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ABSTRACT: An important factor that defines the toxicity of elements
such as cadmium(II), mercury(II), and lead(II) with biological macro-
molecules is metal ion exchange dynamics. Intriguingly, little is known
about the fundamental rates and mechanisms of metal ion exchange into
proteins, especially helical bundles. Herein, we investigate the exchange
kinetics of Cd(II) using de novo designed three-stranded coiled-coil
peptides that contain metal complexing cysteine thiolates as a model for the
incorporation of this ion into trimeric, parallel coiled coils. Peptides
were designed containing both a single Cd(II) binding site, Grand-
L12AL16C [Grand = AcG-(LKALEEK)5-GNH2], GrandL26AL30C, and
GrandL26AE28QL30C, as well as GrandL12AL16CL26AL30C with two
Cd(II) binding sites. The binding of Cd(II) to any of these sites is of high
affinity (KA > 3 × 107 M−1). Using 113Cd NMR spectroscopy, Cd(II)
binding to these designed peptides was monitored. While the Cd(II) binding is in extreme slow exchange regime without
showing any chemical shift changes, incremental line broadening for the bound 113Cd(II) signal is observed when excess
113Cd(II) is titrated into the peptides. Most dramatically, for one site, L26AL30C, all 113Cd(II) NMR signals disappear once a
1.7:1 ratio of Cd(II)/(peptide)3 is reached. The observed processes are not compatible with a simple “free-bound” two-site
exchange kinetics at any time regime. The experimental results can, however, be simulated in detail with a multisite binding
model, which features additional Cd(II) binding site(s) which, once occupied, perturb the primary binding site. This model is
expanded into differential equations for five-site NMR chemical exchange. The numerical integration of these equations exhibits
progressive loss of the primary site NMR signal without a chemical shift change and with limited line broadening, in good
agreement with the observed experimental data. The mathematical model is interpreted in molecular terms as representing
binding of excess Cd(II) to surface Glu residues located at the helical interfaces. In the absence of Cd(II), the Glu residues
stabilize the three-helical structure though salt bridge interactions with surface Lys residues. We hypothesize that Cd(II)
interferes with these surface ion pairs, destabilizing the helical structure, and perturbing the primary Cd(II) binding site. This
hypothesis is supported by the observation that the Cd(II)-excess line broadening is attenuated in GrandL26AE28QL30C,
where a surface Glu(28), close to the metal binding site, was changed to Gln. The external binding site may function as an
entry pathway for Cd(II) to find its internal binding site following a molecular rearrangement which may serve as a basis
for our understanding of metal complexation, transport, and exchange in complex native systems containing α-helical
bundles.

■ INTRODUCTION
Metal ion transport and homeostasis are critical cellular pro-
cesses required for the maintenance of cellular health. One may
distinguish two important classes of metal ion control. The first
category addresses the proper handling of essential elements
(e.g., Fe, Ni, Cu) in order to localize these metals in the
appropriate protein, while minimizing the potential deleterious
effects of the free ion. The second group contains the (usually)
purely toxic ions (e.g., mercury(II), cadmium(II), arsenic(III),
and lead(II)) which a cell encounters and which must be
sequestered and detoxified before they are released back into
the cellular environment. Nature often employs different

strategies for uptake and transport of different essential metal
ions. Some proteins such as albumin (binds Ca2+, Na+, K+) or
calmodulin (binds Ca2+) sequester metals directly without any
assistance by other proteins.1,2 On the other hand, intracellular
trafficking of transition metals such as copper and nickel occurs
by the assistance of metallochaperone proteins, that are part of
the cellular machinery which ensure that the proper metal ion is
delivered to appropriate targets in a safe manner.3−7 Remark-
ably, little is known about the fundamental rates and exchange
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pathways that control both the uptake and transport of metal
ions by proteins into different cellular environments or different
protein structure types.
Lower organisms such as bacteria, have evolved a

detoxification mechanism to cope with heavy metals such as
Hg(II), Cd(II), As(III), and Pb(II) by using different repressor
proteins such as MerR,8,9 CadC/CmtR,10−13 ArsR/SmtB,14 and
pbrR.15,16 In the absence of heavy metals these proteins bind to
DNA, blocking the transcription of the genes that code for
proteins that extrude heavy metals from cells. Upon metal
binding the repressor protein either twists the DNA (MerR)
or dissociates from DNA (CadC/CmtR, ArsR/SmtB) after
undergoing a conformational change which then allow
transcription to occur. In all of these cases, the proteins display
exclusive Cys ligation around the metal centers, and in the
SmtB class utilize helical domains for metal interaction. A
fundamental understanding of heavy metal biochemistry
requires a complete description of the metal’s first coordination
sphere and the corresponding physical properties that such a
site confers. The rates for metal incorporation and removal are
essential parts for proper functioning of metalloregulatory and
metallochaperone proteins. However, complete understanding
of the mechanistic pathways in which metals insert into, and
are released from, metalloproteins are not well docu-
mented.6,7,17−22 More specifically, the exchange rates for
metal ion insertion into metalloregulatory proteins are not
known and are of fundamental interest. Unfortunately, such
information cannot be acquired by the study of small molecule
systems and native proteins are often too complex to identify
individual process critical for metal sequestration clearly.
Using a series of de novo parallel three-stranded coiled coils

we have designed homoleptic thiol-rich binding sites for heavy
metals such as Cd(II), Hg(II), Pb(II), and As(III) at the
hydrophobic core of these polypeptides that has helped us
clarify the heavy metal biochemistry of different metal-
loregulatory proteins. Following pioneering work by DeGrado
and co-workers,23 the de novo polypeptide systems are designed
based on the general sequence Ac-G(LKALEEK)xG-NH2,
where x is the number of heptad repeats.24 Residues in
positions 1 and 4 of the heptad form well-defined hydrophobic
cores at the interior of the polypeptides. These peptides self-
assemble in aqueous solution to form three-stranded coiled
coils [Ac-G(LKALEEK)xG-NH2]3, above pH 5.5.25 These
peptides provide us with simpler constructs for understanding
more complicated native proteins. The successes using this
strategy include the first spectroscopic and structural
models24,26−28 for Hg(II) binding to MerR, As(III) complex-
ation29,30 by ArsR, and trigonal31 Cd(II) for CmtR. We have
also demonstrated how to control the coordination geometry of
metal ions such as Cd(II) at the peptide interior. Using a
combination of 113Cd NMR and 111mCd-perturbed angular
correlation32 (PAC) spectroscopies, it was shown that the
peptide TriL16C [Tri = Ac-G(LKALEEK)4G-NH2] bound
Cd(II) as a mixture of three-coordinate trigonal planar CdS3
and four-coordinate pseudotetrahedral CdS3O (O = exogenous
water molecule) species.33 Removal of steric bulk directly above
the metal binding site by replacing a Leu to an Ala led to the
isolation of pure four-coordinate CdS3O species in the peptide
TriL12AL16C.31,34 Pure three-coordinate CdS3O geometry was
achieved by increasing steric bulk in the first and second
coordination sphere of the metal ion that blocked the access of
the exogenous water molecule to the metal site, both employing
unnatural amino acids. In the first strategy, metal binding Cys

residues were replaced by bulky penicillamine (Pen, gem-
dimethylcysteine) yielding the peptide TriL16Pen.31 In the
second strategy, chirality of the Leu above the Cys site was
modified by replacing L-Leu to D-Leu that caused the Leu
side chains to orient toward the metal binding site (toward
C-terminus of the bundle) which resulted in exclusive CdS3
geometry in TriL12LDL16C.

