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Metal ions play significant roles in most hiological systems. Over the past two decades, there has been significant
interest in the redesign of existing metal binding sites in proteins/peptides and the introduction of metals into folded
proteins/peptides. Recent research has focused on the effects of metal hinding on the overall secondary and
tertiary conformations of unstructured peptides/proteins. In this context, de novo design of metallopeptides has
become a valuable approach for studying the consequence of metal hinding. It has been seen that metal ions not
only direct folding of partially folded peptides but have at times also been the elixir for properly folding random-
coil-like structures in stable secondary conformations. Work in our group has focused on binding of heavy metal
ions such as Hg(ll) to de novo designed a-helical three stranded coiled coil peptides with sequences based on the
heptad repeat motif. Removal from or addition of a heptad to the parent 30-residue TRI peptide with the amino
acid sequence Ac-G(LKALEEK),G-NH, generated peptides whose self-aggregation affinities were seen to be
dependent on their lengths. It was noted that adjustment in the position of the thiol from an “a” position in the case
of the shorter BabyL9C to a “d” position for BabyL12C resulted in a peptide with low association affinities for itself,
weaker binding with Hg(ll), and a considerably faster kinetic profile for metal insertion. Similar differences in
thermodynamic and kinetic parameters were also noted for the longer TRI peptides. At the same time, metal
insertion into the prefolded and longer TRI and Grand peptides has clearly demonstrated that the metal binding is
both thermodynamically as well kinetically different from that to unassociated peptides.

Introduction scaffold>® The advantage of this approach is that specific
structure types can be ascertained without the complication

th i ¢ i fted using first principles | of deconvoluting the behavior of multiple alternate folding
€ preparalion of peplides crafted using irst principies N 4, 4ing present in natural systems. In general, there is still

the hope of generating “functionally active” biomolecutes. a serious lack of knowledge describing the relationship

This design strategy involv_es the cqnstruction O.f a pe_ptide between the peptidic backbone sequence, its secondary and
intended 1o fold into a precisely defined three-dimensional tertiary structures, and the functional properties of the protein.

structu;e, VIV'th ? _s',ﬁegue?hc N thattls nf[)t dderlved g"“_“ thﬁt of A survey of the literature suggests that reports detailing
any naturaf protein.ror the most part, dé novo design Nas -, ot5)jnduced protein folding are sparse. This observation

followed a minimalist approach to design the peptidic is remarkable given that it is estimated that one-third of

- proteins contain metals which are indispensable for proper
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De Novo Design Studies of Metalloprotein Folding

field of metallopeptide design has seen a tremendous jump
in the past few years resulting in the emergence of very
distinct approaches. The focus of this article will primarily
be on those studies that are helpful in clarifying how metal
ions can assist or direct peptide folding. Interested readers
should consult some very pertinent reviévw#s in order to
obtain a broader overview of the metalloprotein design field.
In the review portion of this article, the binding of metals to
de novo designed peptides has been discussed under th
following categories: (1) metal assisted folding of unstructured/
partially structured de novo designeehelices, (a) enhance-
ment ofa-helical character in partially folded peptides, (b)
metal induced folding of random coils to generatbelices;
(2) metal binding to folded de novo designed proteins/
peptides, (a) metal binding to foldedhelical peptides, (b)
metal binding tos-turns ands-sheets.

This presentation will center primarily on metal induced
folding of unstructured and partially structured peptides.

(1) Metal Assisted Folding of Unstructured/Partially
Structured de Novo Designedo-Helices

The minimalist approach to de novo peptide design gives
rise to proteins that are generally much simpler than the
natural proteins that they are mimicking, yet poses sufficient
complexity in structure both for studying the folding as well
as the functional properties. The most commonly uded
novo designed structural motif is the-helix and in general
o-helical coiled coils. Ana-helical coiled coil consists of
two, three, or four amphipathie-helices that often contain
a seven amino acid “heptad repeat” denoted by the letters
abcdefg Hydrophobic residues that are placed at taieehd
“d” positions are directed into the core of the protein. The
properties of ar-helix orient the @ residue, the first of
the subsequent heptad to be arranged almost directly belo
the “a” residue. The &” and “a’” residues are actually 20
out of phase, leading t@-helices that twist around each other
to form a coiled coil. Hydrophilic residues are placedHt “
“c”, “€', and “g” positions. These residues assist in inter-
helical electrostatic interactions which can orient the helices
in parallel or antiparallel configurations. A helical wheel
diagram that illustrates these interactions for parallel oriented
coiled coils is given as Figure 1.
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Figure 1. Helical wheel diagram for parallel two, three, and four stranded
coiled coil peptides.

