-
CSL16CL30H)3

+
Zn(II)(GRAND-
CSL12A16C)3

−

16Cys Rotamers
χ1 (interior rotamers)

b −66.24° (average) −150.35° −68.34° −149.39°
Sγ−Sγ distancec (Å) 3.32 (average) 4.08 3.45 3.92
χ1 (exterior rotamers) −176.47° (average)f −169.58° −153.84° 172.63°
Sγ−Sγ distanced (Å) 5.33 (average)g 5.06 4.66 5.91
Metal Site
M−S bond length (Å) 2.38, Hg(II)−S 2.60, Pb(II)−S 2.27, Zn(II)−S

2.18, Zn(II)−O
S−M−S angle (average) 118.50° 84.58° 119.30°, S−Zn(II)−S

94.80°, S−Zn(II)−O
distance of metal from the bound Cys
planee (Å)

−0.30 −1.63 +0.20

Interlayer Space around the Metal Site (Å)
between 12Leu and 16Cys 4.92 5.92 4.45
between 16Cys and 19Leu 4.41 3.30 4.65 3.23

aPeptides that were crystallized in R32 space group have crystallographically imposed 3-fold symmetry along the z axis that runs through the center
of the three helices of the 3SCC. The consequence of symmetry is that structures in R32 will have a single reported value for the following
crystallographic parameters (χ1 dihedral angles, atomic distances, and M−S distances), while average values are usually given for the structure
crystallizing in C2 in which the three helices are independent. bχ1 of Cys residue is determined from the dihedral angle of N−Cα−Cβ−Sγ. cDistance
determined between Sγ atoms of the interior Cys conformers of two adjacent chains. dDistance determined between Sγ atoms of the exterior Cys
conformers of two adjacent chains. ePlus sign (+) indicates the metal is situated above the bound Cys plane; minus (−) indicates the metal is
situated below the bound Cys plane. fAveraged χ1 dihedral angle determined from minor Cys conformers observed from two of the chains.
gAveraged Sγ−Sγ separation determined from the two minor Cys conformations found on two chains and the third Cys (major) from the remaining
chain.
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termini (in the presence of metal, χ1 of −150.35°). This
rearrangement expands the Sγ−Sγ distance from 3.32 Å in apo-
(CSL16C)3 to 4.08 Å, affording the additional space required to
accept the large Hg(II) ion (ionic radius = 1.16 Å)50 into the
trigonal plane with a Hg(II)−S distance of 2.38 Å, which is in
close agreement with the 2.43 Å distance obtained through
EXAFS spectroscopy.27 The structure corroborates the
previously published trigonal thiolate Hg(II) assign-
ment26,27,29,45 for Hg(II)(TRIL16C)3

− at pH 8.5 and provides
a higher resolution crystallographic model of the active site of
the trigonal planar Hg(II)-bound MerR protein.44 Overall, we
conclude that the apo-Cys coordination is predisposed, but not
preorganized toward a trigonal planar Hg(II) complex.
No global rearrangement or significant distortions of the

helices are required upon Hg(II) binding, indicating that the
3SCC framework qualifies as a rigid scaffold that interrogates
solely the metal chelation preferences in these designed
proteins. This is in marked contrast with the native metal-
loregulator MerR proteins, which use the loop region to bind to
the metal and effect major protein conformational changes.44

Despite these differences in the apo-proteins, within the
precision of the refinements for both metalated systems
(based on the resolution and R values),51 both structures
display indistinguishable trigonal binding sites (Sγ−Sγ separa-
tions of 4.08 Å for Hg(II)SZn(II)N(GRAND-CSL16CL30H)3

+

and 4.24 Å for the native protein44). As a result, the Hg(II)−S
bond length in the designed structure (2.38 Å) is in excellent
agreement with the 2.44 Å bond length in the MerR crystal
structure.44 This comparison demonstrates that regardless of
the initial apoprotein structure, the final metal site must
conform to the same geometric restrictions. However,
examination of the microenvironment at the Cys ligands of
both structures highlights that the residues have different
through-space orientations (Figure 2), indicating that to

achieve a trigonal binding site, the rotamers must be positioned
differently in the distinct structures. The wide range of Cys
torsion angles (−69.33°, Cys79; 173.45°, Cys112; and 173.68°,
Cys 127) observed in the native protein reflects the flexibility of
the ligands located in the loop region, but the three Cys ligands
in the designed protein are restricted to the 3-fold symmetric
coiled coil environment with χ1 of −150.35°. Given the
markedly different Cys torsion angles, the fact that the two
divergent systems retain similar spectroscopic signatures is
impressive. Most important, these observations demonstrate
that forming a trigonal planar Hg(II)S3 site within α-helical
bundles, as found in other metalloregulatory proteins, would

not allow the necessary global conformational changes required
for proper MerR function.
It is surprisingly straightforward to change this binding site

from one that is simply predisposed to one that exhibits a high
degree of ligand preorganization. We have previously reported
the structures of apo-(CSL16Pen)3 and [Hg(II)]S[Zn(II)-
(H2O/OH