35 Using this knowledge, hetero-
chromic constructs GrandL16PenL26AL30C,36 and Grand-
L12LDL16CL26AL30C

35 [Grand = Ac-G(LKALEEK)5-
G-NH2] were designed subsequently, each peptide containing
both three- and four-coordinate sites which showed site-
selective molecular recognition of Cd(II) for the four-
coordinate CdS3O geometry. Recently we have shown that
depending on the topological position of the metal binding site
(middle of the helix vs helical terminus) the physical properties
of Cd(II) can be fine-tuned by the protein matrix even though
the metal is bound as “identical” four-coordinate CdS3O
geometries at both the binding sites in the peptide Grand-
L12AL16CL26AL30C.37

In this study we have investigated the exchange dynamics
associated with Cd(II) binding to various derivatives of
GRAND series of peptides. Figure 1 shows a model of the

three-stranded coiled coil. Clarification of the rules that we
elucidate for encapsulation of heavy metals such as Cd(II),
and the factors that influence these rates, should serve as
the basis for our general understanding of heavy metal

Figure 1. Model of the parallel three-stranded coiled-coil peptides
investigated in this study. The model is derived on the basis of the
X-ray structure of a related peptide, CSL9C (CS = Coil Ser) (PDB
ID: 3LJM).48 Peptide backbone is represented as gray cartoon,
amino acid side chains that are modified yielding different deriv-
atives of GRAND peptides (GrandL12AL16C, GrandL26AL30C,
GrandL12AL16CL26AL30C, and GrandL26AE28QL30C) used in
this study are shown as ball and stick representations. N→C ter-
minus corresponds to top→bottom in this view parallel to the
helical axis.
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complexation and exchange processes in more complex
systems such as metallochaperones, and metalloregulatory
proteins such as CmtR and CadC which belong to the ArsR/
SmtB metal sensing family which sense Cd(II) and
Pb(II).10,11

Previous kinetic studies propose that Cd(II) insertion into
three-stranded coiled coils follows a “breathing mechanism”.38

The assembly is thought to provide an opening for the metal by
separation of two of the helices at the helical interface, in a slow
and partially rate-determining step. Next, Cd(II) binds to the
Cys residues at the interior of the coiled coil as a fast step with a
concomitant loss of exogenous water molecule(s) bound to
the metal ion. Subsequently, salt bridges that help stabilize the
aggregate are reformed yielding the final metalated species.
Here we are able to describe the breathing model in more
detail. The insights are based on 113Cd NMR studies using
excess Cd(II) as compared to the primary binding site.
The data are only compatible with a multisite exchange process
that involves (several) surface sites that bind Cd(II) and
destabilize the three-stranded coiled-coil structure. From this
work, we also infer that surface glutamate residues play a crucial
role in assisting the insertion of the metal ion from the helical
interface to the primary metal binding site at the hydrophobic
interior.

■ MATERIALS AND METHODS
Peptide Synthesis, Purification and Design Rationale. The

GRAND peptides (see Table 1 for sequence nomenclature) were
synthesized on an Applied Biosystems 433A peptide synthesizer using
standard Fmoc protocols,39 and purified and characterized as described
previously.40 Our initial 113Cd(II) NMR titration experiments with
GrandL12AL16C, where the CdS3O metal binding site is located in
the middle of the helical scaffold, suggested that an exchange process
was occurring when excess metal was titrated. Next, experiments were
performed with GrandL26AL30C, to see whether the metal site being
located proximal to the C-terminus end of the bundle would show
different exchange behavior than the L12AL16C site located in the
middle of the helix. Subsequently, the peptide GrandL12AL16-
CL26AL30C was studied to see whether the same sites (L12AL16C,
L26AL30C) would show similar exchange properties, as was observed
in individual peptides, when incorporated into a single peptide. The
results from these experiments led us to hypothesize that there are
additional surface binding sites (Glu) that are contributing to the
exchange process. To test this hypothesis, we prepared Grand-
L26AE28QL30C, where a surface Glu residue close to the primary
metal binding site was changed to a non-metal-binding Gln. Finally,
experiments were performed with the GrandL16PenL19IL23Pen-
L26I peptide to see whether the three-coordinate CdS3 sites also

undergo exchange broadening like the four-coordinate CdS3O sites
under similar experimental conditions.

UV−Vis Spectroscopy. UV−vis spectroscopy was used to deter-
mine the stoichiometry and pH dependence of Cd(II) binding to
the peptide GrandL26AE28QL30C. All solutions were purged with
argon before use to minimize the chances of oxidation of the
peptides and formation of disulfide bonds. Fresh stock solutions of
the purified peptides were prepared for each experiment in doubly
distilled water and their concentrations determined by quantization
of the Cys thiol groups using a known assay with 4,4′-dipyridyl
disulfide.41

Metal Binding Titrations. Titrations of Cd(II) into peptide
were performed at room temperature on a Cary 100 Bio UV−vis
spectrometer using a 1-cm quartz cuvette. Aliquots of 8.932 mM
CdCl2 stock solution were added into a 3-mL solution containing
60 μM peptide and 50 mM TRIS buffer at pH 8.5. In each case, the
difference spectra were obtained by subtracting the back-
ground spectrum of the peptide in the absence of metal (60 μM
peptide and 50 mM TRIS buffer at pH 8.5). The difference molar
extinction coefficients (Δε) are calculated based on the total metal
concentration.

pH Titrations. UV−vis pH titrations were carried out at room
temperature on an Ocean Optics SD 2000 fiber optic spectrometer
and the pH measured using a mini-glass combination pH electrode
(Hamilton Biotrode) coupled to a Fisher Accumet digital pH meter
model 805 MP. pH titrations were performed by adding small aliquots
of concentrated solution of KOH to unbuffered solutions
containing CdCl2 (20 μM) and peptide (60 μM), and monitoring
the change in absorbance at 235 nm as a function of pH.
Equilibration time was always allowed before reading the final pH.
In all cases, reverse titrations were carried out by adding small
aliquots of concentrated solution of HCl to verify the reversibility
of the process. The UV−vis pH titration curve of the peptide
GrandL26AE28QL30C was analyzed using the model and the
fitting equation published previously for the simultaneous release of
two Cys thiol protons upon formation of tristhiolato cadmium(II) species
(CdS3)

− at high pH from a monothiolato cadmium(II) complex
(CdS(SH)2)