(a) Enhancement ofa-Helical Character in Partially
Folded Peptides. Significant effort has been expended
studying binding of metals to partially folded peptides to
influence their secondary conformatioits?® Among the
earliest contributions in this field was the work of Ghadiri
et al. who designed two 15-mer peptides with the sequence
Ac-AEAAAKEAAALX ;AAAX ,A-NH,, replacing the X-
residues with two histidine residues in one peptide and one
cysteine and one histidine in the otlkémBinding of these
peptides with Cd(ll), Cu(ll), Ni(ll), and Zn(ll) were followed
using circular dichroism and showed metal-ion selective
binding dependent on the affinity of the metal ions for the
ligands. In every case, however, enhancements in the helix
content of the peptides were observed on their consequent
binding to the metal ions. To further the scope of studying
systems under suitable physiological conditions, an exchange-
inert metallopeptide system was desigdkdhowing the
binding of Ru(lll) to two peptidic systems. For both peptides,

“helical characters of the peptides were seen to increase on

metal ion complexation. To further increase the role of the
metal ion as a cross-linking agent, the bipyridine moiety has
often been used as a ligand to bind the m&tat Using the
same principle, a 15-mer peptide (Bipy-GELAQKLEQALQK-
LA) was designed containing a 5-carboxy-2h2pyridine
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Figure 2. Molscript model ofA-fac-[Ru(P.0)s]2" viewed from above and
from the side. The ruthenium tris-bipyridyl moiety is shown in ball-and-
stick-representation. The figure is taken from the following reference: Case,
M. A.; Ghadiri, M. R.; Mutz, M. W.; McLendon, G. L. Stereoselection in
designed three-helix bundle metalloprotei@hirality 1998 10, 35—40.
Copyright 1998, Wiley-Liss Inc. Reprinted by permission of Wiley-Liss
Inc., a subsidiary of John Wiley & Sons, Inc.

moiety at the N-terminu®. In the absence of a metal ion,
the peptide was monomeric showirgd0% helicity; how-

ever, the peptide spontaneously self-assembled into a 45

residue triple-helical metalloprotein displaying5% helicity
upon addition of transition metal ions such as Ni(ll), Co-
(1), or Ru(ll). This triple helical metalloprotein was further
used as a starting material for the rational design of a
heterodinuclear Ru(Il)Cu(ll) metalloproteifln a separate
work, Ghadiri et al. designed a 15-mer peptide having a
pyridyl moiety at the N-terminal which self-assembled in
the presence of Ru(ll) to form a four-helix bundle metallo-
protein®’

An interesting stereochemical study examined the as-
sembly of an eicosameric peptidex¢Phaving 20 residues
and a similar 5-carboxy-2bipyridyl group at the N-
terminus®® It was expected that binding of a transition metal
to the bipyridine moiety would yield an octahedral [M(bg¥)
complex. This geometry was expected to influence the
resulting topology of the three-helix peptidic bundle. A
smaller bipyridyl tripeptide (§ containing the first three

residues of the longer 20-mer peptide was also synthesized

The Ru(ll) complex of Pwas used as a standard to assess
the influence of secondary and tertiary conformations of the
longer peptide on the final stereochemistry of the complex.
While P; led solely to a racemic mixture of four possible
diastereomeré-mer/A-merA-fad A-fac in the ratio 3:3:1:

1, the longer peptide R (Figure 2) showed an unexpected
bias in excess of 80% for the disfavortt-diastereomers
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over the more probablmerconformers. This preference was
attributed to the formation of a parallel coiled coil which
induced selection of the facial isomers in which all three
chains were expected to propagate from the same face of
the coordinating octahedron. This study was believed to be
the first report of stereoselection of such a magnitude for a
system under kinetic control. Further work on this peptide
was pursued by altering the sequence backBdfheby
deletion of a single hydrogen bond; however, this modifica-
tion did not seem to perturb the secondary conformations,
even though the overall folding free energy was seen to
decrease. Nuclear magnetic resonance spectroscopic studies
of the peptides with various paramagnetic metal 16like

Ni(ll) and Co(ll) showed the presence of a dual conformation
for the bundle up to the 12th residue from the N-terminus,
displaying two different facial isomers with distinct suscep-
tibility tensors. The structures of both the isomeric forms
were ascertained from interpretation of the nuclear Ovehauser
effects of the Ni(ll) complex anéH pseudocontact shifts of
the Co(ll) complex.