−)]N(CSL9PenL23H)3
n+ in which cysteine residues

have been substituted with penicillamine (Pen).31,32 The side-
chain of Pen differs from that of Cys by introducing a germinal
dimethyl substitution at the β-carbon of the Cys residue. The
Hg(II) ion retains the same trigonal planar geometry; however,
the apoprotein has markedly different conformations for the
side-chain dihedral angles than those observed for cysteine
residues in the apoprotein. The thiols in the Pen-substituted
apoprotein do not need to change significantly to accept a
trigonal planar structure (average apo χ1 of −49.85°, metalated
χ1 of −50.23°) (Figure S4). Thus, we can convert a site that
was only predisposed to bind Hg(II) into one that is highly
preorganized for Hg(II) sequestration via the simple expedient
of adding two methyl groups to the side chain in 3SCCs.

Structural Description of 4-Coordinate Zn(II)-Binding
3SCCs. We prepared a Zn(II)S3O site using the GRAND-
CSL12A16C peptide. The L12AL16C variant was originally
designed to provide additional space for solvent molecules to
bind to the metal center at the 16Cys site by substituting Leu
for Ala in the 12th position.35,36 An overlay of (GRAND-
CSL12A16C)3 and (GRAND-CSL16CL30H)3 backbone struc-
tures in Figure S5 demonstrates that alanine substitution does
not significantly alter the overall assembly. The Zn(II)(H2O)
(GRAND-CSL12A16C)3

− structure has three Zn(II)-coordi-
nating Cys ligands with an exogenous water to complete 4-
coordination. The 12Ala layer generates a void space above the
metal site, which is sufficient for excess waters as can be seen in
the related crystal structure for Hg(II)(GRAND-
CSL12A16C)3

− (Figure S6a, b).52 An attempt to model these
waters did not provide crystallographically reasonable results,
indicating that the solvents in this void are not rigidly held at
specific positions. However, this cavity is larger than the
corresponding interlayer space made by 12Leu in Hg(II)SZn-
(II)N(GRAND-CSL16CL30H)3

+ where only one water is
observed (Figure S6c, d). The conformations of the 3-fold
related Cys ligands of Zn(II)(H2O)(GRAND-CSL12A16C)3

−

are similar, but not identical, to those observed for trigonal
planar Hg(II)S3 in Hg(II)SZn(II)N(GRAND-CSL16CL30H)3

+

(Figure S7). We conclude that metal chelation for Zn(II) is also
associated with a predisposed, but not preorganized, apo-3SCC
(Figure 3). The χ1 torsion angles of the two structures are close
in value (χ1 of −149.39° for Zn(II)S3O and χ1 of −150.35° for
Hg(II)S3); however, the decreased dihedral angle in Zn(II)-
(H2O) (GRAND-CSL12A16C)3

− causes a shorter Sγ−Sγ
separation (3.92 Å) verifying that the sulfur plane of the
Zn(II) coordination site is smaller than the trigonal planar
Hg(II)S3 (4.08 Å). The Zn(II) structure is distorted pseudo
tetrahedral, with angles of S−Zn(II)−S and S−Zn(II)−O that
are not perfectly at 109.5°. Zn(II) sits close to the sulfur plane,
with a surprisingly small out-of-plane distance of 0.20 Å toward
the water ligand as compared to Hg(II) in the trigonal planar
Hg(II)S3 site (0.30 Å below the plane). This difference may be
a consequence of shorter Zn(II)−S bonds (2.27 Å), which do
not require the thiols to open as much as for the larger Hg(II)
ion. Another factor that distinguishes Zn(II) from Hg(II) is a
preference for 4-coordinate over 3-coordinate geometry. The
Zn(II)−O distance is 2.18 Å, reflective of a real coordinative

