Lo L

P

1\

=y

Using diastereopeptides to control metal ion

coordination in proteins

Anna F. A. Peacock?, Lars Hemmingsen®, and Vincent L. Pecoraro®!

aDepartment of Chemistry, University of Michigan, Ann Arbor, MI 48109-1055; and PDepartment of Natural Sciences, Faculty of Life Sciences, University of

Copenhagen, Thorvaldsensvej 40, 1871 Frederiksberg C, Denmark

Edited by Stephen L. Mayo, California Institute of Technology, Pasadena, CA, and approved September 9, 2008 (received for review July 14, 2008)

Here, we report a previously undescribed approach for controlling
metal ion coordination geometry in biomolecules by reorientating
amino acid side chains through substitution of L- to D-amino acids.
These diastereopeptides allow us to manipulate the spatial orien-
tation of amino acid side chains to alter the sterics of metal binding
pockets. We have used this approach to design the de novo
metallopeptide, Cd(TRIL12LpL16C)3, which is an example of Cd(ll)
bound to 3 L-Cys as exclusively trigonal CdSs, as characterized by
a combination of 3Cd NMR and "™Cd PAC spectroscopy. We
subsequently show that the physical properties of such asite, such
as the high pK, for Cd(ll) binding of 15.1, is due to the nature of
the coordination number and not the ligating group. Further-
more this approach allowed for the design of a construct,
GRANDL12LpL16CL26AL30C, capable of independently binding 2
equivalents of Cd(ll) to 2 very similar Cys sites as exclusively 3- and
4-, CdS3 and CdS3O, respectively. Demonstrating that we are
capable of controlling the Cd(ll) coordination number in these 2
sites solely by varying the nature of a noncoordinating second
coordination sphere amino acid, with D-leucine and L-alanine
resulting in exclusively 3- and 4-coordinate structures, respectively.
Cd(l1) was found to selectively bind to the 4-coordinate CdS3O site,
demonstrating that a protein can be designed that displays metal-
binding selectivity based solely on coordination number control
and not on the chemical identity of coordinating ligands.

cadmium | coiled-coil peptides | D-amino acids |
de novo metallopeptide design

onsidering that nearly one-third of all biomolecules contain

metal ions (1), it is not surprising that the field of de novo
metallopeptides is an area in which significant contributions can
be made to an understanding of metallobiochemistry (2-6).
Nature exquisitely controls the localization and coordination
geometry of metal ions. The de novo design of peptides that fold
into well-defined secondary and tertiary structures provides a
biological construct in which one can engineer metal-binding
sites and assess the factors controlling structure and site speci-
ficity. Currently efforts in our research laboratory are directed
toward trying to achieve a similar degree of control, in particular
for binding Cd(II) in biologically common thiol-rich sites, be-
cause Cd(II) is frequently substituted as a probe for Zn(II) (7,
8). A key benefit of the direct chemical synthesis of these
constructs is that we are no longer limited to the 20 naturally
occurring amino acids and can take full advantage of the
extensive library of nonnatural amino acids.

A common biological structural motif is that of the a-helix,
and subsequently much de novo design utilizes this scaffold,
although B-sheets and mixed «/B-constructs have also been
investigated (4, 9-11). Work in our group involves the designed
TRI and GRAND peptides based on the heptad repeat,
L.KpALGE.E{K,, and derivatives thereof (12, 13). These se-
quences (shown in Table 1) were designed to assemble in
aqueous solution into a-helices, which aggregate to form
3-stranded coiled coils at pH values >5.5. Substitution of either
an a or d Leu with Cys provides a preorganized homoleptic thiol
site in the interior of these coiled coils. The binding of numerous
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heavy metals such as Hg(II), Bi(III), Pb(II), and As(III) has been
explored (12-19), although the most intriguing system has been
Cd(II) that binds to TRIL16C as a mixture of 3- and 4-coordinate
CdS; and CdS;0 (O from an exogenous water molecule) forms,
respectively.