+ that exists at low pH.42,43
113Cd NMR Spectroscopy. All the spectra were collected at room

temperature on a Varian Inova 500 spectrometer (110.92 MHz for
113Cd) equipped with a 5-mm broadband probe. 113Cd NMR spectra
were externally referenced to a 0.1 M Cd(ClO4)2 solution in D2O. A
spectral width of 847 ppm (93 897 Hz) was sampled using a 5.0 μs 90°
pulse and 0.05 s acquisition time with no delay between scans. Samples
were prepared under a flow of argon by dissolving 30−35 mg of the
lyophilized and degassed peptides in 450−500 μL of 15% D2O/H2O
solution. The peptide concentrations were determined by using the
assay with 4,4′-dipyridyl disulfide,41 and the concentrations range from
9 to 18 mM peptide, which corresponds to 3−6 mM three-stranded
coiled coil. The final samples were prepared by the addition of
the appropriate amount of 250 mM 113Cd(NO3)2 solution (prepared
from 95% isotopically enriched 113CdO obtained from Oak Ridge

Table 1. Peptide Sequences Used in This Studya

aX = penicillamine (Pen). Residues in red represent changes from the parent TRI or GRAND sequence. Sequences are shown as N- to C-terminus
from left to right.
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National Laboratory) and the adjustment of the pH with KOH or
HCl solutions. The pH value was measured both before and after
the experiment. An argon atmosphere was maintained when pos-
sible but the samples came in contact with air during addition of
113Cd(NO3)2, pH adjustment, and acquisition. The data were ana-
lyzed using the software MestRe-C.44 All free induction decays (FIDs)
were zero-filled to double the original points and were processed
by application of 100 Hz line broadening prior to Fourier tran-
sformation.
Line Fitting Analysis of the 113Cd NMR Spectra. Line fitting

analysis of the 113Cd NMR peaks was performed using the software
MestRe-C by first defining the region of the spectra to be analyzed
followed by selecting the peak of interest. Fittings were performed
by keeping the chemical shift and the intensity of the peaks fixed
while varying the line width (LW) of the peak during the iterative
fitting process. The ratio of Lorentzian/Gaussian functions for
each peak was kept constant at 1 (L/G = 1) during the fitting
analysis.
Two-Site Exchange Kinetics Modeling. The fractions of the

species as a function of total Cd(II) and total protein concentration
were obtained from numerical integrations of simple binding
kinetics equations. While this simple case has an analytical solu-
tion (the well-known quadratic equation), we used numerical
integration because it was needed for the subsequent more
complicated binding simulations and served as a test-bed. The
equations used were
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The integrations were allowed to reach equilibrium (tkin = ∞)
The details of chemical shift and line width changes of two-site
chemical exchange in the slow/intermediate regime, were obtained
from numerical integrations of the Bloch−McConnell (BMC)
equations,45 which are valid for all time regimes without any
approximations:
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The variables in the BMC equations are related to the variables in
the kinetic eqs 1 as follows:

= = = ∞

= = · = ∞

τ =

τ = = ∞

= =

= =

−

−

M t t

M t t

k

k t

M t

M t

( 0) [Cd]( )

( 0) [P Cd]( )

[P]( )

( 0) 0

( 0) 0

x

x

y

y

free
BMC kin

bound
BMC kin

bound
1

off

free
1

on kin

free
BMC

bound
BMC (4)

The FIDS were computed until the signal had decayed to <0.01 of the
starting signal. NMR spectra such as those shown in Figure 3 in the
Discussion were obtained by Fourier transformation of the calculated FIDs.

Five-Site Exchange Kinetics Modeling. A model for the binding
of Cd(II) to one of the sites of a Grand peptide is shown in Figure 4
in the Discussion. In order to obtain quantitative estimations of the
behavior of the scheme, we solved for the fractions of species at several
different total Cd(II) concentrations by numerical integration of the
kinetic eqs 5 until equilibrium is reached.
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The initial free Cd(II) and free protein concentrations correspond
to the known total Cd(II) and total protein concentrations,
respectively, with all other initial concentrations set to zero:
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These kinetic calculations were carried out for a variety of starting
conditions. An example is shown in Figure S9 of the Supporting
Information (SI). The obtained steady-state (equilibrium) concen-
trations as a function of total concentrations describe the sought-
after description of the thermodynamics of the scheme as shown in
Figure 5 in the Discussion. The scheme was then extended to
incorporate NMR line-broadening effects due to kinetic effects. For
the 113Cd signal, the scheme in Figure 4 corresponds to a five-site
exchange. Free Cd(II) in solution is designated as “site” α. Other
possible sites where Cd(II) can bind are to the site β in species Q, to
site γ in species R, or to sites δ or ε in species S. The relevant kinetic
parameters are summarized in Figure 6. The effects of exchange
kinetics on NMR relaxation is described by BMC equations,45 which
for a generic five-site exchange scheme are shown in eq 7,

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja210510g | J. Am. Chem. Soc. 2012, 134, 6191−62036194



∑

∑

∑

∑

∑

=

ω −
−

ω − −

ω − −

ω − −

ω − −

×

α
+

β
+

γ
+

δ
+

ε
+

α
α

≠α
α

βα γα δα εα

αβ β
β

≠β
β γβ δβ εβ

αγ βγ γ
γ

≠γ
γ δγ εγ

αδ βδ γδ δ
δ

≠δ
δ

εδ

αε βε γε δε ε
ε

≠ε
ε

α
+

β
+

γ
+

δ
+

ε
+

⎡

⎣

⎢⎢⎢⎢⎢⎢⎢⎢⎢

⎤

⎦

⎥⎥⎥⎥⎥⎥⎥⎥⎥

⎡

⎣

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢

⎤

⎦

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥

⎡

⎣

⎢⎢⎢⎢⎢⎢⎢⎢⎢

⎤

⎦

⎥⎥⎥⎥⎥⎥⎥⎥⎥

t

M

M

M

M

M

i R
r

r r r r

r i R r r r r

r r i R r r r

r r r i R
r

r

r r r r i R r

M

M

M

M

M

d
d

j
j

j
j

j
j

j
j

j
j

2

2

2

2

2
(7)

− +
− −

− −
−

− −
−

− −

− −

⎡

⎣

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢

⎤

⎦

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥

k k
k k

k k k k

k k k
k

k k

k k k k
k

k

k k k k

k k k k

( )[P]
[R] [Q]

[P]
[Cd]

0

[P]
[Cd]

0

[R] [Cd] 0 0

[Q] 0 [Cd] 0

int ext
int ext

QP RP SR SQ

int QP QR

ext

RQ SQ

ext QR RP RQ

int

SR

int ext SR SQ

ext int SQ SR (8)

where Mj
+ are the complex coherences Mj

x + iMj
y of species j,

ωj the angular NMR frequencies in the different sites j,
and R2

j the intrinsic transverse relaxation rates of sites j.
This generic scheme was adapted to the thermodynamic/
kinetic scheme in Figure 6 in the Discussion by the
substitutions shown in eq 8 for the non-NMR parameters in
the kinetic matrix, where the concentrations of the species
Cd, P, Q, R, and S were taken from the end points of
the integrations of eq 5. The equilibrium concentrations
obtained from the computations with eq 5 were used as
starting conditions:
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Equations 8 were solved for different equilibrium conditions
(obtained from eq 5) by numerical integration to obtain the different
coherences as a function of time, i.e., to obtain the FIDS of all species.
The FIDS were co-added, zero-filled, and transformed using a complex
Fourier transform to obtain the spectra as shown in Figure 7 in the
Discussion. All programs were written in Fortran-90, compiled using

GNU compilers and executed using a 2.4 GHz Intel Core 2 Duo Apple
MacbookPro running MacOS10.6.8.

