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A B S T R A C T

An understanding of how mercury(II) forms complexes with bis-cysteinyl peptides containing auxiliary binding
groups could provide vital insights for optimal mercury immobilization. In this study, we investigate how
tryptophan might participate in peptide-mercury(II) complex formation. Model pentapeptides consisting of a
Cys-Xaa-Cys (CXC) sequence, where Xaa is Gly (Penta 1), Trp (Penta 2), and D-Trp (Penta 3) were designed.
Their complexation with mercury(II) was studied by spectroscopic methods and molecular modeling. UV ab-
sorption difference spectra reflect the formation of bisthiolate-mercury(II) bonds. These spectra also show
changes in the Bb absorption band of the indole group following complex formation. Circular Dichroism (CD)
spectra indicate that mercury(II) bound peptides adopt a secondary structure resembling a type I β turn struc-
ture. Mercury(II) bound Penta 2 also develops a negative CD band at 221 nm, which suggests an association
between the tryptophan indole ring and mercury(II) via cation-pi interaction. Fluorescence quenching in the
presence of equimolar mercury(II) is significantly greater for Penta 2 than Penta 3. These CD and fluorescence
data indicate that the indole ring of Penta 3 is not interacting with the coordinated mercury(II). Optimized 1:1
mercury(II)-peptide structures show that the indole pi system of Penta 2 participates in mercury(II) cation-pi
interaction, whereas in Penta 3 it is involved in ammonium cation-pi association. These structural insights will
be useful for designing more effective mercury chelators containing tryptophan as an auxiliary binding and
hydrophobic shielding group in immobilizing mercury(II).

1. Introduction

Bis-cysteinyl sequences are present in many metal binding and
transport proteins. The two-cysteine residues of Cys-Xaa-Cys (CXC) and
CXXC motifs are found in various types of metal-binding proteins such
as metallothioneins, ferrodoxins, bacterial mercury detoxification sys-
tems, MerP and MerA [1–3], and in copper chaperone proteins HAH1
and CopZ [4,5]. Coordination to cysteine residues dominates in these
metal-protein associations. Small peptide models containing such mo-
tifs have been designed to find effective heavy metal-coordinating li-
gands [6–8]. Although thiols are usually the primary ligating points in
such metal ion coordination, various other functional groups in pep-
tides (amide, N-terminal ammonium, C-terminal carboxylate, and side
chain groups) could participate in auxiliary metal ion complex stabili-
zation. Kinetically inert mercury(II) complexes could be very useful as
chelating agents for the elimination of toxic metal ions from humans, or
contaminated wastewater. An understanding of how mercury ions form
complexes with thiolated peptides, which contain specific auxiliary
binding group(s), could provide useful insights for optimal mercury

immobilization.
Cation-pi interactions between the indole side chain of tryptophan

residues in proteins is increasingly recognized as an important elec-
trostatic interaction that provides distinct contributions toward the
formation and functioning of some proteins and metalloproteins
[9–13]. This noncovalent interaction type involves the electron rich
cloud of aromatic pi electrons and a positively charged cation, among
them metal cations like Cu2+ and Ni+, and cationic amines like argi-
nine and histidine [14–17]. Metal ions also have a tendency to bind at
centers of high hydrophobicity contrast in proteins. This qualitative
feature was found at the binding site of various metalloproteins and was
therefore proposed as an environment required for metal binding and
can be used in de novo design to increase metal ion affinity for a
binding site [18]. Studies by others also show that assembling of amino
acid side chains close to the metal coordination site can stabilize a
metal complex by creating a hydrophobic fence that can shield the
coordinated metal from attack by other competing ligands [14,19].
Another recent investigation of the crystal structures of metalloproteins
in the Protein Data Bank also revealed that aromatic residues such as
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tryptophan situated close to a metal ion center interact with the co-
ordinated ligands [20]. All these studies indicate that the side chain
group of tryptophan could be a promising auxiliary binding group to
stabilize the mercury(II) complex via cation-pi interaction or by
creating a hydrophobic barrier that could shield the coordinated mer-
cury ion from undergoing ligand exchange.

Recently, we reported how an added gamma carboxylate group in a
tripeptide ligand, Cys-Glu-Cys (CEC), affects mercury complex forma-
tion, speciation trends, and their relative stabilities [21]. In building
upon this work, the aim of this study is to gain an understanding of how
a tryptophan residue in a CXC motif might participate in complex for-
mation involving mercury(II). In this study, a simple model pentapep-
tide Gly-Cys-Gly-Cys-Gly (Penta 1) was selected for investigating its
mercury(II)-sulfur coordination preferences and its peptide backbone
turn tendency upon mercury(II) binding. With the aim to investigate
the possible involvement of tryptophan in auxiliary binding, Penta 2
(Gly-Cys-Trp-Cys-Gly) was designed. Penta 3 (Gly-Cys-D-Trp-Cys-Gly)
was included in this comparative study to evaluate the effect of rever-
sing the stereochemical configuration of tryptophan. Here we present
some spectroscopic characterization of the mercury(II) binding prop-
erties of these pentapeptides. The structures of the 1:1 mercury(II)
complex for each pentapeptide were also optimized to understand how
the indole group could be involved in complex formation. These
structural insights will be useful for the rational design of mercury
chelators, and in understanding how mercury(II) may form complexes
with some endogenous metalloproteins.