Figure 2. Ribbon diagrams of the Hg(II)S3 sites in (a) Hg(II)SZn-
(II)N(GRAND-CSL16CL30H)3

+ and (b) native MerR (PDB code:
4UA1).43 The Cys residues in both structures are shown as sticks with
the sulfur atoms in yellow. The Hg(II) ions are shown as blue spheres.
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bond; however, the uncoordinated water above the Hg(II)S3
site in Hg(II)SZn(II)N(GRAND-CSL16CL30H)3

+ is 2.79 Å
away from Hg(II), a distance that is too long to represent a
Hg(II)−O bond (typically 2.20−2.30 Å) (Figure S6d).53,54 A
very important observation for both the Hg(II) and the Zn(II)
structures is that the solvents are only found in the interlayer
spacing toward the N-termini, not the C-termini, of the 3SCC
(Figure S8). This is because the interlayer spacing on going
from a to d residues is smaller (∼4.41 Å) than on progressing
from d to a in the sequence (∼4.92 Å). Additionally,
reorientation of the Cys layer toward the C-termini upon
Hg(II) and Zn(II) binding makes the interlayer space below (a
to d) the metal site even smaller.
Trigonal Pyramidal Coordination in 3SCC Environ-

ments. The binding of trigonal pyramidal ions is markedly
different from that of trigonal planar or pseudo tetrahedral
species. Unlike the trigonal Hg(II)S3 structure with the Cys
thiols pointing outward toward the helical interface (χ1 of
−150.35°), the corresponding rotamers in Pb(II)SZn-
(II)N(GRAND-CSL16CL30H)3

+ are directed toward the core
and N-termini of the 3SCC with χ1 of −68.34°. This χ1 angle is
close to the −66.24° angle observed in the major conformation
of apo-(CSL16C)3, implying that the Cys orientation in the
apo-peptide is highly preorganized for a trigonal pyramidal
structure (Figure 4). Furthermore, the Sγ−Sγ separations are
similar for apo-(CSL16C)3 (3.32 Å) and Pb(II)S3 in Pb-
(II)SZn(II)N(GRAND-CSL16CL30H)3

+ (3.45 Å) because Pb-
(II) is bound in an endo-configuration,55 which allows the metal
to sit 1.63 Å below the sulfur plane toward the C-termini of the
3SCC. The Pb(II)−S bond distance is 2.60 Å, which is within
the experimental error of values determined for Pb-
(TRIL16C)3

− (2.63 Å, EXAFS)29 and small inorganic Pb(II)S3
complexes.56,57 A similar geometry was previously observed in
the As(III)S3 site of As(III)(CSL9C)3.

58 Like Pb(II)S3, trivalent
arsenic takes on a hemidirected, homoleptic structure in the
3SCC, but due to the smaller radius of As(III) (0.72 Å), the
As(III)−S distances (average of 2.28 Å) are significantly shorter
than those observed in the Pb(II) system. Despite the shorter
As(III)−S distance and higher ionic charge than Pb(II),
As(III)(CSL9C)3 has an average χ1 (−59.66°) and Sγ−Sγ
separation (3.25 Å) close to those of both the Pb(II) and the
apo-structures. The small size of As(III) requires the thiol
ligands to rotate slightly more inward to the core as compared
to the apo-proteins (apo-(CSL16C)3 and apo-(CSL9C)3),
compressing the diameter of the sulfur plane. In contrast,

Pb(II) causes the thiols to move slightly outward from the core
due to its larger 1.33 Å atomic radius. The smaller As(III) ion is
situated 1.30 Å below the three atom sulfur plane, while the
corresponding distance is 1.63 Å in the Pb(II)S3 site (Figure 5).

Thus, these 3SCCs are preorganized for the binding of trigonal
pyramidal ions in the a sites regardless of ion size or charge and
can adapt to a significant range of M−S distances.
Touw et al. suggested that the lone pair of As(III) may play

an important role in influencing As(III) orientation within the
3SCC.58 It was reasoned that As(III) was directed toward the
C-termini (endo conformation) to accommodate its lone pair
because the 12Leu residues located one hydrophobic layer
below the 9Cys As(III)-binding site are less tightly packed than
the 5Leu residues situated one layer above. The new structure
presented herein shows that Pb(II) binds similarly to As(III) in
this tris-thiolate site (Figure 5). Once again, the Pb(II)
stereochemically active lone pair could define orientation;