We have shown that subtle sequence modification allowed for
the complete control of Cd(II) coordination number and site
preference in these peptides. By removal of steric bulk above the
plane of the Cys (replacing a Leu with an Ala, TRIL12AL16C),
a cavity for a water molecule was achieved yielding a fully
4-coordinate CdS;O species (20). However, efforts to obtain
3-coordinate Cd(II) bound to Cys were unsuccessful (20, 21).
Ultimately, a pure CdS; environment was realized by resorting
to the nonnatural amino acid analogue of Cys, penicillamine
(Pen), in which bulky methyl groups replace the B-hydrogen
atoms and are thought to exclude exogenous water from binding
to the Cd(IT). The application of ''*Cd NMR and "''mCd PAC
spectroscopies confirmed the structural assignment of these
derivatives. Subsequently, we demonstrated that heterochromic
peptides, which simultaneously bound Cd(II) in one site exclu-
sively as a CdS;0 structure and in a second site in a CdS;
environment, could be prepared using a similar strategy. Despite
these successes, we were disappointed that a simple cysteine
derivative could not be found that could enforce 3 coordination
upon the metal center.

The use of D-amino acids in peptide design has much poten-
tial, because these are the common “nonnatural” amino acids,
and chemically the side chains remain the same as their “natural”
L-amino acid analogues. Modifications can vary from single
mutations that may be used to introduce hairpin turns or
terminate a-helixes (22, 23) or inversion of all amino acids to
yield a mirror image structure (24, 25). Single, double, and even
triple D-amino acid substituted a-helixes have been investigated
and found to be tolerated (26-28), and heteromeric coiled coils
containing both left- and right-handed helixes made up of D- and
L-amino acid building blocks, respectively, have been prepared
(29). A major benefit of D-amino acids containing peptides is
that they possess enhanced proteolytic stability, which has
significant implications for therapeutic applications (30).

Initial modeling studies encouraged us to believe that we could
use an approach to increase the effective steric bulk above the
Cys site by reorienting the side chain in the residue directly above
the Cys plane by altering the chirality of 1 backbone carbon. If
successful, we should be able to prepare peptides capable of
binding Cd(II) to a Cys site in an exclusively trigonal, 3-coordi-
nate geometry. We reasoned that substitution of a single L-Leu
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Table 1. Peptide sequences used in these studies

Peptide Sequence*

TRI Ac-G LKALEEK LKALEEK LKALEEK LKALEEK G-NH;

TRIL16C Ac-G LKALEEK LKALEEK CKALEEK LKALEEK G-NH>
TRIL12AL16C Ac-G LKALEEK LKAAEEK CKALEEK LKALEEK G-NH,
TRIL16Pen Ac-G LKALEEK LKALEEK XKALEEK LKALEEK G-NH;
TRIL12LDL16C Ac-G LKALEEK LKALREEK CKALEEK LKALEEK G-NH,

GRAND Ac-G LKALEEK LKALEEK LKALEEK LKALEEK LKALEEK G-NH,
GRANDL16XL26AL30C Ac-G LKALEEK LKALEEK XKALEEK LKAAEEK CKALEEK G-NH>

GRAND L12LpL16CL26AL30C

Ac-G LKALEEK LKALREEK CKALEEK LKAAEEK CKALEEK G-NH,

Residues in bold and underlined indicate substitutions.

*X = penicillamine; Lp = D-leucine.

by D-Leu, TRIL12LpL16C, would reposition the B-isopropyl
moiety toward the C terminus, as illustrated in Fig. 1.

One can envision that, in antiparallel coiled coils, commonly
found in nature, the residues belonging to the antiparallel strand
may have the side chains orientated in such a way that their
topology may resemble that of D-amino acids, and as such,
enforce similar steric constraints on metal ion sites. Such ob-
servations are likely to provide a clearer understanding of how
properties vary as a function of coordination geometries adopted
by metals with almost identical first-coordination spheres in
biomolecules.

In this article, we demonstrate an approach for controlling
metal ion coordination geometries within a biological construct.
Furthermore, using diastereopeptides we address 3 important
issues regarding the use of D-amino acids in predominantly
L-amino acid designed metallopeptides. First, we assess whether
TRIL12LpL16C can enforce a 3-coordinate structure on Cd(II)
using the natural L-Cys as a ligand. Second, we demonstrate that
using a single L- to D-mutation, a short peptidic sequence
containing 2 very similar Cys sites can be designed that is capable
of independently binding 2 equivalents of Cd(II) as exclusively
3- and 4-coordinate structures. Finally, we demonstrate that this
strategy provides an alternative vehicle for achieving Cd(II)
binding-site specificity.