2. Experimental

2.1. Materials

Mercury(II) chloride (> 99.5%) was obtained from Millipore-Sigma
(St. Louis, Missouri, USA). HPLC grade acetonitrile and water, high
purity sodium hydrogen phosphate and sodium dihydrogen phosphate,
Durapure 0.22 µm filters, and HPLC grade water were purchased from
Fisher Scientific (Pittsburgh, Pennsylvania, USA). Custom designed
pentapeptide models, Penta 1, 2, and 3, were purchased from
Genscript (Piscataway, New Jersey, USA) at > 98% purity. Penta 1
(ESI-MS [M+H]+ is 396.1, peptide content = 77.6%), Penta 2 ESI-
MS [M+H]+ is 525.1, peptide content = 73.3%), and Penta 3 (ESI-
MS [M+H]+ is 525.1, peptide content = 79.9%). The concentration
of Penta 1 solutions was also confirmed by its UV absorbance, Penta 1
(ε214nm = 4205 M−1 cm−1) [22]. The UV absorption intensity of Trp
(ε280nm = 5500 M−1 cm−1) was used for determining the peptide so-
lution concentrations of Penta 2 and Penta 3.

2.2. UV–vis spectroscopy

Reaction mixtures of the pentapeptides titrated with HgCl2 in
50 mM sodium phosphate, pH 6.6 were studied by UV–vis spectroscopy
on a dual beam Shimadzu UV-2401PC series UV–vis spectro-
photometer. UV absorption spectra were acquired at room temperature
using a 1 cm path-length quartz cuvette. A 2.5 mL solution consisting of
100 µM peptide in 50 mM phosphate pH 6.6 buffer was titrated with
aliquots of a 50 mM HgCl2 stock solution. For each HgCl2 addition, an
equivalent addition was made in the reference cell containing only
50 mM sodium phosphate buffer pH 6.6, so that the absorption differ-
ence spectrum can be attributed to the binding of Hg2+ to the peptide.
The reaction mixture was mixed and stirred for 1 min followed by an
additional 2 min equilibration. The ligand metal charge transfer
(LCMT) band for the binding of Hg2+ to the thiolates was monitored
between 200 and 350 nm. The UV spectrum arising from the binding of
the Hg2+ to peptide was obtained by subtracting the background of the
peptide in the absence of Hg2+. Caution: Mercury compounds are ha-
zardous and should be handled with proper precautions, and they must
be disposed in chemical waste containers designated for heavy metals.

2.3. Circular dichroism

CD spectroscopic measurements were conducted on a Jasco J-815
Circular Dichroism Spectrometer (Easton, Maryland, USA) equipped
with a Peltier temperature controlled cell holder (PTC-423S/C). Spectra
were recorded at 25°C using a 0.1 cm path-length quartz cell with the
following parameters: standard sensitivity = 100 mdeg; continuous
scanning mode at 50 or 100 nm/min; bandwidth = 1.0 nm; re-
sponse = 4 sec; data pitch = 0.1 nm. Peptide solutions were prepared
at 100 µM in 50 mM sodium phosphate, pH 6.6. Each spectrum re-
presents an average of four consecutive scans. The mercury(II) binding
reaction mixture was prepared by titrating an aliquot of a 100 mM
HgCl2 stock solution into the respective peptide solution. Molar ellip-
ticity (ME, in deg M−1 cm−1) was determined using the spectral ana-
lysis platform in the Jasco Spectra Manager™ version 2 program (Jasco
software, Inc.), where molar ellipticity (ME) = 100θ/(Cl), θ is the de-
gree of ellipticity, C is the molar concentration of the peptide, and l is
the cell path in cm.