Figure 3. Ribbon diagrams representing the predisposition of apo-Cys
ligands toward a 4-coordinate Zn(II)S3O structure in the 3SCC
environment. (a) Top-down view from the N-termini of the 4-
coordinate binding site in Zn(II)(H2O)(GRAND-CSL12AL16C)3

−.
(b) Top-down and (c) side-on view of the overlay between the 4-
coordinate Zn(II)S3O site and apo-(CSL16C)3. Main-chain atoms of
Zn(II)(H2O)(GRAND-CSL12AL16C)3

− and apo-(CSL16C)3 are
shown as pink and orange ribbon diagrams, respectively. The 16Cys
side chains are shown as sticks (sulfur = yellow). The Zn(II) ion and
water are shown as gray and red spheres, respectively.

Figure 4. Ribbon diagrams superimposing metalated Pb(II)S3 and
As(III)S3 structures onto apo-(CSL16C)3 demonstrate the preorgani-
zation of apo-Cys ligands to the trigonal pyramidal geometry. endo-
Trigonal pyramidal structures of (a) Pb(II)S3 from Pb(II)SZn-
(II)N(GRAND-CSL16CL30H)3

+ and (d) As(III)S3 from As(III)
(CSL9C)3 (PDB code: 2JGO).56 (b, e) Top-down and (c, f) side-
on view of the overlay between metalated structure and apoprotein for
Pb(II)S3 and As(III)S3, respectively. Main-chain atoms of Pb(II)SZn-
(II)N(GRAND-CSL16CL30H)3

+, As(III)(CSL9C)3, and apo-
(CSL16C)3 are colored in purple, cyan, and orange, respectively
(sulfur atoms = yellow). The Pb(II) and As(III) ions are shown as gray
and cyan spheres, respectively.

Figure 5. Ribbon diagrams comparing trigonal pyramidal Pb(II)S3 and
As(III)S3 (PDB code: 2JGO)56 in an a site of the 3SCCs. (a) Top-
down view from the N-termini and (b) side-on view of the overlaid
binding sites. Pb(II) is situated at a distance of 1.63 Å below the metal
plane in Pb(II)SZn(II)N(GRAND-CSL16CL30H)3

+, while As(III) is at
a distance 1.30 Å below the metal plane in As(III)(CSL9C)3. (c)
Packing of Leu layers below Cys sites (shown as spheres). Main-chain
atoms of Pb(II)SZn(II)N(GRAND-CSL16CL30H)3

+ are colored in
purple and As(III)(CSL9C)3 in cyan (sulfurs in yellow). The Pb(II)
and As(III) ions are shown as gray and cyan spheres, respectively.
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however, given the larger size of Pb(II), its greater out-of-plane
displacement, and the small interlayer separation between the a
and d layers, an alternate explanation may be preferable. An
equal, or more significant, factor for the observed metal
location may be the high level of preorganization of the apo-
Cys proteins. An exo configuration for Pb(II)S3 was predicted
on the basis of structures of small molecule models, a Pb(II)-
bound ALAD protein structure,14 and a computational study30

that further corroborated this structural preference. However,
the observed endo conformation contradicts these precedents.
The dominant factor controlling trigonal pyramidal metal
structure in CS and GRAND-CS peptides is likely the preferred
side-chain rotamer orientation that does not allow the cysteines
to be positioned so that Pb(II) can bind in an exo conformation
within the 3SCC.
Helical systems should have similar torsion angle restrictions

for cysteines, whereas other secondary or tertiary structures
may be able to accept the exo tris-thiolate Pb(II) complexes
(Figure S9). The active site of yeast ALAD, which features a
TIM-barrel, is located in a loop connecting β5 with α4 at the C-
terminal end of the β-barrel.59 The three bound Cys rotamers
are directed to the solvent accessible area with varied dihedral
angles (−142.7°, Cys133; 41.4°, Cys135; and −53.2°, Cys143),
allowing for an exo Pb(II) configuration.14 Apparently, the loop
region provides more flexibility for Cys to adopt a variety of
orientations as opposed to the rigidity of a helical scaffold. This
comparison shows that secondary and tertiary protein structure
serves as a significant determinant for specific recognition of
metals to thiolate rich sites. It is reasonable to expect that metal
affinity and selectivity in 3SCCs will be affected by these
structural factors as Zn(II) and Hg(II) binding requires more
reorganization energy than Pb(II) or As(III) binding.
Furthermore, these factors may contribute to metal differ-
entiation between natural proteins when comparing similar first
coordination sphere ligands in dramatically different protein
folds.
While we have described the importance of preorganization