Results

CD Spectroscopy. To determine whether introduction of a single
D-amino acid in the interior of an otherwise all L-amino acid
sequence would still allow for the well-structured designed
coiled coil to form in solution, it was necessary to monitor the
peptide region of the CD that yielded the characteristic
coiled-coil spectra with minima at 208 and 222 nm. The molar
ellipticity values obtained at 222 nm and pH 8.5 of —34 053 and
—-36 858 degrdmol~'cm? for TRILI12LpL16C and
GRANDLI12LpL16CL26AL30C, respectively, are consistent
with folded coiled-coil structures.

9 Leu Leu
L L
12 Leu
L Pt Leu
16 1 Cys ’ Cys
Leu Leu
19 7 7
L-Leu D-Leu

Fig. 1. Schematic representation of the L- to D-Leu mutation at position 12.
Reorientation of the amino acid side chain serves to increase the steric bulk in
the plane above the Cys ligands.
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Cd(l1)-Binding Stoichiometry. The ability to bind Cd(II) and the
number of Cd(II) bound per trimer was determined by titrating
aliquots of Cd(II) into a solution of known concentration of
peptide at a pH that allows the peptide to fully bind the Cd(II).
The steady appearance of the characteristic ligand-to-metal
charge-transfer (LMCT) transition at 235 nm due to the forma-
tion of Cd-S bonds in the complex Cd(TRIL12LpL16C);, in Fig.
24 for the titration of CdCl, into a 30 puM solution of
TRIL12LpL16C at pH 8.5, abruptly plateaus at 1 equivalent
Cd(IT) (see Fig. 2B). The total metal concentration was used to
calculate an extinction coefficients of Axzs 23 600 M~1-cm~! for
the complex Cd(TRIL12LpL16C);5 . In contrast, Amax OCcurs at
230 nm, and 2 equivalents of Cd(II) are required in the analogous
experiment with 30 uM GRANDLI12LpL16CL26AL30C at pH
8.5 (see Fig. 2B).

pH Dependence. The pH of a solution containing 10 uM CdCl, and
40 uM TRIL12LpL16C was varied from approximately pH 4 to 10
and resulted in the growth of the characteristic LMCT band at 235
nm. The intensity of the band at 235 nm increased with increasing
pH, reaching a plateau above approximately pH 8.5. A plot of the
absorbance at 235 nm as a function of pH is shown in Fig. 3. A fit
of the experimental data to the model published for the simulta-
neous release of 2 protons on binding Cd(II) to 3 thiolates (16)
yields a pKy, of 15.1. Analogous experiments performed with 30
uM GRANDLI12LpL16CL26AL30C in the presence of 1 equiva-
lent of Cd(II) per trimer resulted in the growth of the LMCT band
at 230 nm at a lower pH (see Fig. 3). The pH profile of
GRANDLI12L pL.16CL26AL30C in the presence of 2 equivalents of
Cd(II) per trimer (Fig. 3) led to a profile that would match the
summation of the former 2 experiments.

111mCd Perturbed Angular Correlation (PAC) Spectroscopy. !''™Cd
PAC spectroscopy was used to determine the Cd(II) coordina-
tion geometry in the complex "'™Cd(TRIL12LpL16C);5. The
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Fig. 2. UV-visible spectra for (A) the titration of CdCl; into a solution of

TRIL12pLL16C at pH 8.5 with the characteristic LMCT at Amax 235 nm and (B) the
titration curve of absorbance at Amayx vs. equivalents of Cd(ll) added per trimer
for both 10 uM (TRIL12pLL16C)3 and (GRANDL12pLL16CL26AL30C)3 (Amax 230
nm) at pH 8.5.
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Fig. 3. UV-visible pH titrations of Cd(ll) binding. pH dependence of 1
equivalents of Cd(ll) binding (m) to 40 uM TRIL12pLL16C; and 1 (e) and 2 (A)
equivalents of Cd(ll) binding to 30 uM GRANDL12pLL16CL26AL30C as a func-
tion of pH.

Fourier transform of the experimental data for '"'"™Cd and
TRIL12LpL16C in a 1:12 ratio 300 uM peptide monomer
concentration, at pH 9.1 and 1 °C shows the presence of 1 species
as indicated by 3 peaks in Fig. 4B. The parameters for this species
are reported in Table 2. Notably the w, value of 0.4563 rad/ns is
consistent with a trigonal Cd(II) species bound to 3 thiolates.