Often, groups have modified metal binding sites of
naturally occurring proteins to create a new class of peptides
incorporating functional attributes of more than one native
sequence. Franklin et al. have designed a 33-mer peptide
comprising helices2 anda3 of a helix-turn—helix DNA-
binding motif protein and introduced the EF-hand Ca-binding

loop as the turn in the sequence as shown in Figure 3. This
chimera P3 bound Ca(ll) and Eu(lll) with significant increase
in the secondary structure while still maintaining DNA-
binding affinity 2243 Replacement of a histidine residue for
a tryptophan in P3 resulted in an apopeptide with slightly
more secondary structure than P3. Binding of Eu(lll) and
Ce(IV) to this peptide was followed with circular dichroisfh,
and binding of La(lll¥®> with tryptophan fluorescence and
NMR studies showed formation of a more organized tertiary
structure on metal ion binding along with sequence selective
nuclease activity.

There has been considerable investigation of the gas phase
reactivity of metal ions binding to peptides in order to
understand metal influence on secondary protein conforma-
tions. In some cases, the oxophilic metal ions bind to the
carboxylate group at the C-terminus, thereby capping the
helix and allowing favorable interactions between the metal
ions and the helix dipole. Most of the research has focused
on the energetics of metal binding to the pepttfed and
the conformational changes that occur as a result of this
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B 1998 102 9975-9980.
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Figure 3. Stereoview of the overlay of engrailed HTH regia2¢o3; 1ENH) and one EF-hand of parvalbumin (5PAL) to illustrate that the helical axes

are collinear. Engrailed is shown in green, parvalbumin in blue, and the Ca(ll) ions with the ligands in magenta. The figure is taken from Figure 1 of the
following reference: Kim, Y.; Welch, J. T.; Lindstrom, K. M.; Franklin, S. J. Chimeric HTH motifs based on EF-harigisl. Inorg. Chem2001, 6, 175.
Copyright 2001, SBIC. Reprinted by permission of Springer.

A

1 5 10 15 20 25 30 35
gabcdefgabcdefgabcdefgabcecdefgabcecdef
Ac-Q-C—G—A—L—Q—K-Q-V—G—A—L-Q-K@V-G—A—L-E}K—QG-A—L—Q—K-Q—V—G—A—L—Q—K—a.mide

Ac-Q-C—G—A—L-Q~K—Q—V—G—A—L-Q—KV-G-A-LK-QEG-A—L—Q-K-Q-V—G-A-L-Q-K-amide

repulsions

repulsions

Figure 4. (A) Sequences of the “native” 35-residue model coiled coil peptide (top) and the metal-binding analogile B&ttom). A Cys residue at

position 2 (heptad position a) allows formation of an interchain disulfide bridge. |pN®Jahe Gla residues are represented by X. (B) Cross-sectional
helical wheel representation of the middle heptad (residue®1pof GlaNx in the absence (left) and presence (right) of bound metal ions. Interchaln a

and d-d' van der Waals packing interactions occur in the hydrophobic core between Val and Leu residues, respectively, and are indicated with arrows.
Reprinted with permission from ref 56. Copyright 1998 American Chemical Society.

binding®52 A number of research groups have also chains was designé836 This peptide was seen to undergo
investigated the fragmentation of metalated-peptitieand a transition from a random coil to arrhelical conformation
it appears that fragment peaks are oftentimes strongly upon binding of a metal ion. Cysteine substitution for a valine
influenced by the conformation of the gas phase protein-ion in the native heptad repeat sequencgV GpAcLqQeKs
prior to activation. In general, though fragmentation data may assisted in forming an interhelical disulfide bridge bond. This
provide information about the transition state of the complex, peptide was used as a good control for studying electrostatic
little is known about the influence of the metal ion on the interactions as all the “e” and “g” positions contained Gin
low-lying states of the metal ieapeptide conformation in  residues. The disulfide bridge formation promoted the
the gas phase. formation of a parallel coiled coil and simplified the folding
(b) Metal Induced Folding of Random Coils to Gener- mechanism from a bimolecular to a unimolecular one. Two
ate a-Helical Coiled Coils. In the case of coiled coils, two  y-carboxyglutamic acid substitutions for glutamine (Q)
and three stranded varieties are the most common. Usingresidues at positions 15 and 20 generated a new peptide
this motif, a disulfide bridged two strandedhelical coiled possessing metal ion binding sites as shown in Figure 4. In
coil peptide containing two identical 35 residue polypeptide the absence of any metal ions, the two strands were repelled
by electrostatic repulsion between the negatively charged side

(47) Wyttenbach, T.; Bushnell, J. E.; Bowers, M. J.Am. Chem. Soc.