2.4. Fluorescence

Fluorescence spectroscopy measurements were carried out on a
FluoroMax spectrofluorimeter (Horiba Scientific, New Jersey, USA),
equipped with a Peltier temperature controlled cell holder (SGL-POS
QNW W/CIR). The fluorescence emission spectra were recorded using
10 µM peptide solutions in a 3 mL quartz cell with a path length of
1 cm. Mercury chloride stock solution was prepared at 5 mM and added
to the peptide in 50 mM sodium phosphate buffer, pH 6.6. The reaction
mixture was equilibrated for 5 min before its fluorescence spectrum was
acquired. The excitation wavelength was set at 280 nm with a slit width
of 3 or 4 nm. The emission spectra were recorded between 295 and
500 nm with the emission slit fixed at 3 or 4 nm. The dependency of the
fluorescence intensity on quencher concentration was studied by the
Stern–Volmer equation: F0/F = 1 + KSV[Q], where F0 and F are the
fluorescence intensities in the absence and presence of the quencher,
respectively. KSV is the Stern–Volmer constant, and [Q] is the con-
centration of the quencher [23]. Variable temperature Stern–Volmer
plots were conducted at 25°C, 35°C, and 45°C.

2.5. Computational methods

Low energy conformations for Penta 1, Penta 2 and Penta 3
complexes were sought using the Systematic Pseudo Monte Carlo
Multiple Minimum (SPMC) search method implemented in Macromodel
with each accepted structure being geometry optimized [24]. The
OPLS2005 molecular mechanics force field was used for energy eva-
luations and geometry optimizations with solvent excluded. The
OPLS2005 force field does not include parameters for Hg2+ so Sr2+ was
inserted in place of mercury (II) due to size and charge similarities. The
force field generated geometry about strontium (II) is the same basic
geometry about mercury (II) for the complexes studied. After con-
formational searching, mercury (II) was used on all subsequent calcu-
lation. For each complex, 500,000 conformations were generated and
the 1000 lowest energy structures were saved. All 1000 structures un-
derwent single-point energy evaluations using the M06-2X density
functional theory (DFT) method with LANL2DZ basis set and effective
core potential (ECP) under vacuum conditions. The 150 most stable
complex geometries were optimized using the M06-2X DFT method
combined with 6-31G(d,p) basis set on non-metal atoms and Stuttgart/
Dresden (SDD) basis set with pseudo-potential for 60 core electrons on
mercury atom [25]. The M06-2X functional has been applied previously
to obtain quality geometries for peptides and Hg(II)-peptide complexes
[21,26,27]. Vibrational frequencies were calculated for all optimized
geometries to ensure no imaginary vibrational frequencies. M06-2X
geometry optimizations and vibrational frequency calculations were
performed with the Polarizable Continuum Model (PCM) using the
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integral equation formalism variant (IEFPCM) (SMD) solvation model
with water as solvent [28]. The van der Waals sphere size for mercury
was set to 2.34 Å as previously described [27].

To estimate the stability of each complex structure the Gibbs energy
in solution (Gsoln) for each was calculated by summing the gas phase
Gibbs energy (Ggas) and Gibbs energy of solvation (ΔGsolv).

= +G G Gsoln gas solv

To obtain the gas phase Gibbs energy (Ggas), structures were energy
evaluated in vacuum with the Moller-Plesset second-order perturbation
theory method with all excitations included (MP2(full)) combined with
a 6-311G(d, p) basis set on non-metal atoms and cc-pVDZ-PP basis set
and ECP on mercury. Our previous studies, have shown this method to
give energies for mercury-thiol complexes in good agreement with
CCSD(T)/CBS(2,3) values [27]. Thermal corrections to 298.15 K at
1 atm were determined using the M06-2X solution phase vibrational
frequency calculations. While these are not gas phase thermal correc-
tions, it has been shown that the use of solution phase corrections in-
troduce negligible error [29]. Solution phase geometry optimizations
were required to maintain a zwitterion protonation state for complexes.
The M06-2X/6-31G(d,p)/SDD zero-point vibrational energies were
scaled by 0.950 [30]. The Gibbs energy of solvation (ΔGsolv) was de-
termined using the SMD model with water solvent by performing a self-
consistent PCM calculation using the M06-2X/6-31G(d,p)/SDD method
using all default van der Waals sphere sizes. The energy to compress to
gas from and ideal gas (1 mol/22.4 L) to 1 M was not factored in since
the goal was to identify the complexes with lowest Gibbs energy in
solution. The Gaussian09 software was used for all M06-2X and MP2
calculations [31].

3. Results

3.1. UV–vis absorption spectrometry

Complex formation between mercury(II) and the pentapeptides was
studied by monitoring the ligand-to-metal charge-transfer (LMCT)
transitions within the UV energy range. Fig. 1 shows the absorption
difference spectra for the titration of mercury(II) into a solution of
Penta 1. These difference spectra were obtained by subtracting the UV
absorption contributed by Penta 1 in the absence of mercury(II). Ti-
tration of mercury(II) into Penta 1 results in increase of extinction