113Cd NMR Spectroscopy. A single resonance was observed in the
H3Cd NMR spectrum of 4.0 mM (TRIL12LpL16C); recorded at
pH 9.2 in the presence of 1.1 equivalents of 13Cd(NOj3),, with
a chemical shift of 697 ppm. The spectrum recorded of a 3.7 mM
solution of (GRANDLI12LpL16CL26AL30C); at pH 9.4 in the
presence of half an equivalent of '3Cd(NOs3), resulted in a single
peak with chemical shift of 589 ppm. Another spectrum
was recorded in the presence of 1 equivalent of ''3Cd(NOs),
at pH 9.3, which again resulted in a single peak with a chemical
shift of 589 ppm. The spectra of fully loaded
Cdy(GRANDLI2LpL16CL26AL30C)3 ™, in the presence of 2
equivalents of 3Cd(NOs), at pH 9.4, contains 2 peaks with
chemical shifts of 690 and 589 ppm, respectively, see Fig. 5.

Discussion

Our objective in this study is to assess whether one can exploit
the alternate side-chain conformations of D-amino acids to alter
the coordination number preference of a metal bound in the
interior of a 3-stranded coiled coil by a single residue substitu-
tion. If successful, we should be able to use this strategy to
prepare a peptide capable of binding Cd(II) to 3 Cys ligands
exclusively as trigonal CdSs;. Furthermore, we should be able to
prepare a single short sequence capable of binding 2 equivalents
of Cd(II) to 2 similar Cys sites, separated by ~20 A, exclusively
as 3- and 4-coordinate complexes, respectively. We have
achieved this latter objective using Pen (21, 31); however, the
applicability of the prior studies is limited by the fact that
penicillamine alters both steric and inductive effects of the metal

Intensity

0 50 100 150 00 04 08 1.2 1.6 20
Time (ns) Angular Frequency (rad/ns)

Fig. 4. PAC data for """™Cd(TRIL12pLL16C)3. (A) The perturbation function
and (B) Fourier transform (experimental data and fits are shown overlaid) at
pH 9.1, 1 °C, and a TRIL12pLL16C:"""mCd ratio of 12:1, and a peptide monomer
concentration of 300 M.
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ligand. Clearly, achieving such a construct solely with L-Cys will
have significant implications for interpreting real metal ion sites
in biomolecules. In this article, peptides containing a single
D-amino acid in an otherwise all L-amino acid sequence are
termed diastereopeptides, and those capable of binding 2 equiv-
alents of Cd(II) in 2 different coordination geometries but with
almost identical metal-binding sites, will be termed heterochro-
mic diastereopeptides.

Apo Diastereopeptides. Our design hypothesis was that changing
the chirality at a single carbon backbone (L- to D-Leu mutation)
would serve to reorient the Leu side chain toward the C terminus
(Fig. 1) increasing the steric bulk directly above the Cys plane.
It is proposed that this bulk would prevent exogenous water from
binding to the Cd(II) in Cd(TRIL12LpL16C);. Before we
examined the metal-binding capability of the peptides, we first
needed to assure ourselves that the introduction of a single
D-amino acid into an otherwise all L-amino acid sequence did
not alter the designed secondary and tertiary structure of our
peptide aggregates. The CD spectrum of the apopeptides con-
firmed that these constructs were well folded coiled coils.
Although up to three D-amino acid substitutions in a 19-aa
a-helix has been reported to be tolerated (27), this is a previously
unreported example of D-amino acids substitutions in the inte-
rior of an otherwise all L-amino acid coiled coil construct.