1998 120, 5098-5103. (50) Taraszka, J. A.; Li, J.; Clemmer, D. E.Phys. Chem. R00Q 104,
(48) Cerda, B. A.; Hoyau, S.; Ohanessian, G.; Wesdimiotis, 8m. Chem. 4545-4551.

So0c.1998 120, 2437-2448. (51) Kohtani, M.; Kinnear, B. S.; Jarrold, M. B. Am. Chem. So200Q
(49) Hoyau, S.; Ohanessian, Ghem—Eur. J.1998 4, 1561-1569. 122 12377 12378.

Inorganic Chemistry, Vol. 43, No. 25, 2004 7905



Ghosh and Pecoraro

chains of they-carboxyglutamic acids at position 15 on one
chain with that at position 20 on the other chain resulting in
a random-coil-like secondary structure with a molar ellipticity
of only —2500 deg crhidmol~* at 222 nm. However, the
folded metal bound peptide formed a stable moiety (molar
ellipticity of —34000 deg crhdmol~* with La(lll)) showing

an o-helical structure. The metal titration monitored indi-
rectly by circular dichroism, and directly by nuclear magnetic
resonance spectroscopy, showed the specific binding of two
metal ions per two-stranded coiled coil. The metals bound
to the two-stranded coiled coil in a cooperative manner.
Metal dissociation constantk(s) for the first metal binding

of 0.6 + 0.3 uM for La(lll), 0.4 £ 0.2uM for Yb(lll), 1.7

+ 0.3 uM for zn(ll), and 18 & 2 mM for Ca(ll) were
estimated from the circular dichroism studies.

Using the same heptad repeat motif, Tanaka et al. designed
a parallel three stranded coiled coil peptide (1Z) with the
amino acid sequence YGG(IEKKIEAY Replacement of
one or both isoleucine (l) residues on the third heptad with
one or two histidine (H) residues generated the peptides (1Z-
3adH}® and (1Z-3aH)° showing random-coil-like secondary
structure in aqueous solution. However, in the presence of a
transition metal ion, the peptides were induced to assemble
into three stranded coiled coils. Fluorescence quenching
analysis showed the peptides to be parallel. The binding of Figure 5. Side view of the tertiary model of the Ni(ll) complex of 1Z-
transition metals (Co(ll), Cu(ll), and Zn(Il)) was followed 3adH. The six His side chains are shown by the sticks with the three helix
by circular dichroism, and dissociation constants of3% Rﬁ‘?g}[‘gg Tcho%)'i'ig'gt'iég‘gcﬁﬁg rit?;r? éﬂgﬁ;ieé a?‘;%ré?éteﬂ with permission
uM for Co(ll), 17 £ 1 uM for Cu(ll), and 23+ 2 uM for
Zn(Il) were calculated. Ni(ll) showed the highest affinity
for binding to the peptide 1Z-3adHKg = 5.0 + 0.3 uM).

positiorf! leading to similar disruption of the nativelike
secondary structure. The 18th position in the sequence of
Binding of the paramagnetic Ni(ll) ion led to perturbation the peptide refers to am® position and 22nd thed” position

of the line width showing evidence of broadening. In the of the third heptad. Both these residues are directed toward
absence of the metal ion, the imidazole protons from the the core of the coiled coil. As expected, these replacements
His residues appeared at 7.03 and 7.90 ppm. On addition ofcreated a soft metal ion binding site where the binding of
Ni(ll), these peaks gradually broadened until they finally Cd(il) and Hg(ll) was monitored with circular dichroism and
disappeared. This final disappearance occurred on additiont’3cd NMR spectroscopy. These studies showed that metal

of 1 equiv of Ni(ll) for three 1Z-3adH molecules, indicating
that all six of the His residues may be magnetically
equivalent and binding to the Ni(ll) ion providing an

octahedral geometry for the central metal ion (Figure 5).

However, Ni(ll) did not bind to 1Z-3aH. After the report of
Dieckmann et al. on TRIL16C binding of Hg(ll) as a trigonal

ions could induce an unstructured form of the peptide to fold
into a three stranded coiled coil.

Many groups have also been interested in incorporating
cofactors to create functionally active pepti§&s$® For
example, there are several instances of small peptide motifs
or “maquettes” that bind metalloporphyrins for studying

complext® Tanaka et al. replaced the isoleucine residues with artificial heme protein&5 In one case, the porphyrin is
alanine (A) at the 18th position and cysteine (C) at the 22nd used as an anchor to form a four-helix bundle that forms a

(52) Hu, P.; Gross, M. LJ. Am. Chem. Sod.993 115 8821-8828.