of metal binding to a Cys3 site, the concept can be more
generally applied to any ion binding to this type of protein.
Hartmann et al. have shown that anions bind to coiled coils of
trimeric autotransporter adhesions with the most frequent
residues to recognize these anions being arginine (Arg) located
in d layers.60 Comparison of apo and anion-containing
structures of Arg3 sites in coiled coil proteins demonstrated
that the Arg side chains are preorganized for anion binding.
While the examples with metal−Cys bonds correspond to
directional coordinative covalent interactions, the examples of
the adhesion proteins correspond to distance, but not
orientation, dependent. Nonetheless, the same concept of
minimizing reorganization energy of the side chains upon ion
binding appears to be operative.
Effect of Metal Binding on the Hydrophobic Layers

Forming the Second Coordination Sphere. Because the
Cys ligands are predisposed, but not preorganized, the 16Cys
plane of the Hg(II)SZn(II)N(GRAND-CSL16CL30H)3

+ struc-
ture is shifted toward the C-termini by ∼1.30 Å as compared to
the Cys plane in apo-(CSL16C)3 (Figure 1). This Cys
rearrangement affects the hydrophobic cavities around the
metal site. Whereas the shift decreases the interlayer spacing
between the 16Cys and 19Leu layers, the opposite effect is
observed above the metal site between 16Cys and 12Leu layers.
This region is enlarged sufficiently to accommodate a
noncoordinating water molecule 2.79 Å above the Hg(II)

atom (with respect to the N-termini) (Figure S8). Hg(II) is
trigonal planar with a S−Hg(II)−S angle close to a perfect 120°
and the Hg(II) ion is not distorted out of the Cys plane toward
the water. Thus, the possibility of a pseudo tetrahedral
Hg(II)S3O structure is eliminated. This water, on the other
hand, forms hydrogen bonds with the p-orbitals of Cys sulfur
atoms (O−S distance of 3.88 Å), stabilizing the overall charge
of the metal site. In addition, steric clashing between the 12Leu
residues and water was not observed (validated by MolPro-
bity61). However, in the metalated trigonal pyramidal cases
where the thiols are preorganized prior to metal binding, water
is not observed between either of the interspace layers around
the metal site (Figure S8), indicating that when the thiol
ligands remain unchanged from the apo-coordination (helical
core- and N-termini-directed), less space is generated between
the 12Leu and bound-16Cys layers. At the same time, the
resulting endo-coordination mode for metal binding below the
sulfur plane removes any vacant space below the metal site.
The cysteine rotamer conformations for trigonal pyramidal

complexes are unaffected by the size of the metal. Instead, it is
the hydrophobic packing in the second coordination sphere
where the metal size influences structure. The larger the size of
the metal, the farther the ion’s displacement from the sulfur
plane, and, consequently, the stereochemically active lone pair
will have a greater impact on side-chain packing at the Leu layer
below the metal site. Thus, to avoid steric clashes between the
metal and adjacent layers, the Leu residues below the Cys3
plane have to reorient slightly toward the helical interface and
rotate down toward the C-termini in the metalated structures as
compared to apo-(CSL16C)3 (Figure S10). This perturbation
is larger for Pb(II) complexation than for the smaller As(III)
ion. The endo-isomer requires the Leu residues below the metal
plane to shift to accommodate the metal lone pairs. One should
remember at this point that the peptide sequence from the d
position to the a (metal plane) has three intervening residues,
whereas there are only two residues upon going from a (metal
plane) to d. The metalloids that require trigonal pyramidal
geometry, regardless of size or charge, lie within the region with
less space between layers so as to minimize cysteine side-chain
rotation (i.e., accepting preorganized binding), instead forcing
the adjacent hydrophobic layer conformation to change.
Given these observations, one might then ask why the 4-

coordinate Zn(II) ion does not accept the preorganized
cysteine conformation, but rather accepts the significantly
perturbed cysteine rotamers observed for the trigonal planar
Hg(II) structures? One model might suggest that with respect
to metal sulfur bonding, trigonal pyramidal versus pseudo
tetrahedral polyhedral geometries would be closely similar.
Instead, we see they are markedly different and hypothesize
that this is a consequence of the bound water, which appears to
have a more significant impact on the structure than a lone pair.
We compared the pseudo tetrahedral and trigonal pyramidal