Characterizing Trigonal Cd(ll)Cys;. Having established that inser-
tion of 1 D-leu into the sequence had negligible effect on the
3-stranded coiled-coil structure, we next examined the binding of
Cd(II) to TRIL12LpL16C. Titration of Cd(II) into a solution of
TRIL12LpL16C led to a UV chromophore at 235 nm (e = 23 600
M~Lem™!) consistent with a Cd(II) thiolate species. This titra-
tion yielded a stoichiometry of 1 Cd(II) per 3 peptide monomers,
reconfirming the aggregate as a 3-stranded coiled coil,
Cd(TRIL12LpL16C)5 . We have used ''3Cd NMR to assign the
coordination number and environments for Cd(II) bound to
these peptide constructs and have found this to be an important
tool in interpreting the data for these systems (Olga Iranzo,
Tamas Jakusch, Kyung-Hoon Lee, L.H., and V.L.P., unpublished
work). Indeed, it was predicted that a 100% 3-coordinate Cd(II)
bound to 3 Cys would have a ''3Cd NMR chemical shift of 698
ppm (21). Certainly, our value of 697 ppm for
H3Cd(TRIL12LpL16C)5 is very close to this optimal value for a
CdS; species. Furthermore, the 1"™Cd PAC spectrum (Fig. 4B)
for this complex confirms that only 1 species is present in
solution (on the nanosecond time scale), and that this species has
wo and m parameters (Table 2) that are predicted using the
semiempirical BASIL model for trigonal CdSs3 (32). Most im-
portant, these NQI parameters are very similar to those ob-
served for '""™mCd(TRIL16Pen); (21). Therefore, these data are
best interpreted as supporting a 100% trigonal planar CdS;
coordination geometry. Furthermore, the high pK,, of 15.1 for
sequestering Cd(II) is consistent with a 3-coordinate CdS;
site. Notably, the values of 697 ppm and 15.1 for the "3Cd
NMR chemical shift and pK,, for binding Cd(II) as
Cd(TRIL12LpL16C)5 fall nicely on a correlation established
between these 2 parameters [see supporting information (SI)
Fig. S1] (Olga Iranzo, Tamas Jakusch, Kyung-Hoon Lee, L.H.,
and V.L.P., unpublished work). This proves that the high pKa»
associated with binding Cd(II) is clearly due to the coordination
number preference of the metal ion and not to the nature of the
coordinating group (Pen vs. Cys). We conclude that we have
prepared a stable Cd(II)Cyss species in aqueous solution.

Heterochromic Peptides. The next goal was to establish whether this
approach would allow us to design a single peptide sequence
capable of binding 2 equivalents of Cd(II) to 2 very similar Cys sites
separated by ~20 A. We found that the additional stability provided

Peacock et al.
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Table 2. Parameters fitted to PAC data*

Peptide pH wo (rad/ns) n Awo/wy X100 1/7cus™! A X100 X%
TRIL16Pen? 8.7 (1°Q) 0.4540 (9) 0.02 (10) 1.6 (4) 19 (2) 6.9 (3) 0.91
TRIL12LpL16C* 9.1 (1°Q) 0.4563 (4) 0.10 (1) 0.7 (2) 14 (1) 8.2 (2) 1.18

*The numbers in parentheses are the standard deviations of the fitted parameters.

'Data from ref. 21.
*Lp = D-leucine.

by an extra heptad repeat in GRAND was important in allowing us
to access a heterochromic peptide capable of binding Cd(IT) with
exclusive coordination geometries. Therefore, our proposed pep-
tide contained our 3-coordinate L12LpL16C segment in a GRAND
sequence along with the L26AL30C mutation that has been shown
to bind Cd(II) as exclusively 4-coordinate CdS;O was prepared
(31). The 2 Cys sites are ~20 A apart and are separated by 2 layers
of intervening Leu residues that should act to keep these sites
independent from one another. The binding of Cd(II) to this
construct was again monitored by UV-visible spectroscopy. The
absorbance at 230 nm on titrating Cd(II) into a solution of peptide
levels off at a 2:3 ratio of Cd(II) to peptide monomer, confirming
that (GRANDLI2LpL16CL26AL30C); is capable of sequestering 2
equivalents of Cd(II). The absorbance at 230 nm of a solution of
(GRANDLI12LpL16CL26AL30C); in the presence of 2 equivalents
of Cd(II) was monitored as a function of pH, and although Cd(II)
is sequestered at a lower pH than for the analogous
TRIL12LpL16C peptide, it occurs at a more basic pH than has been
reported for L26AL30C sites (31). However, the pK,, associated
with this site is sensitive to the overall stability of the peptide, and
the presence of D-Leu in GRANDLI12L,L16CL26AL30C is desta-
bilizing, resulting in a higher pK,». This leads to a pH profile with
the 2 sites displaying closely overlapping titration curves as
opposed to the well-resolved profiles observed for
GRANDL16Penl. 26AL30C (31). Once again, the binding of Cd(II)
was characterized by "3Cd NMR spectroscopy. The fully loaded
peptide, 3Cd,(GRANDLI2LpL16CL26AL30C)3 ", exhibited 2
distinct and separate peaks for the 2 independent sites at 589 and
690 ppm, indicating these 2 sites are not in chemical exchange with
one another. Furthermore, the 589 and 690 ppm chemical shifts are
consistent with CdS;0 and CdS; environments, respectively (Olga
Iranzo, Tamas Jakusch, Kyung-Hoon Lee, L.H., and V.L.P., un-
published work) (31). These observations demonstrate that the
heterochromic diastereopeptide controls the binding of Cd(II) as
either 3- or 4-coordinate structures even though the first coordi-
nation sphere ligand is cysteine in both sites.