coefficients at ca. 210 nm and 220 nm up to 1.0 equiv of mercury(II) to
Penta 1. The observed ~210 nm absorption difference band reflects
changes in the peptide backbone amide absorption (n to π*) when
Penta 1 interacts with mercury(II). The ~220 nm absorption shoulder
band shows a mercury(II) concentration dependent increase indicating
the formation of mercury(II)-peptide complex, with an extinction
coefficient of 10380 M−1cm−1 at 1:1 mercury(II): Penta 1 stoichio-
metry (Fig. 1 inset). This is similar to those observed for linear, bis-
thiolated mercury complexes, where two thiolate-coordinated mercury
complexes have been shown to exhibit a characteristic high-energy
LMCT band below 250 nm [6,8]. However, in excess of mercury(II), the
rate of change in extinction coefficient at 220 nm decreases (Fig. 1
inset), accompanied by a concomitant small increase in absorbance at
260 nm (Fig. S1). These new transitions may indicate the formation of
polymetallic mercury species as previously reported by others [6].
Trigonal thiolated mercury(II) complexes [Hg(SR)3] and tetrahedral Hg
(SR)4 species have been shown to exhibit lower energy LMCT band
around 240–300 nm compared to linear bisthiolated mercury com-
plexes [32–35].

Titration of mercury(II) to Penta 2 yielded absorption difference
spectra consisting of two absorbance maxima at ~210 nm and
~227 nm (Fig. 2). The ~210 nm absorbance band is similar to that
exhibited by Penta 1 and reflects changes in the peptide amide ab-
sorption when it complexes mercury(II). However, the ~220 nm ab-
sorbance shoulder in Penta 1 is replaced by an absorbance maximum
band at ~227 nm. Following titrations of Penta 2 with increasing equiv
of mercury(II), this 227 nm band becomes better defined (Fig. 2). This
could be due to contributions from changes in the strong Bb absorption
of the indole ring in Penta 2 upon complex formation. Similar to Penta
1, the increase in extinction coefficient at 227 nm also exhibits a linear
dependency on the concentration of mercury(II) (Fig. 2 inset). In excess
of mercury(II), some insoluble polymetallic mercury species were
formed.

Fig. 3 shows the corresponding absorption difference spectra for
Penta 3. Two absorbance maxima are also observed at ~210 nm and
~226 nm. The ~226 nm absorbance band could also be attributed to
contributions from the LMCT transition band for Hg-S bonds and
changes in the Bb absorption of the indole ring when Penta 3 binds
mercury(II). It also shows changes in extinction coefficient values that
is linearly dependent on mercury(II) concentration (Fig. 3 inset).

Fig. 1. UV absorption difference spectra [Δε = ε(HgPenta1) - ε(Penta1)] cor-
respond to Penta 1 titrated with increasing mole equiv of HgCl2. Inset shows
changes in extinction coefficient values at 210, 220, and 260 nm versus mole
equiv of HgCl2 added.

Fig. 2. UV absorption difference spectra [Δε = ε(HgPenta2) - ε(Penta2)] cor-
respond to Penta 2 titrated with increasing mole equiv of HgCl2. Inset shows
the change in extinction coefficient value at 227 nm versus mole equiv of HgCl2
added.
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3.2. Structural studies by circular dichroism

The secondary structural changes in these peptides on interaction
with mercury(II) were studied by Circular Dichroism (CD) spectro-
scopy. Fig. 4 shows the CD spectra of Penta 1 following titrations with
mercury(II). Penta 1 exhibits very little secondary structure as reflected
by its weak CD spectrum. On binding mercury(II), it shows a CD
spectrum resembling a type I β turn, which reverses the peptide chain
direction, reminiscent of a class B CD spectrum [strong positive band
between 200 and 210 nm (nπ* transition), and a strong negative band
predicted between 180 and 190 nm (ππ* transitions)] [36]. As shown in
Fig. 4 inset, the addition of mercury(II) resulted in an increase in the
positive ellipticity at 208 nm and a corresponding increase in the ne-
gative ellipticity at 193 nm. These spectra also exhibit one isodichroic
point at 198 nm suggesting transitions to a unique secondary structural
1:1 mercury(II):Penta1 species. In excess of mercury(II), the magni-
tudes of the ellipticities at 208 nm and 193 nm decrease

correspondingly. This may indicate the formation of polymetallic spe-
cies with loss of structural integrity.

On titration of mercury(II) into Penta 2, the negative band at
202 nm decreases in intensity and gradually undergoes a blue-shift to
197 nm at 1:1 stoichiometric ratio of mercury(II) to Penta 2.
Concomitantly, a positive CD band at 208 nm forms, accompanied by a
negative band at 221 nm (Fig. 5 and inset). Additionally, these spectra
share a common isodichroic point at 218 nm, suggesting structural
transitions toward a well-defined secondary structure. In the presence
of equimolar mercury(II), both Penta 1 and Penta 2 show a negative
band below 200 nm and a positive band at 208 nm. However, the in-
tensity of these bands for Penta 2 are much weaker. More significantly,
a newly formed strong negative band at ~221 nm dominates the CD
spectrum of Penta 2 in equimolar mercury(II). This band could be at-
tributed to an interaction between the aromatic indole pi system and
mercury(II). Takeuchi et al previously reported a similar development
of a negative CD band at 223 nm, which was characterized as a sig-
nature CD band for a Cu2+-Trp cation-pi interaction [37]. In the near-
UV (260–320 nm) region of the CD, these spectra do not exhibit any
strong CD signal indicating that there is no oxidation of Cys during the
addition of mercury(II). Disulfide bond formation would generate a nσ*
SeS transition band.