■ RESULTS
UV−Vis Spectroscopy. Results from UV−vis spectroscopy

can be found in the SI.
113Cd NMR Spectroscopy. The Cd(II) binding to the

peptide GrandL12AL16C, which has been shown to bind one
Cd(II) ion with a four-coordinate CdS3O geometry,36 was
investigated by 113Cd NMR. The NMR spectrum shows a
resonance at 572 ppm in the presence of 1.0 equiv of
113Cd(II) (Figure 2A). When 1.5 equiv of 113Cd(II) was
added, the peak was slightly broadened, with no change in
the chemical shift, indicating slow/intermediate exchange.
The resonance further broadened and decreased in intensity
in the presence of 2.0 equiv of 113Cd(II) (Figure S3 of the SI
shows fittings of the NMR spectra used to obtain the line
widths). However, in the presence of excess Cd(II) no
additional resonance was observed which could be attributed
to the free 113Cd(II), expected to appear in the upfield
region between 0 and 100 ppm (see Figure S4 of the SI for
the full chemical shift scale).46

After the initial observations with the GrandL12AL16C
peptide, a careful stepwise titration was performed with the
peptide GrandL26AL30C, which also binds one Cd(II) ion
in CdS3O geometry.36 Addition of 0.2−0.8 equiv of 113Cd-
(II) to a solution containing 4 mM (GrandL26AL30C)3 at
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pH 8.5 led to a gradual increase in the intensity of the 113Cd
NMR resonance with a chemical shift of 587 ppm, while
no line broadening of the peak was observed (Figure 2B).
When 1.0 equiv of 113Cd(II) was added, the peak slightly
decreased in intensity, but no broadening was observed.
With the gradual addition of more than 1.0 equiv of
113Cd(II), the resonance at 587 ppm decreased in intensity
and subsequently broadened. In the presence of 1.7 equiv of
113Cd(II), the resonance had broadened beyond detection

(Figure 2B). The line widths as measured from the spectra
(see Figure S5 of the SI) are listed in Table 2. The resonance

at 587 ppm did not shift during the course of 113Cd(II)
addition, showing that exchange is occurring on the slow/
intermediate exchange regime. Again, in the presence of
excess Cd(II) no additional resonance was observed which
could be attributed to the free 113Cd(II) (Figure S6 of the SI
shows the full chemical shift scale). The comparison of these
two results shows that the metal binding sites in the
GrandL12AL16C and GrandL26AL30C peptides have
different properties.
We next investigated by NMR the peptide Grand-

L12AL16CL26AL30C to assess whether these two binding
sites when incorporated into a single peptide have different
properties. Furthermore, we examined whether placing two
metal binding sites in the same peptide (GrandL12AL16-
CL26AL30C) alters the properties of the metal bound states
when compared to the peptides containing a single metal bind-
ing site (GrandL12AL16C and GrandL26AL30C). Grand-
L12AL16CL26AL30C binds Cd(II) ions as four-coordinate pseudo-
tetrahedral CdS3O species at both metal binding sites (16 and
30 positions).37 Gradual addition of 0.5 equiv of 113Cd(II) to a
solution containing 3.2 mM (GrandL12AL16CL26AL30C)3 at

Figure 2. 113Cd NMR spectra of solutions containing (A) 3.2 mM
(GrandL12AL16C)3 (the metal binding site located almost in the
middle of the peptide) at pH 8.5 in the presence of 1.0, 1.5, and
2.0 equiv of 113Cd(NO3)2, (B) 4.0 mM (GrandL26AL30C)3 (the
metal site located almost at the end of the peptide) at pH 8.5 in
the presence of 0.2−1.7 equiv of 113Cd(NO3)2, and (C) 3.2 mM
(GrandL12AL16CL26AL30C)3 (two metal binding sites, located
in the middle and at the helical terminus of the peptide,
respectively) at pH 8.5 with different equivalents of added 113Cd-
(NO3)2. The most downfield peak marked with a star in (C) is an
impurity most likely in the form of a peptide of shorter length that
is produced during automated peptide synthesis and is inseparable
by HPLC.

Table 2. 113Cd NMR Frequencies and Line Widths for the
Bound 113Cd(II) Signala

peptide added Cd (equiv) LW (Hz)

GrandL12AL16C 1.0 309
1.5 393
2.0 608

GrandL26AL30C 0.2 368
0.4 420
0.6 377
0.8 411
1.0 422
1.1 470
1.2 538
1.3 570
1.4 606
1.5 634

GrandL12AL16CL26AL30C 1 308 (572 ppm site)
422 (589 ppm site)

1.5 287 (572 ppm site)
391 (589 ppm site)

2 303 (572 ppm site)
381 (589 ppm site)

2.5 343 (572 ppm site)
472 (589 ppm site)

3.0 348 (572 ppm site)

GrandL26AE28QL30C 1.0 378
1.1 407
1.2 401
1.3 413
1.4 518
1.5 524
2.0 737

aBase frequency: 111 MHz (500 MHz 1H). The shifts were externally
referenced to a 0.1 M Cd(ClO4)2 solution in D2O.
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pH 8.5 led to an increase in intensity of the 113Cd NMR
resonances at 572 and 589 ppm up to 2.0 equiv of 113Cd(II)
(Figure 2C) (the most downfield peak marked with a star is an
impurity from a peptide of shorter length that is produced
during automated peptide synthesis and is inseparable by
HPLC). The signals at 572 and 589 ppm correspond to
chemical shifts of Cd(II) in the L12AL16C and L26AL30C
sites, respectively.37 In the presence of 2.0 equiv (stoichio-
metric) of 113Cd(II), the two peaks gained full intensity. Adding
an additional 0.5 equiv of 113Cd(II) (2.5 equiv total) resulted in
a significant decrease in intensity and broadening of the peak at
589 ppm. This observation is similar to the results obtained for
the single site peptide GrandL26AL30C. The peak at 572 ppm
underwent only a slight decrease in intensity and increase in
broadening in the presence of 2.5 equiv of 113Cd(II). None of
the peaks shifted their respective resonance frequencies,
indicating that the process is occurring on the slow exchange
regime of the NMR time scale. When 3.0 equiv of 113Cd(II)
were added, the peak at 589 ppm had broadened beyond
detection. The 572 ppm peak, on the other hand, was still
present and did not broaden or lose further intensity. The line
widths as measured from the spectra (see Figure S7 of the SI)
are listed in Table 2. Again, in the presence of excess Cd(II) no
additional resonance was observed which could be attributed to
the free 113Cd(II). These results show that the two metal
binding sites in GrandL12AL16CL26AL30C have different
properties from each other, but that each site appears to behave
similarly to that observed for the single site peptides (e.g.,
L12AL16C sites in GrandL12AL16CL26AL30C and Grand-
L12AL16C behave the same). This later observation
demonstrates that adding a second metal binding site (at
least 14 residues away) to either GrandL12AL16C or
GrandL26AL30C does not cause significant perturbation to
the metal ion bound at the original site.