690 ppm
589 ppm
2.0eq Cd
1.0 eq Cd
0.5eq Cd “
750 700 650 600 550

113Cd NMR chemical shift (ppm)

Fig. 5. '13Cd NMR spectra of solutions of (GRANDL12pLL16CL26AL30C); in
the presence of different amounts of '"3Cd(NO3), at pH ~9.4.

Peacock et al.

Binding Selectivity. We next assessed whether the diastereotopic
heterochromic peptide, GRANDL12LpL16CL26AL30C,
showed selective binding of Cd(II) to 1 of the Cys sites. We had
shown with GRANDL16PenL.26AL30C that Cd(II) bound at
lower pH values to the 4-coordinate site exclusively, and that
at higher pH values, where both sites bind Cd(II), the metal
still preferred the 4-coordinate environment. Unfortunately,
because it was necessary to use penicillamine instead of
cysteine in this construct, we could not be certain that the
observed selectivity was due solely to the coordination
number preference of the metal, or whether other factors,
such as inductive effects on the ligating sulfur atoms or
access to the site due to steric effects of the bulkier peni-
cillamine, caused the site differentiation. Because
Cd,(GRANDLI12LpL16CL26AL30C)3 contains only cysteine
ligands, our approach allows us to directly assess whether the
peptide can discriminate metal complexation based solely on
coordination number. This hypothesis was tested by assessing
whether binding affinity at the same pH differed between the
sites, by performing a titration of Cd(II) into a solution of
GRANDLI12LpL16CL26AL30C at a pH at which both sites are
capable of sequestering Cd(II). From the pH titrations shown
in Fig. 3, it appears that the Cd(II) is sequestered at a slightly
lower pH to the 4-coordinate L26AL30C site, with the pH
profiles for both sites reaching a plateau by pH 9.4. The direct
competition of Cys sites in GRANDL12LpL16CL26AL30C for
Cd(IT) at a pH where they both bind was monitored by ''3Cd
NMR spectroscopy, which illustrated, under these conditions,
that the first equivalent of Cd(II) selectively binds to the
4-coordinate L26AL30C site, and only on further addition of
Cd(II) does binding occur to the 3-coordinate L12LpL16C
site. This conclusively shows that site selectivity is the result of
metal ion coordination geometry preference and appears to be
independent of the nature of thiol ligand (Pen vs. Cys). For this
selectivity to have been observed, there must be a minimum
10-fold stronger binding to the 4-coordinate site at pH 9.4 over
the 3-coordinate site. These experiments provide compelling
evidence for 2 key principles governing metalloprotein active
site structure. First, we have shown that coordination number
can be defined solely by alteration of noncoordinating ligands
proximate to the metal center. Second, we prove that a protein
can be designed that shows metal-binding selectivity based
solely on coordination number control and not by varying the
affinity of ligands in the metal first coordination sphere.

Conclusions. We report here a unique approach for controlling
metal ion coordination number in de novo designed metal-
loproteins by using D-amino acids to reorient side chains. This
now opens the door to accessing new constructs that were
unattainable using solely L-amino acids, and we anticipate that
this approach will allow us to generate challenging metal
coordination geometries within a biological construct, that
nature is capable of enforcing on a metal that has a preference
for a different coordination geometry or ligand environment.
These diastereopeptides have led to the successful preparation
of a stable trigonal CdS; bound to L-Cys ligands in aqueous
solution, a site likely to be significant in real biomolecules.
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Furthermore, a single peptide chain has been designed,
GRANDLI12LpL16CL26AL30C that is capable of indepen-
dently binding 2 equivalents of Cd(II) to very similar Cys sites,
as exclusively 3- and 4-coordinate structures, with Cd(II)
displaying selectively for the 4-coordinate, CdS;0, site. This
construct allows us to unambiguously establish that such
selectivity for very similar Cys sites that differ only in their
second-coordination sphere ligands is the direct result of
coordination geometry preference of the metal ion and not
ligand type. Not only is this a major achievement in the field
of de novo metallopeptide design, but one can envision that
proteins may control metal ion affinity by controlling coordi-
nation number. In particular, this could be essential in metal
storage, transport, and transfer, as in metallochaperones.
Some sites such as (TRIL16C); bind Cd(II) as a mixture of
CdS; and CdS;0, and it seems reasonable that Cd(II) would
display a higher affinity for a CdS;O-rich site. Thus, if nature
is capable of tuning the CdS;/CdS;O ratio, it may be able to
tune the binding affinity of a specific metal ion for that site.