The CD spectrum of the free Penta 3 (Fig. 6) is characteristic of a
type II β turn structure, which is α-helix-like. It exhibits a negative band
at 222 nm due to the peptide nπ* transition, and the negative 208 nm
and positive 192 nm bands of the peptide ππ* transition [38]. Titration
of mercury(II) to it resulted in the formation of a positive band at
208 nm and a negative band at 193 nm, accompanied by a gradual red-
shift and weakening of the 222 nm peptide nπ* transition (Fig. 6 and
inset). At 1:1 stoichiometric ratio of mercury(II) to Penta 3, the re-
sulting CD spectrum resembles that for the corresponding Penta 1
(Fig. 4). Similarly, an isodichroic point is observed for these spectra,
suggesting a two-state structural transition between the unbound and
mercury(II) bound Penta 3.

3.3. Tryptophan fluorescence spectroscopy

Tryptophan fluorescence is highly sensitive to its environment, in-
cluding changes in polarity, and non-covalent interactions such as pi-
cation associations involving metal or ammonium ions [10,13,39–41].
Its fluorescence emission is sensitive to quenching by mercury(II)
through molecular contact. This can be due to complex formation,
which is static quenching, or due to diffusive encounters, which is

Fig. 3. UV absorption difference spectra [Δε = ε(HgPenta3) - ε(Penta3)] cor-
respond to Penta 3 titrated with increasing mole equiv of HgCl2. Inset shows
the change in extinction coefficient value at 226 nm versus mole equiv of HgCl2
added.

Fig. 4. Circular dichroism spectra of Penta 1 following titrations with in-
creasing mole equiv of HgCl2. Inset shows the change in molar ellipticity value
at 193 nm and 208 nm versus mole equiv of HgCl2 added.

Fig. 5. Circular dichroism spectra of Penta 2 following titrations with in-
creasing mole equiv of HgCl2. Inset shows the change in molar ellipticity value
at 208 nm and 221 nm versus mole equiv of HgCl2 added.
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dynamic quenching [23]. They can be distinguished by their different
dependency on temperature. Dynamic quenching is a diffusion-con-
trolled process, which increases at higher temperature due to faster
diffusion. On the other hand, higher temperature usually decreases
static quenching due to dissociation of weakly bound complexes [23].
Therefore, quenching measurements can be used to reveal the type of
interaction between the indole ring and mercury(II).

Fig. 7 shows the fluorescence emission spectra of Penta 2 following
titrations with mercury(II) at 25°C. At equimolar ratio of mercury(II) to
Penta 2, about 70% of its intrinsic fluorescence is quenched. Fig. 7
(inset) presents the Stern-Volmer plot for the quenching of tryptophan
emission by mercury(II) at three different temperatures (25°C, 35°C,
and 45°C). They reveal quenching effects in which F0/F is dependent
upon the concentration of mercury(II). These Stern-Volmer plots show
an upward curvature reflecting both static and dynamic quenching for
the tryptophan fluorescence. However, they do not change significantly
when the temperature was raised from 25°C to 45°C, suggesting that the
contribution from static quenching is larger than dynamic or collisional
quenching in this temperature range. These quenching effects are in-
dicative of molecular contact between the indole ring and mercury(II).

Under the same experimental conditions, Penta 3 show less sig-
nificant fluorescence quenching (ca. 20%) following titrations with
mercury(II) (Fig. 8). Stern-Volmer plots of the fluorescence emission
spectra of Penta 3 also show combined dynamic and static quenching
characterized by an upward curvature, concave toward the y-axis. In
contrast to Penta 2, it exhibits temperature dependent quenching at
45°C indicating that molecular contact between the indole ring and the
quencher involves substantial collisional quenching at this temperature.

3.4. Computational studies

The binding activity of tryptophan side-chain group in a 1:1 mer-
cury(II)-pentapeptide complexes was studied by analyzing complex
structures of Penta 1, Penta 2 and Penta 3 using DFT and ab initio
methods. Fig. 9 shows the structures with the lowest Gibbs energy in
solution (Gsoln) found for each of the three complexes. All pentapeptides
are in a zwitterion protonation state and the thiol groups are deproto-
nated to bind with mercury(II), therefore all complexes are neutral. The
molecular energies used to calculate Gibbs energy in solution (Gsoln) for
each complex in Fig. 9, and complexes found that are within 5 kJ/mol
of the lowest energy structures (Fig. S2) are provided in Table S1.
Higher energy complexes share the same root name appended with a, b
or c from low to high energy, respectively. Coordinates and select
Gaussian output information for all structures are specified in Table S2.