■ DISCUSSION
The aim of this work is to describe at a molecular level how
metal ions insert into helical scaffolds using de novo designed
three-stranded coiled-coil peptides as model systems with the
long-term objective of better understanding of metal exchange
processes into more complex metalloproteins. The specific
questions relating to Cd(II) exchange that are being addressed
in this study are the following: Does the Cd(II) initially
coordinate to any of the amino acids located at the surface of
the peptide? Do the cysteine residues at the designed metal
binding site play any role in internalizing the surface-bound
Cd(II)? Does the exchange rate depend on the location of the
metal binding site within the three-stranded coiled-coil interior
(middle of the helix vs toward the helical terminus)? Can one
site fine-tune the exchange behavior of a distant second metal
site within the same peptide? And, is there any difference in the
exchange behavior of the four-coordinate CdS3O vs three-
coordinate CdS3 structure?
Effect of Peptide Design on the Properties of

Cadmium(II) Binding. UV−vis spectroscopy shows that
both peptides GrandL12AL16C and GrandL26AL30C bind
Cd(II) with high affinity (see Figure S1 of the SI) (KA > 3 ×
107 M−1). PAC spectroscopy shows that the Cd(II) ions are
encapsulated in a pseudotetrahedral CdS3O geometry.37,43

While no three-dimensional structure is as of yet available for
these complexes, it has been assumed that the peptides are
parallel triple-helical coiled coils in which three cysteines, one
from each strand of the peptide, and an internal water molecule,

bound along the helical axis, serve as ligands to the metal ion.
The NMR spectra in Figure 2A,B are in agreement with these
results. The chemical shifts at 572 and 587 ppm for
GrandL12AL16C and GrandL26AL30C, respectively, corre-
spond to a pseudotetrahedral CdS3O environment, and the
chemical shifts of the sites are not very different. Moreover,
both binding sites show slow exchange characteristics, in
agreement with the tight binding seen by UV−vis spectroscopy.
The combined results would, therefore, suggest that the
designed Cd(II) binding sites in GrandL12AL16C and
GrandL26AL30C are very similar. However, when excess
Cd(II) is added, the NMR data reveal significant differences
between the sites: the bound Cd(II) resonance for Grand-
L12AL16C remains visible when excess Cd(II) is present
(Figure 2A), whereas the bound Cd(II) resonance for
GrandL26AL30C disappears when similar amount of excess
Cd(II) is present (Figure 2B). As will be discussed in detail
below, these differences can, in rather involved ways, be
attributed to differences in the kinetics of Cd(II) binding and
release. Here, however, it suffices to establish that while the
binding site affinities and coordination characteristics are
independent of the location of the binding site in the peptide,
the binding/release kinetics of these sites is not.
The results in Figure 2C indicate that the site-specific

similarities and differences of the two single site peptides are
retained in the dual-site peptide GrandL12AL16CL26AL30C.
First, the 113Cd chemical shifts at 572 and 589 ppm are almost
identical to those seen in the peptides with the individual
binding sites. Using a combination of 113Cd NMR and 1H−1H
NOESY spectroscopies,37 we confirmed that the 589 ppm
resonance in GrandL12AL16CL26AL30C indeed belongs to
the L26AL30C site and the 572 resonance to the L12AL16C
site. The correspondences of the 113Cd shifts in the different
peptides strongly suggest that there is no communication
between these sites. Second, the difference in kinetic behavior
of the two sites as seen in the individual single-site peptides is
also maintained in GrandL12AL16CL26AL30C: the results in
Figure 2C clearly show that site L26AL30C is more dynamic
than site L12AL16C. Combined, these results indicate that the
L26AL30C site, which is located close to the C-terminal end of
the three-stranded coiled coil, is more susceptible to exchange
of Cd(II) as compared to the L12AL16C site which
is located almost in the middle of the helical scaffold. Due to
its location, the L26AL30C site is more exposed to the bulk
solvent since the α helices are subject to significant fraying.30,47−49

These results, therefore, demonstrate that even though both the
L12AL16C and L26AL30C sites in the GrandL12AL16-
CL26AL30C peptide bind Cd(II) in “identical” first coordination
sphere geometries (four-coordinate CdS3O), the L26AL30C site
is kinetically more labile. For GrandL12AL16CL26AL30C, one
may also conclude that the sites do not affect each other’s thermo-
dynamic and kinetic properties.

Exchange Processes in 113Cd(II) NMR Spectroscopy:
Formulation of Two-Site Exchange Modeling and Its
Implications. According to solid state NMR results, the
aqueous 113Cd(II) NMR signal is expected to occur around
50−100 ppm relative to 113Cd(ClO4)2, depending on counter-
ions and ionic strength.46 However, in practice, the NMR signal
of 113Cd(II) is difficult to detect in aqueous solution. This is
likely due to broadening caused by the sizable 113Cd(II)
chemical shift anisotropy (CSA) relaxation.50 This may be
exacerbated by exchange broadening caused by dynamic
rearrangement of the hydration shell. In contrast, all peptides
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studied show a well-defined 113Cd(II) resonance around 550 ppm
with a 300 Hz line width in the presence of substoichiometric
amounts of 113Cd(II) (Figure 2). The properties of these
signals suggests a rigid, well-defined structure for bound
113Cd(II). Indeed, the four-coordinate pseudotetrahedral
CdS3O environment has high symmetry; therefore, a small
CSA and CSA broadening are to be expected.
The equilibrium constant KA for the binding of Cd(II) to the

Cys-substituted Grand peptides is >3 × 107 M−1.51 Based on
the commonly quoted52 maximum diffusion-limited bimolecu-
lar on-rate (kon) of 3 × 1010 M−1 s−1, one expects a maximum
off-rate (koff) <1000 s−1. The predicted maximum off-rate is
much smaller than the expected chemical shift difference of
3.5 × 106 rad s−1 between bound and free Cd(II) signal (500 ppm
at 111 MHz). In agreement with the predicted slow-exchange
regime, no chemical shift change was observed during the
titration from substoichiometric to excess equivalents of 113Cd-
(II) (Figure 2). However, all spectra show increasing line
broadening and decrease in intensity for the “bound” 113Cd(II)
signal when excess equivalents of 113Cd(II) were added. The
least amount of broadening and intensity change was observed
for the site L12AL16C, while the largest amount of change was
seen for site L26AL30C, both in the single site peptides
(GrandL12AL16C, GrandL26AL30C) and in the dual site
peptide (GrandL12AL16CL26AL30C). The signal intensity
loss and progressive broadening is inconsistent with a two-site
slow exchange mechanism. In a two-site slow exchange scheme,
the intensity of the “bound” resonance should not change when
excess free metal is present. In addition, the line width R2/π of a
“bound” resonance (when excess is present) is independent of
the ratio metal free/bound and is determined by the intrinsic

line width R2
0/π at that site, augmented with the constant

lifetime broadening koff/π:

π = π + πkR / R / /2 2
0

off (10)

To demonstrate these points, and to explore the limits of
the kinetic parameters, two-site chemical exchange simulations
were carried out with parameters relevant to the experimental
data, using the methods described in the Materials and
Methods section. Figure 3A represents a classical slow exchange
case. Using kon = 3 × 109 M−1 s−1 and koff = 100 s−1, no shifts
are observed for the “bound” signal over the titration regime.
Also the exchange line broadening, as compared to the intrinsic
line width of 300 Hz is minimal. In Figure 3C,D, the on-rate is
increased up to the theoretical limit of 3 × 1010 M−1 s−1,
together with koff = 1000 or 10 000 s−1, respectively. The
simulations now do show significant exchange broadening at
supra-stoichiometic conditions. However, the broadening is
not progressive, while the “bound” signal intensity remains
constant (see Table 3). In addition, under these simulation
conditions, significant chemical shifts changes for the “bound”
signal are being observed, that are not observed in the
experimental results.
Because of these simulated results, we conclude that a simple

two-site exchange mechanism can at no choice of parameters
account for the progressive broadening and intensity loss seen
in the experimental data. Moreover, the best simulation with
koff = 10 000 s−1 starts to show intermediate exchange-induced
chemical shift changes. Most problematic is the fact that the
best simulation requires a very fast kon = 3 × 1010 M−1 s−1. Such
a bimolecular on-rate is the very limit of diffusion control.
According to collision theory, this fast rate is only reached
when the entire surface of a macromolecule is involved in

Figure 3. Results of two-site NMR titration simulations performed using eq 3 in Materials and Methods. The “bound” Cd(II) signal is shown at
25 000 Hz and the “free” Cd(II) signal is shown at −25 000 Hz (δν = 450 ppm at 111 MHz). Both signals have R2 = 1000 s−1 (line width = 318 Hz).
The parameters chosen for these simulations are the following: (A) kon = 3 × 109 M−1 s−1, koff = 100 s−1 (KA = 3 × 107 M−1). From bottom to top,
the traces correspond to [Cd]total/[P] total = 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75, and 2.00 with [P] total = 4 mM (trimer). (B) An enlargement of the
“bound” Cd(II) signal obtained from simulations in (A). (C) An enlargement of the “bound” Cd(II) signal of a simulation with kon = 3 × 1010 M−1 s−1,
koff = 1000 s−1 (KA = 3 × 107 M−1). Other parameters are the same as in (A). (D) An enlargement of the “bound” Cd(II) signal of a simulation with
kon = 3 × 1010 M−1 s−1, koff = 10 000 s−1 (KA = 3 × 106 M−1). Other parameters are the same as in (A).
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capturing a substrate, followed by surface diffusion which
funnels the substrate into an exposed active site.52,53 In
comparison, for the present case, it is quite improbable that
the collision rate could be the rate-limiting step. After all, the
Cd(II) needs to bind to an interior site located at the center of
the three-helix bundle. Much more likely, one expects that a
much slower transient unfolding or breathing process, which
would allow access of Cd(II) to the interior, is rate limiting.
Formulation of a Multisite Exchange Model. At this

point one can conclude that the NMR titration data are
incompatible with a simple two-site exchange scheme because
at supra-stoichiometric ratios the signal corresponding to the
“bound” state loses intensity and it broadens progressively.
Several thermodynamic models can be proposed that can
account for the reduction of the NMR signals at supra-
stoichiometric ratios. A satisfactory model is high-affinity metal
binding in the primary binding site in species Q, followed by
low-affinity binding in an auxiliary site which changes the
properties of the primary binding site as shown in Figure 4. If we
choose the equilibrium binding constant KPQ = kPQ/kQP in
Figure 4 to be larger than KPR = kPR/kRP then species Q will
disappear when the Cd(II) concentration is increased in excess
of stoichiometry with a subsequent increase in the population
of the species S. In this model, one will observe the
disappearance of the signal with NMR properties β when the
metal concentration is increased in excess of stoichiometry.
Reasons why the signal of site δ of species S may be
undetectable will be discussed below. Invoking this multisite
exchange scheme, the concentrations of the different species in
Figure 4 were computed as a function of the ratio of metal/
protein concentrations using numerical methods as described in
the Material and Methods. With a choice of the equilibrium
association constants KPQ = KRS = 3 × 107 M−1 (primary
binding site), and KPR = KQS = 104 M−1 (secondary binding
site), the profile as shown in Figure 5 is obtained. The results
from these simulations show that this scheme allows for
disappearance of the species Q, because it is being displaced by
the species S. Hence, this multisite exchange scheme can
account for the hallmark effect observed in the experimental

titrations: the bound Cd(II) signal loses intensity when excess
Cd(II) is present.
In order to also account for the progressive increase in line

width of the “bound” resonance (see Table 2), the “species”
scheme of Figure 4 must be translated into a “site” scheme for
the Cd(II) ion as shown in Figure 6. The scheme in Figure 4
corresponds to a five-site chemical exchange scheme. According
to this scheme Cd(II) can be free (denoted as site α), bound to
site β in species Q, bound to site γ in species R, or bound to
sites δ or ε in species S. Potentially, all five sites have different
NMR parameters. That is, the primary metal binding site β may
change in frequency and line width if excess metal binds to the
auxiliary site in species S (i.e., sites β and δ are different for NMR).

Figure 5. Equilibrium concentrations of different species obtained
after 5 s of kinetic simulations as a function of total metal
concentration. This simulation time is 50 times longer than it is
needed to reach equilibrium (see Figure S9). [Cd]free is red; [P] is
cyan; [Q] is black; [R] is green; [S] is purple. Simulation conditions:
Total protein concentration 4 mM (trimer); kPQ = kRS = kint = 3 × 105

M−1 s−1; kQP = kSR = 0.01 s−1; kPR = kQS = kext = 107 M−1 s−1; kRP = kSQ =
103 s−1, kRQ = 103 s−1, kQR = 0.333 s−1 (corresponding to the equilibrium
association constants KPQ = 3 × 107 M−1 and KPR = 104 M−1).