geometries in these designed peptides by overlaying the
Zn(II)S3O and As(III)S3 environments (Figure 6). Both
metal sites share the same first coordination sphere (Cys3
ligand set), and both ions have comparable radii (As(III), 0.72
Å and Zn(II), 0.74 Å).50 However, the As(III) ion accepts the
preorganized thiol orientation (χ1 = −59.66°) resulting in a
sulfur plane similar to the apo-structure, while Zn(II) binding
induces reorientation of the thiols outward to the helical
interface (χ1 = −149.39°), lowering the Cys plane by ∼1.30 Å
from its location in the unmetalated and As(III) structures.
Intriguingly, even though the sulfur planes are shifted between
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these two geometries, the alignment of the two structures
indicates that the absolute positions of bound As(III) and
Zn(II) are relatively close, with As(III) slightly shifted toward
the N-termini. This observation implies that the Cys rotation
required for the Zn(II)S3O site allows the Zn(II) ion to fit in
the same position as the As(III) ion despite the very different
cysteine rotamer angles and three sulfur plane positions.
Moreover, Zn(II)S3O has a longer Sγ−Sγ separation (3.92 Å)
as compared to the As(III) site (3.25 Å) because Zn(II) sits just
0.20 Å above the sulfur plane, while As(III) is bound with an
endo-conformation that allows the metal to sit 1.30 Å below the
metal plane.
To understand these observations further, we must consider

the differences in packing at the 19Leu position and how these
hydrophobic residues can accommodate a stereochemically
active lone pair versus a coordinated solvent. The packing of
the hydrophobic layer below the metal site is similar between
Zn(II)S3O and As(III)S3 sites in As(III)(CSL9C)3 and
Zn(II)(H2O)(GRAND-CSL12A16C)3

− (Figure 6c). The fact
that Zn(II) and As(III) have nearly identical sizes and are
located at essentially the same position in the coiled coil may
explain this similarity. The most important factor is that the
19Leu layer comes closer to the three atom sulfur plane in the
Zn(II)S3O site by ∼1.30 Å. Given the small Zn(II) to 19Leu
separation, there is insufficient space toward the 19Leu layer for
a solvent molecule within 2.18 Å of Zn(II). This is consistent
with the observation that we have never observed a solvent
atom below the Cys3 plane when Leu is in the 19th position.
Therefore, there are two possibilities for the formation of a
pseudo tetrahedral center. The first, that Zn(II) adopts the
same cysteine rotamers as the Pb(II) or As(III) ions, is unlikely
because it would require that the bound water point toward the
C-termini where there is not enough space to accommodate
solvent in the resultant cavity. The second possibility is that
which is observed. The cysteines rotate as in the Hg(II)
structure to allow water to occupy the fourth coordination site
in the cavity toward the N-termini. A similar phenomenon is
expected for Cd(II), which is larger than Zn(II) and has a
Cd(II)−O distance of 2.32 Å based on EXAFS studies.52 For
these reasons, we conclude that the apo-Cys3 site in the 3SCC
CS and GRAND-CS series is predisposed, but not preorganized
for the sequestration of pseudo tetrahedral polyhedra,
regardless of the metal.
Human retrotransposons are responsible for up to 17% of

variability in the human genome.62 These proteins form highly

conserved N-terminal trimeric coiled coil domains that connect
to a central RNA Recognition motif that selects for the binding
of single-stranded nucleic acids. Cysteine residues are located in
two different a layers of the human Line1 ORF1 protein63 as
shown in Figure S1, making this a potential heavy metal
binding site similar to those described for the GRAND-CS
peptides. In vivo assays of retrotransposon function demon-
strated significant sensitivity to mutations that lead either to
mis-assembly or to excessive rigidity of the coiled coil.15 In
particular, it was suggested that the kinetics for unwinding the
target RNA sequence are highly dependent on the flexibility of
the trimeric segment. Heavy metal binding to the Line 1 ORF
1p is expected to cause a much more rigid 3SCC due to the
enthalpically strong M−S bonds. In such a case, the
retrotransposon is not expected to function properly. Thus,
one can imagine that the binding of lead, arsenic, or mercury
could cause significant perturbation to the genetic machinery of
a cell, potentially generating long-term mutagenic effects.