Stable complexes (Fig. 9) form having two S-Hg bonds with lengths
of ~2.4 Å whereby a ring forms leaving the N- and C-terminal glycine
amino acids external to the ring. The two bonds make SeHgeS angles
typically in the range of 175–178°. One C-terminal carboxylate oxygen
forms a hydrogen bond with the N-terminal ammonium group with a
NHeO distance of ~1.5 Å (Table 1). With the exception of Penta 2,
both cysteine amide oxygen atoms have an OeHg interaction. The ty-
pical OeHg interaction distance is 2.65–2.75 Å for Cys-2 and 2.87 Å for
Csy-4. Within Penta 2, a C-terminal carboxylate oxygen interacts with
the coordinated mercury yielding a OeHg distance of 2.825 Å and the
Cys-2 carbonyl oxygen is rotated away from the mercury due to the
presence of the tryptophan indole group.

Penta 1 serves as the reference due to the lack of a tryptophan side
group. In addition to the structural features already described, the
Penta 1 complex includes two hydrogen-bonding interactions between
amide NeH of both cysteines and the carboxylate oxygen that is not
interacting with the N-terminal ammonium group. These are weaker
than the hydrogen bond involving the ammonium group as indicated by
the longer NHeO distances of 1.77 Å and 1.99 Å. If the amide group
between Trp-3 and Cys-4 rotates upward, a hydrogen bond forms

Fig. 6. Circular dichroism spectra of Penta 3 following titrations with in-
creasing mole equiv of HgCl2. Inset shows the change in molar ellipticity value
at 193 nm and 208 nm versus mole equiv of HgCl2 added.

Fig. 7. Fluorescence spectra of 10 µM Penta 2 following titration with in-
creasing concentrations of mercury(II) at 20°C. Inset: Stern-Volmer plots at
25°C, 35°C, and 45°C.

Fig. 8. Fluorescence spectra of 10 µM Penta 3 following titration with in-
creasing concentrations of mercury(II) at 20°C. Inset: Stern-Volmer plots at
25°C, 35°C, and 45°C.
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between the Cys-4 NH and the Cys-2 amide oxygen, and also, the Trp-3
amide oxygen hydrogen bonds with the Gly-5 NH (Penta 1a in Fig. S2;
NHeO= 2.22 Å and 2.15 Å, respectively). The Gibbs energy in solution
for the Penta 1a complex is predicted to increase by 4.5 kJ/mol relative
to Penta 1.

The peptide backbone of Penta 3 (D-Trp) complex is similar to that
of Penta 1a. The Cys-4 NeH hydrogen bond with the Cys-2 amide
oxygen and the Trp-3 amide oxygen hydrogen bond with the Gly-
5 NeH (NHeO = 2.17 Å and 2.15 Å, respectively). The tryptophan
indole ring is oriented away from the S-Hg-S coordination site and is
drawn close to the N-terminal ammonium group. In this ammonium-
indole interaction, one of the ammonium hydrogens points toward the
ring-fusing indole carbons, with HeC distances of 2.58 Å and 2.63 Å.
Similar types of interactions (NHepi) involving a cationic amino group
and pi systems were previously characterized as a hydrogen bond (H-
bond) due to their “intervening position” between the ammonium ca-
tion and the pi-electron center [42,43].

If the N-terminal ammonium group rotates up and away (via rota-
tion of the amide C-Cα bond) from the indole to lose the cation-pi in-
teraction, complex Penta 3a (Fig. S2) forms with a predicted increase
in Gibbs energy of 2.2 kJ/mol. For a rotation of the ammonium group
(via rotation of the ammonium N-Cα bond) while conserving the ca-
tion-pi interaction and shifting the ammonium to carboxylate hydrogen
bond to the more inward carboxylate oxygen Penta 3b forms with a
predicted increase in Gibbs energy of 4.7 kJ/mol relative to Penta 3.