Figure 4. Cartoon representation of the model containing two metal
binding sites. The scheme has five thermodynamic “species”, P, Q, R, S,
and free metal Cd(II). The scheme has five NMR species α, β, γ, δ, and ε.
The direct communication between species Q and R (“Cd(II)
internalization”) is important for the kinetics of metal binding but is
thermodynamically irrelevant. In the cartoons, Cd(II) is represented as
a green circle, Cys-SH groups as yellow circles, Glu-COO− groups as
red circles, and Lys NH3

+ groups as blue circles.

Table 3. Simulated NMR Line Width of the “Bound
Resonance” as a Function of the Ratio Ligand/Protein for
Different Kinetic Models, Shown in Figures 3 and 7

model

two-site two-site two-site five-site

KA
app (M−1) 3 × 107 3 × 107 3 × 106 3 × 107

kon (M
−1 s−1) 3 × 109 3 × 1010 3 × 1010 complex

koff (s
−1) 100 1000 10 000 complex

R2
bound ( s−1) 1000 1000 1000 1000

δν(free−bound) (Hz) 50 000 50 000 50 000 50 000
δν1/2

bound (Hz)

ratio two-site two-site two-site five-site

0.25 318 318 318 318
0.5 318 318 318 318
0.75 318 318 318 318
1 330 500 1400 318
1.25 340 600 3000 414
1.5 340 600 3000 628
1.75 340 600 3000 1068
2 340 600 3000 2100
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The exchange rates between the sites are related to the kinetic
constants in Figure 4 and the concentrations of the different
species [P], [R],[Q], [S], and free [Cd] as indicated in Figure 6
and eqs 7 and 8 in the Materials and Methods section. In the
simulations, it was assumed that no direct exchange can occur
between the internal and external sites δ and ε in species S
because the sites are occupied. It was also assumed that the
internal site β cannot directly interchange with the external site
ε and that the external site γ cannot directly interchange with
the internal site δ, because these processes would require
coordinated rearrangement and binding/release of two Cd(II)
ions. The possibility that external Cd(II) in species R (site γ)
can become internalized in species Q (site β) was allowed in
the computations. While this internalization process does not
change the thermodynamics (all is balanced in Carnot cycles),
or the NMR line widths (see SI), it forms a realistic pathway for
the binding of Cd(II) to the internal site (discussed below).
The detailed-balanced equilibrium kinetic site−site exchange

parameters were inserted into five-site chemical exchange BMC
equations shown in eqs 7 and 8 in the Materials and Methods.
The equations were numerically integrated with the equilibrium
concentrations of the different species as starting conditions,
listed in Tables S1 and S2 of the SI. The parameters chosen
correspond to slow exchange for all sites. The obtained FIDs
were Fourier transformed yielding the spectra shown in Figure 7.
Figure 7A corresponds to a slight excess of Cd(II). The
resonances for all sites are seen, except for site γ in species R
which is too small in intensity. Figure 7B shows a zoom in on
the “bound” signal (site β in species Q) as a function of the
Cd(II)/peptide ratio. The simulated spectra correspond very
closely to the experimental NMR data for site L26AL30C, both
in the single (GrandL26AL30C) and dual site (Grand-
L12AL16CL26AL30C) peptides (Figure 2B,C). As is docu-
mented in Table 3, the line width of the “bound” resonance
increases as the excess Cd(II) is increased. This progressive
broadening, consistent with the experimental data, is caused by
increasing lifetime broadening of site β in species Q, because it

is converted to site δ in species S, with an increasing rate
depending on the concentration of free Cd(II):

τβ
= + +k k k

1
[Cd]QP QR ext free

(11)

It thus appears that the simple model of Figure 4, representing
five-site metal exchange, can account for both the decrease in
intensity of the bound signal and the progressive line
broadening when excess free Cd(II) is present.
Why the other lines are not observed in the experiment may

be understood as follows. As we already know, the signal of
113Cd(II) ion in water is broadened beyond detection. Hence, it
may be expected that the Cd(II) signals of the solvent-exposed
sites γ and ε are also broadened away. The Cd(II) signal of
internal site δ in structure S is invisible because we associate
this structure with a destabilized bis-liganded internal Cd(II).
Such a destabilization likely causes excessive exchange broad-
ening of the signal. Moreover, 113Cd(II) is also known to the
have a large chemical shift anisotropy, which can reach to 100 ppm

Figure 7. Simulation results of the five-site exchange NMR spectra
according to the model represented in Figure 6 and using eqs 8 and 9.
Site α (free Cd(II)) resonates at −25 000 Hz; site β (the “primary”
buried site in species Q) at +25 000 Hz; site γ (the surface site in
species R) at −15 000 Hz (concentration too low to be visible); site δ
(the buried site in species S) at 0 Hz; site ε (the surface site in species S)
at −10 000 Hz. All sites have R2 = 1000 s−1. Site−site exchange rates
were derived from the rates in Figure 4, as indicated in Figure 6 with
values as listed in the legend of Figure 5 and Tables S1 and S2 of the SI.
(A) Total protein concentration = 4 mM (trimer); total ligand
concentration = 9.0 mM. (B) Simulation results obtained for different
ratios of [Cd]total/[P]total. Only the signal for site β (the buried site in
species Q) at +25 000 Hz is shown. From bottom to top the traces are
obtained using the following ratios: [Cd]total/[P]total = 0.25, 0.50, 0.75,
1.00, 1.25, 1.50, 1.75, and 2.00, with [P]total = 4 mM (trimer).

Figure 6. Five-site NMR exchange parameters for the metal in the
scheme of Figure 4. In the cartoons, Cd(II) is a green circle, Cys-SH
groups are yellow circles, Glu-COO− groups are red circles, and Lys
NH3

+ groups are blue circles. The relevant exchange rates are related
to the kinetic constants in Figure 4 as indicated. (Also see eqs 8 and 9
and Tables S1 and S2 of the SI.)
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in asymmetric environments such as this site.50 The associated
line broadening effects, especially at higher magnetic fields,
would further exacerbate the broadening of Cd(II) in the site δ
in species S. While the allosteric/kinetic/NMR model contains
many parameters, only kint, (the bimolecular on-rate to the
internal site) and kRP (the off-rate of the external site) can be
freely chosenwith all other parameters being restrained by the
overall experimental affinity and by the observed experimental
line-broadening.
Nature of the Additional Cadmium(II) Binding Site(s).