■ CONCLUSION
We have provided the first systematic crystallographic study for
the extent of preorganization versus predisposition of metal
bound environments in designed proteins. The extent of ligand
rotameric changes for Cys3 ligands upon binding metals is not
dependent on size or charge. Instead, the preferred
coordination geometry of the metal defines the allowed
rotamers. For trigonal planar structures, significant rotation of
the Cys ligands is required to accommodate any metal. In
contrast, the cysteine environment is preorganized for trigonal
pyramidal ions when they adopt an endo conformation placed
toward the C-termini of the coiled coil. Four-coordinate,
pseudo tetrahedral structures are not preorganized and require
significant cysteine repositioning, likely due to the energy
penalty required to fit a solvent water molecule below the sulfur
plane. Thus, both metal and protein structural preferences
define the geometry and positioning of the ligands and metals
in these assemblies. It should be emphasized that this study
explicitly examined metal binding to a site cysteine residues and
that different rules for preorganization versus predisposition
may exist when the cysteines are incorporated into a d layer as
previous structural studies have shown that these sites have
markedly different preferred cysteine side-chain conformations
in the apo-peptides.46

While these studies have greatly clarified the factors that lead
to metal ion site selectivity in designed proteins, the insight
garnered herein is also important for understanding heavy
metal recognition in native metalloregulatory proteins and
human retrotransposons. Given the ideal Pb(II) and As(III)
geometries revealed by these studies, the trimeric coiled coil in
human Line 1 transposons is expected to show high affinity for
heavy metals at tris cysteine sites found at a sites of heptads VI
and VII. As the flexibility of this domain is essential for proper
functioning, one can conceive of a new mechanism for the
perturbation of genetic information through heavy metal
exposure to these proteins at very low concentrations. At the
same time, while we see that helical bundles provide a template
offering selectivity for distinguishing different metals, these
structures do not easily allow for conformational changes
necessary to induce metalloregulatory switches. We conclude
that greater metal ion selectivity can be achieved with
preorganized helical assemblies, but that metalloregulatory
proteins such as MerR may sacrifice, to some degree, metal
recognition to optimize function. Thus, more promiscuous

Figure 6. Ribbon diagrams overlaying the Zn(II)S3O and As(III)S3
binding sites in 3SCCs show that the positions of As(III) and Zn(II)
are in close proximity, while the metalated Cys arrangements of the
two geometries are completely different. (a) Top-down view from the
N-termini and (b) side-on view of the overlaid binding sites. (c) Top-
down view from N-termini, showing the Leu packing (spheres) below
the Cys site (metal centers are omitted for clarity). The Zn(II)-
(H2O)(GRAND-CSL12AL16C)3

− is colored pink and As(III)
(CSL9C)3 is cyan (sulfurs = yellow). The Zn(II) and As(III) ions
are shown as gray and cyan spheres, respectively.
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metal sites located in loop regions would be tolerated to allow
for large protein conformational changes that are necessary for
function.

■ MATERIALS AND METHODS
Peptide Synthesis and Purification. Peptides were synthesized

on an Applied Biosystems 433A peptide synthesizer, purified, and
characterized as previously reported.64 Concentration of peptide stock
solutions was determined by quantitation of the cysteine thiols using
Ellman’s test, which uses dithionitrobenzoate (DTNB) as an
indicator.65

Crystallizations. All peptides were crystallized by sitting drop
vapor diffusion experiments at 20 °C with drops containing equal
volumes of peptide (0.75 μL) and precipitant (0.75 μL) solutions.
Apo-(CSL16C)3 crystals were prepared from 20 mg/mL CSL16C, 15
mM Zn(OAc)2, and 5 mM Tris buffer pH 8.5 with a precipitant
solution (40% (v/v) PEG-400 and sodium acetate buffer pH 4.5 with a
final well solution pH of 5.4). Hg(II)SZn(II)N(GRAND-
CSL16CL30H)3

+ was prepared from 20 mg/mL GRAND-
CSL16CL30H peptide, 0.92 equiv of HgCl2 per 3SCC peptide, 15
mM Zn(OAc)2, and 5 mM Tris buffer pH 8.5. The well solution
contained 15% (v/v) PEG-2000 MME and 0.1 M MES buffer pH 6.5.
Zn(II)(H2O) (GRAND-CSL12A16C)3

− crystals were grown from a
peptide solution containing 20 mg/mL GRAND-CSL12A16C peptide,
15 mM Zn(OAc)2, and 5 mM Tris buffer pH 8.5 and a precipitant
solution (0.1 M HEPES pH 7.5 and 40% (v/v) 1,2-propanediol). Last,
a Pb(II)SZn(II)N(GRAND-CSL16CL30H)3