The Penta 2 (L-Trp) complex exhibits larger peptide backbone de-
viations from that of Penta 1. Its Cys-2 carbonyl is rotated to make
room for the tryptophan indole ring to position its pi-system near the S-
Hg-S coordination site in a mercury cation-pi interaction. The indole
nitrogen and adjacent C-2 are closest to the coordinated mercury with
distances of 3.60 Å and 3.56 Å, respectively. Similar preferences for the
pyrrolo, rather than benzo subunit of the indole pi system has been

reported by others for some alkali cation-pi interactions [44]. Its Cys-4
carbonyl also rotates away from the coordinated mercury and the car-
boxylate group replaces it with a new OeHg interaction (2.8 Å). These
interactions possibly cause the S-Hg-S angle to decrease by over 20
degrees relative to Penta 1 (Table 1). A final feature of interest is the
deviation from planarity of the amide bond between Trp-3 and Cys-4.
The amide OeCeNeH dihedral angle is 150.4 degrees with the ni-
trogen directed toward the mercury atom giving an N—Hg distance of
2.93 Å. This decrease in dihedral angle also minimizes the Cys-4 NH to
Cys-2 carbonyl oxygen distance (NHeO = 1.96 Å), which improves the
hydrogen bonding interaction.

Penta 2a has the same peptide backbone structure as Penta 1a with
the indole ring directed toward the Cys-4 thiolate of the mercury(II)
coordination site (Fig. S2). Penta 2a is predicted to have a Gibbs energy
greater than Penta 2 by only 0.3 kJ/mol. If the indole ring rotates and
is directed toward the Cys-2 thiolate side of the coordination site Penta
2c forms with a predicted Gibbs energy 4.8 kJ/mol greater than Penta
2. When only the indole ring is rotated in the Penta 2 complex to yield
Penta 2b, the mercury cation-pi interaction is closer to the benzo ring,
instead of the pyrrolo ring, the Gibbs energy is predicted to increase by
3.0 kJ/mol relative to Penta 2.

4. Discussion

Bis-cysteinyl peptide sequences are well known in coordinating
heavy metal ions due to favorable soft base/soft acid interactions
[45–47]. Additionally, the propensity of tryptophan to participate in
non-covalent pi-cation interactions is common and such associations
play an important role in stabilizing the structure or contributing to the
functional role of macromolecules in many biological systems [10–12].
From these established properties, we postulate that the indole ring
could participate in auxiliary binding in thiolated mercury(II)-peptide
complexes via cation-pi interactions and provide a hydrophobic barrier
that shields the coordinated mercury ion. The difference absorption UV
spectra of these pentapeptides show LMCT transition energy bands for
the thiolated mercury(II) below 250 nm, which is consistent with the
formation of bisthiolated mercury(II)-peptide complexes. Additionally,
changes in the Bb absorption of the indole ring in Penta 2 produced an
absorption difference band with a maximum centered at 227 nm. This
reflects a red-shift in the strong Bb transition of the indole ring from ca.
220 nm to 227 nm. Similar shifts are attributed to cation-pi interactions
between the tryptophan indole ring and various types of cationic spe-
cies, including imidazolium cation, K+ and Cu2+ ions [37,48]. This
suggests that the indole ring in Penta 2 could be interacting with a
cationic species, such as the coordinated mercury ion, N-terminal am-
monium group, or other kinds of cations that are present. Previous work
by others have shown that the weakening of the Bb absorption ac-
companied by a small red-shift is common for cation-pi interactions
involving the indole ring, and that it is independent of cation type [49].

Some cation-pi interactions involving the indole ring also affect the

Fig. 9. Most stable structures found for each mercury(II) complex: Penta 1, Penta 2 and Penta 3.

Table 1
Select geometric structural information for bonds and interactions of energy-
minimized structures.

Penta 1 Penta 2 Penta 3

Distance (Hg-S) (Å) 2.38 2.41 2.40/2.38
Angle S-Hg-S (deg) 177.9 156.4 175.0
Distance ammonium NHeO - C]O (Å) 1.51 1.47 1.52
Distance HgeO]C (Å)
Cys-2 carbonyl 2.87 2.87
Cys-4 carbonyl 2.75 2.65
C-terminal carboxylate 2.83
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CD spectrum. This evidence was first reported for a cation-pi interaction
between Cu2+ and tryptophan, which produced a negative band at
223 nm for neuromedin C in equimolar Cu2+, and a model tetrapeptide
representing the ATCUN motif on binding Cu2+ [37]. The CD spectra of
Penta 2 following titration with incremental mercury(II) develops a
similar negative band at ca. 221 nm. This similarity in CD data and the
red-shift of the Bb transition band of the indole ring for Penta 2 provide
complementary evidences that the indole ring in Penta 2 is associating
with the coordinated mercury(II) via a cation-pi interaction.

Penta 3 exhibits similar UV absorption difference spectra as ob-
served for Penta 2, and it shows a comparable small red-shift in the Bb
absorption of the indole ring. However, its CD spectra following titra-
tions under analogous conditions for Penta 2 did not produce a strong
negative band at 221 nm. These data indicate that reversing the con-
figuration for the tryptophan residue likely positioned the indole ring
away from the coordinated mercury(II) for Penta 3. Nonetheless, the
indole ring is interacting with a cationic species resulting in changes of
its Bb absorption. To investigate these findings further, changes in the
intrinsic fluorescence of Penta 2 and Penta 3 were compared following
titrations with mercury(II).