The three-stranded coiled-coil peptides have been designed as
repeating heptads LKALEEK, with a hydrophobic core formed
by residues in positions 1 and 4. The Glu residues located at the
fifth position are involved in interhelical electrostatic
interactions with the Lys residues located at the seventh
position. These electrostatic interactions are essential for the
formation of stable trihelical coiled coils. From our previous
studies we know that the peptides containing four heptads or
more (TRI, GRAND, and Coil Ser) exist as parallel three-
stranded coiled coils even in the absence of metals at any pH
higher than 5.5.25,30,47,48 Species Q in Figure 4 represents the
situation where Cd(II) is bound to three cysteines at the
interior of the three-stranded coiled coils under stoichiometric
conditions. The analysis of the NMR data leads to the
prediction that Cd(II) must also bind elsewhere, and that this
external binding affects the Cd(II) bound to three cysteines at
the interior. It is quite reasonable to hypothesize that the Glu
residues can also bind to Cd(II), and that this binding interferes
with the overall stability of the peptide and consequently with
the NMR signal of the Cd(II) bound to the internal site.
To test whether Glu residues are involved in Cd(II) binding,

Glu 28, located closest in sequence to the metal binding Cys
residue at position 30, was mutated to Gln. The resulting pep-
tide is GrandL26AE28QL30C. Aliquots of 113Cd(II) were added
to a solution containing 3.7 mM (GrandL26AE28QL30C)3
at pH 8.5 and the NMR spectral changes were monitored.
In the presence of 1.0 equiv of 113Cd(II), a single sharp resonance
with a chemical shift of 587 ppm was observed (Figure 8, and
Figure S8 of the SI). The 113Cd NMR resonance at 587 ppm
broadened slowly with increasing amounts of 113Cd(II) and
was broadened beyond detection in the presence of 2.1 equiv
of 113Cd(II), which is a significantly larger ratio of Cd(II)/
(peptide)3 than what was needed for the complete broadening of
the NMR signal for the GrandL26AL30C peptide. The resonance
for the latter peptide was completely broadened beyond detec-
tion in the presence of 1.7 equiv of 113Cd(II) (Figure 2B). We
conclude that the effects seen on the kinetics of the internal
Cd(II) by mutagenesis of a neighboring external Glu, support the
hypothesis that the Glu residues are involved in excess Cd(II)
binding.
Functional Interpretation of the Multisite Cadmium(II)

Binding. The inferred presence of an external Cd(II) binding
site leads to a model how an external binding site may be
essential to the Cd(II) binding process to the primary site
itself. The model has been represented as cartoons for the
different states in Figures 4 and 6. In the model, we envision
that Cd(II) is initially coordinated by the Glu residue(s) at the
surface (red circles) located closest to the metal binding Cys
residues (yellow circles) in species R. As suggested by the data
discussed above, this leads to destabilization of the Glu-Lys
(blue circle) interaction which in turn would facilitate the
sequestration of the metal in the interior. This model is
attractive as it can account for relatively fast Cd(II) binding to

the internal binding site as a two-step sequential process
involving species R and Q. Figures S9 and S10 of the SI show
the time courses of the simulated binding kinetics according to
the model of Figure 4, starting with unbound Cd(II) and
unbound protein. Indeed, one observes that species R becomes
rapidly and transiently populated before species Q becomes
populated. We believe that this model may also be of relevance
for metal binding to naturally occurring proteins.
Although not essential to the sequential binding model, we

also propose the nature of this destabilized state which is
corroborated by X-ray structures of related metal binding
peptides (Coil Ser), where the Cys side chains can adopt
multiple conformations partitioned between the helical interior
and toward the helical interface.47,48 The Cys sulfur oriented
toward the helical interface helps to coordinate the external
Cd(II) ion initially. This situation is symbolized as species R in
Figures 4 and 6, where the Cd(II) is coordinated by Glu and
one of the external Cys residues. Next, a rotation of Cys side
chains followed by breathing of the helices are thought to
internalize the surface-bound Cd(II) to the interior (species S
in Figures 4 and 6), where the Cd(II) at the interior is
coordinated by just two Cys thiolates. The latter situation is
supported by an X-ray structure of a Coil Ser peptide where
one Hg(II) ion is bound to two thiols of Pen as linear HgS2 at
the interior of the coiled coil, whereas another Hg(II) is present
at the helical interface and coordinated to a Glu and a Pen side
chain oriented toward the helical interface (Zastrow, M.,
Pecoraro, V. L., unpublished results).

Comparison of Metal Exchange between Three- and
Four-Coordinate Cadmium(II) Centers. Based on the above
discussion we have established that Cd(II) insertion to peptides
as four-coordinate CdS3O structures are highly intricate in
nature involving auxiliary surface residues (Glu) in addition
to the primary binding site (Cys) at the polypeptide interior.

Figure 8. 113Cd NMR spectra of a solution containing 3.7 mM of the
mutant protein (GrandL26AE28QL30C)3 at pH 8.5 with different
equivalents of added 113Cd(NO3)2. In this mutant the Glu 28, located
close to the primary metal binding Cys site in GrandL26AL30C
peptide was replaced by Gln to test the hypothesis whether any surface
Glu residue(s) initially coordinate to the Cd(II) ion. The results from
this experiment show that Cd(II)-induced line broadening is
attenuated compared to the GrandL26AL30C peptide, indicating
that Glu 28 does play a role in Cd(II) exchange.
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We have also proposed a mechanism by which the surface-bound
Cd(II) can be internalized. As a final note, we investigated the
peptide GrandL16PenL19IL23PenL26I, which binds Cd(II)
ions as three-coordinate CdS3 structures.

37 Figures S11 and S12
of the SI show that, unlike the behavior for CdS3O centers, the
addition of excess 113Cd(II) does not cause line broadening to
either of the resonances with chemical shifts 681 and 686 ppm.
The Pen and Ile residues in the GrandL16PenL19IL23PenL26I
peptide provide improved packing conferring higher stability to
the coiled-coil assembly,37 making the three-coordinate Cd(II)
sites more rigid and compact. Further, the additional methyl
groups on the Pen ligand are expected to inhibit, in this very
well packed structure, rotation of the sulfur ligand toward the
helical interface. In the GrandL12AL16CL26AL30C peptide,
on the other hand, each Leu substitution to Cys or Ala results
in a loss of free energy of ∼4 kcal/mol,37 making this an
inherently less stable construct compared to the Grand-
L16PenL19IL23PenL26I peptide.

■ CONCLUSIONS
In this work we have investigated the exchange of cadmium(II)
into de novo designed three-stranded coiled-coil peptides that
contain both dual and single metal binding sites using 113Cd
NMR spectroscopy and mathematical simulations. Chemical
exchange kinetics of Cd(II) is observed when the metal ion is
bound as a four-coordinate CdS3O structure in pseudotetrahe-
dral geometry. The exchange of Cd(II) occurs on the slow
exchange regime but is incompatible with a simple two-site
exchange mechanism. The experimental NMR data are
explained by formulating a multisite binding model which
involves coordination of Cd(II) to surface glutamates, a process
which destabilizes the primary Cd(II) binding site (cysteines)
at the interior. The model also provides a general kinetic
mechanism for the insertion of metals from the polypeptide
surface to the internal binding sites, with likely applications to
more complex biological metal-binding proteins. Due to fraying
of the coiled coils at the ends, the L26AL30C site, located
proximal to the helical terminus, is more susceptible to
destabilization by external metal binding as compared to the
L12AL16C located almost in the middle of the helix. These
differences demonstrate that the dynamics of metal binding and
exchange can be significantly different, depending on the
location of the metal site within a specified secondary structure.
Finally, the three-coordinate trigonal planar CdS3 structures
exchange too slowly to be monitored by 113Cd NMR
spectroscopy.
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