Experimental Procedures

Peptide Synthesis and Purification. Both TRI and GRAND peptides (sequences
given in Table 1) were synthesized on an Applied Biosystems 433A peptide
synthesizer using standard protocols (33) and purified and characterized as
reported (14). Stock solutions of the apopeptides were prepared in doubly
distilled water, and their concentrations determined by calculating the thiol
concentration using a published assay with 4,4’-dipyridyl disulphide (34). All
solutions were degassed with argon before use so as to prevent oxidation of
peptide and formation of disulfide bonds.

CD Spectroscopy. CD spectra were of 40 uM peptide solutions in 50 mM Tris
buffer, pH 8.5, were recorded in a 0.1-cm quartz cuvette on an Aviv 62DS
spectrometer from 280 to 200 nm at 298 K. The observed ellipticity in millide-
grees has been converted to molar ellipticity, [0], and is reported in units of
deg-dmol~"-cmZ2.

UV-Visible (UV-Vis) Spectroscopy. Cd(ll) into peptide titrations were performed
on a Cary 100 Bio UV-vis spectrometer in 1-cm quartz cuvette. Aliquots of
4.47-Mm CdCl; were added to a 30-uM peptide solution in 50 mM Tris at pH
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8.5. Difference spectra were obtained by subtracting the background spec-
trum of peptide (30 wM in 50 mM Tris, pH 8.5) in the absence of metal.

pH Titrations. All UV-vis pH titrations were performed at ambient temperature
on an Ocean Optics SD 2000 fiber-optic spectrometer and the pH measured
using a mini-glass combination pH electrode coupled to a Fisher Accumet
model 805 pH meter. Titrations were performed by adding small aliquots of
concentrated solutions of KOH and HCl and the absorbance at Amax (230/235
nm) monitored as a function of pH. Reverse titrations with HCl were per-
formed to ensure reversibility of the process. Experimental data for
TRIL12LpL16C were fit to a model published for the simultaneous release of 2
protons on binding Cd(ll) to 3 thiolates (16).

PAC Spectroscopy. PAC spectroscopy and sample preparation were performed
asdescribed (35, 36); however, atyping error of “10-40 mL" should be “10-40
uL,” and the current experiment with ""'™Cd and TRIL12LpL16C was carried
outina 1:12ratio, at pH 9.1, 1 °C, and in 55% wt/wt sucrose to further reduce
the Brownian tumbling of the molecules. Finally, all fits were carried out with
300 data points, disregarding the 5 first points due to systematic errors in
these.

113Cd NMR Spectroscopy. All spectra were collected at room temperature on a
Varian Inova 500 spectrometer (110.92 MHz for ''3Cd) equipped with a 5-mm
broadband probe and externally referenced to a 0.1 M Cd(ClO4); solution in
D,0. Aspectral with of 847 ppm (93,897 Hz) was sampled using a 5-us 90° pulse
and 0.05-s acquisition time, with no delay between scans. Samples were
prepared by dissolving 25-35 mg of lyophilized and degassed peptide in 500
uL of 15% D,0/H,0 under a flow of argon. Peptide concentration was
determined as described by using an assay with 4,4’-dipyridyl disulphide (34)
and the desired amount of a 250 mM ''3Cd(NO3); solution (prepared from
95% isotopically enriched ''3CdO obtained from Oak Ridge National Labora-
tory) added. The pH of the solution was measured and adjusted to ~9.4 by
addition of concentrated solutions of HCl or KOH and the pH measured both
before and after recording the spectrum. Attempts were made to maintain an
argon environment; however, the solutions did come into contact with the air
on recording and adjusting the pH. The data were processed by using
MestRe-C (37) and the free induction decays zero-filled and treated with an
exponential function with a line-broadening value of 100 Hz before Fourier
transformation.
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