Penta 2 exhibits stronger fluorescence quenching (more than three
times) at equimolar ratio of mercury(II) to peptide than Penta 3. This is
indicative of an association between its indole ring and mercury(II)
because the latter is a strong fluorescence quencher. Stern-Volmer plots
also show that Penta 2 exhibits considerable static quenching due to
complex formation and some degree of collisional quenching due to
diffusion. These results are consistent with the corresponding UV and
CD data for Penta 2, and indicate that the tryptophan indole ring is
associating with the thiolated mercury(II). In contrast, the intrinsic
fluorescence of Penta 3 is quenched by only about 20% in equimolar
mercury(II) and it demonstrates more substantial collisional quenching
than that observed for Penta 2. Although Penta 3 displays similar UV
results as Penta 2, its CD spectral data do not indicate strong mercury
(II) cation-pi interaction. These comparative spectroscopic results show
that the mode of fluorescence quenching in Penta 2 and Penta 3 is
different and likely arise from the association of their respective indole
group with two different types of quencher, which also affect changes to
the Bb absorption of the indole ring. The fluorescence of the tryptophan
indole ring is very sensitive to its environment and it can be quenched
by interaction with amide, ammonium, carboxylate, or other electron-
acceptor quenching groups that are in proximity [11,39,50–52].

The geometry optimized structures for the pentapeptide-mercury(II)
complexes provided further insights into possible types of interaction
involving the indole ring. In the predicted lowest free energy structure
for the 1:1 mercury(II)-Penta 2 complex, the tryptophan indole ring is
oriented close to the mercury(II) coordination site to be involved in a
mercury(II) cation-pi interaction. This is in agreement with the spec-
troscopic characteristics reported in the results section. Other optimized
conformations for this complex that are within 5 kJ/mol of the most
stable structure show some variations in which the hydrophobic indole
ring could shield the coordination site. One of these higher energy
structures has a similar binding motif as Penta 2. In contrast, the lowest
free energy structure for the 1:1 mercury(II)-Penta 3 complex reveals
that the D-tryptophan indole ring is not close to the mercury(II) co-
ordination site, which is in agreement with its CD spectral character-
istics and weaker fluorescence quenching. Instead, it is positioned close
to the N-terminal ammonium group and maintains an ammonium ca-
tion-pi (NH-pi) interaction. This interaction could account for the ob-
served changes in the indole Bb absorption band in the UV region. The
orientation of the D-tryptophan indole ring away from the coordination
site is consistent among the three lowest energy structures for this
complex.

The main difference between the optimized structures for Penta 2
and Penta 3 complexes is the orientation of the tryptophan indole ring.
The coordination geometry in the lowest free energy structure for the
Penta 2 complex involves placement of its indole ring close to the

mercury(II) coordination site. This is accompanied by the bending of
the S-Hg-S unit, conceivably caused by the interaction of the co-
ordinated mercury(II) with the carboxylate oxygen (O—Hg) and the
amide nitrogen (N—Hg) donor groups. In addition, the peptide back-
bone deviates somewhat from that adopted by Penta 1 and Penta 3
mercury complexes, possibly to enable the orientation of the indole ring
to interact with the coordinated mercury(II). It is noteworthy that the
Penta 2 complex accommodates these geometric deviations to facilitate
auxiliary binding of mercury by the indole ring. As previously reported
by others, metal cation-pi interaction is an important non-covalent
bonding that provides significant stabilization [10–12, 53,54]. There-
fore, it is likely to have a profound influence in regulating its structural
environment.

5. Conclusion

In this study, we investigated the possible involvement of the indole
side chain of tryptophan in potential auxiliary binding within thiolated
mercury(II) pentapeptides. By combining some spectroscopic and the-
oretical studies, we have gained important structural insights into how
these model peptides coordinate mercury(II). They bind mercury(II) by
forming 1:1 bisthiolated mercury(II) complexes whereby the peptide
backbone adopts a reverse turn that resembles the type I β turn peptide
structure. Some structural changes in the peptide backbone enable the
tryptophan indole ring in Penta 2 to associate with the bisthiolated
mercury(II) at the coordination site via cation-pi interaction. This co-
operative binding feature shows that the indole ring of tryptophan can
participate in auxiliary binding of mercury(II) and provide a hydro-
phobic shielding of the coordination site. This could prevent the com-
plexed mercury ion from undergoing exchange with other competing
ligands. Such inert mercury(II) complexes could enhance the im-
mobilization of mercury and it may prove advantageous for the de-
velopment of better chelators for mercury ions. The Cys-Trp-Cys mer-
cury(II) binding motif may be useful for the development of chelators
for effective immobilization of mercury(II).
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