+ solution was prepared
from 20 mg/mL GRAND-CSL16CL30H peptide, 1.0 equiv of
Pb(NO3)2 per 3SCC peptide, 15 mM Zn(OAc)2, and 5 mM Tris
buffer pH 8.5. The well solution contained 0.1 M MES pH 6.5 and
25% (w/v) PEG-1000. Crystals were cryoprotected in mother liquor
containing 20% glycerol prior to supercooling in liquid N2 for data
collection.
Data Collections and Refinements. Data were collected at the

Advanced Photon Source of the Argonne National Laboratory on the
LS-CAT Beamlines 21-ID-F and 21-ID-G, equipped with Mar 225
CCD and Mar 300 CCD detectors, respectively. All data were
collected with a 1° oscillation, and then processed and scaled with
HKL2000.66 All structures were solved by molecular replacement
using Molrep67 in the CCP4 suite of programs,68−70 and then
underwent iterative rounds of electron density fitting and refining in
Coot71 and Buster 2.11.2 program,72 respectively, unless otherwise
noted. The crystallographic data collection and refinement statistics of
the crystal structures are noted in Tables S1 and S2. Apo-(CSL16C)3
crystallized in the space group C2, containing one three-stranded
coiled coil per asymmetric unit (ASU) with a Matthew’s coefficient of
2.21 corresponding to 44.50% solvent content. The structure was
solved using the published apo-(CSL9C)3 structure (PDB code:
3LJM)46 as a search model in Molrep in which 9Cys and 16Leu of the
search model were mutated to Leu and Cys, respectively. The solution
was refined to 1.42 Å (Rworking = 19.60%, Rfree = 23.00%). The validity
of the models was verified using the MolProbity software.61 All
residues are present within allowed regions of the Ramachandran plot.
The peptides in the GRAND-CoilSer series crystallized in the R32

space group. The Matthews’ coefficient estimates one helix of the
GRAND-CoilSer peptide per ASU. The combination of three adjacent
ASUs constrained by a 3-fold axis results in a well-folded parallel 3SCC
structure. The Hg(II)SZn(II)N(GRAND-CSL16CL30H)3

+ structure
has a Matthews’ coefficient (2.41) consistent with 49.05% solvent
content per ASU and was solved using the five heptads of GRAND-
CSL12DL16C as a search model. The side chains of the model were
included with the D-Leu residue at the twelfth position mutated to L-
Leu.73 Electron difference density maps (Fo − Fc) contoured at 3σ
show two possible metal sites at the 16th (16Cys) and the 30th
(30His) positions corresponding to Hg(II) and Zn(II) ions,
respectively. These positions were confirmed by solving the structure
by single anomalous dispersion using AutoSol in Phenix.70,74−76 The
Hg(II)SZn(II)N(GRAND-CSL16CL30H)3

+ structure was refined to
2.09 Å (Rworking = 21.80%, Rfree = 25.70%). The single strand in the

ASU of Zn(II)(H2O) (GRAND-CSL12A16C)3
− was solved using

GRAND-CSL12DL16C as a search model in Molrep. The top result
was then used as a starting model in AutoBuild Wizard software
(Phenix)77−80 to estimate iteratively experimental crystallographic
phases and improve the model-based map correlations. During the
cycles, the existing model was chopped into pieces and then was
rebuilt from the remaining ends based on statistical density
distributions. These processes were repeated several times until
overlapping segments covered the entire model. After that, the
AutoBuild-solved solution was refined. The solvent content per ASU
of this structure is 48.09% (Matthew’s coefficient of 2.37). The
structure was refined to 1.89 Å (Rworking = 20.60%, Rfree = 22.40%). The
Pb(II)SZn(II)N(GRAND-CSL16CL30H)3

+ structure was solved using
a single helix of Hg(II)SZn(II)N(GRAND-CSL16CL30H)3

+ as a
search model in Molrep. The Matthew’s coefficient is 2.47
corresponding to 50.24% solvent per ASU. The structure was refined
to 2.13 Å (Rworking = 20.80%, Rfree = 23.70%).

Protein Data Bank (PDB): 5K92, apo-(CSL16C)3; 5KB0, Pb-
(II)SZn(II)N(GRAND-CSL16CL30H)3

+; 5KB1, Hg(II)SZn-
(II)N(GRAND-CSL16CL30H)3

+; 5KB2, Zn(II)(H2O)(GRAND-
CSL12A16C)3

−.
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