(53) Hu, P.; Sorensen, C.; Gross, M.L.Am. Soc. Mass Spectrofr295
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9, 1285-1292.
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Soc.1998 120, 1124-1132.
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11, 1051-1055.
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Chem. Soc1998 120, 13008-13015.

(59) Kiyokawa, T.; Kanaori, K.; Tajima, K.; Koike, M.; Mizuno, T.; Oku,
J.; Tanaka, TJ. Pept. Res2004 63, 347—353.

(60) Dieckmann, G. R.; McRorie, D. K.; Tierney, D. L.; Utschig, L. M,;
Singer, C. P.; O'Halloran, T. V.; Penner-Hahn, J. E.; DeGrado, W.
F.; Pecoraro, V. LJ. Am. Chem. S0d.997, 119 6195-6196.
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proton channel through a lipid bilayé&.Dutton and Gib- tides®” heavy-metal ion binding proteir$$and thermolysit?
ney’>’2 have pioneered the incorporation of hemes into have shown that binding of metal ions to these artificial
soluble 4-helix bundles. Benson et al. have done similar work peptides significantly increases their extent of folding.
with peptide-sandwich mesoheme induced folding com- Oftentimes, the protein stabilizing metal ion is seen to bind
plexe<376 and histidine coordinated helical hemeprotein at thea-helix terminus and assist in the folding process by
models!”~7° In the same vein, Suslick et al. have designed supplying secondary structural constraints to the unfolded
monomeric 15-mer peptides that bind to metalloporphyrins specieg?°!

in a 1:2 comple¥ and examined the effect of the sequences

of the peptides on their association affinities to the metal- (2) Metal Binding to Folded de Novo Designed
loporphyrins, their secondary structures, and electrochemicalProteins/Peptides and8-Turns and f-Sheets

properties. It was observed that binding of the peptides to . . .- .
metalloporphyrins produced related changes in the secondary Th.e ability to design .pept|d|c sequences .”.“"?‘ fold into
structure of the peptides leading to a large increase in thepredlctable structures without the aid of stabilizing factors

helicity. At the same time, it was noted that noncoordinating such as dlsglflde bo'n.ds or metal binding sites and, supse-
hydrophobic residues flanking the central histidine residue _quentl_y, to bind specified ligands and_ catalyze new reactions
binding to the metalloporophyrin contributed as much as 4.5 IS an |mportan.t ggal of de novo de5|gp. .

kcal/mol to the overall stability of the complex and the (&) Metal Binding to Folded a-Helical Peptides. In
association constant increased by a factor of 1.60* as addlgon to metgl induced folding of secondary structurgs of
the number of hydrophobic residues were increded. peptides, conS|dgrabIe work has been done on the design of
Disulfide bridge incorporation in the peptides produced electron traqsfgr sites across the surface of met'allopr&%éﬁs
hairpin and cyclic peptides and increased their binding to @nd also within the framework of a polypeptide backbone
heme by 5x 10° compared to histidine alorfé Consistent structgr_e leading to the developm_ent of coiled coil _st_ructures
with earlier work, significant changes in the secondary Containing mono heme3;**'multiple hemes? % di-iron
structure were also observed, an@0% helicity was seen  clusters; etiron—sulfur clusters>*°2copper®*'®calcium; %

for the cyclic peptides in the presence of porphyrin. The work @nd bridging metal assembli€S. More recently, attempts

on this family of cyclic peptides was extended to the effect have been made to generate sites that mimic the functional
of electrostatic and salt bridge interactions on the 3-dimen-

sional structure showing distinct “nativelike” properties
similar to small proteing?
Metal ion-binding domains of naturally occurring proteins

: ) 88
have often been incorporated in sequences to create de nov& )

designed artificial peptides mimicking the functional proper-
ties of their natural counterparts. Zinc binding domains of
prototypical zinc finger peptide€¥,  calmodulin-like pep-
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and spectroscopic character of more complicated structuresrable 1. Sequences of Peptides Examined in This Study

and to place second coordination sphere interactions within
de novo designed scaffolds to model metal sites in natural
proteins more completely. A model of the A-cluster carbon
monoxide dehydrogenase, a Ni-X;5g site that has been
hard to stabilize with traditional organic ligands, has been
successfully characterized within a designed four-helix
bundlel®”1%|n addition, combinatorial libraries of peptides

have been synthesized that, based on sequence requirements

derived from de novo design studies, fold into coiled coils
and helical bundle¥?:110
(b) Metal Binding to #-Turns and f-Sheets.The area

peptide sequence

BabyTRI Ac-G LKALEEK LKALEEK LKALEEK G-NH ;

BabyL9C Ac-G LKALEEK CKALEEK LKALEEK G-NH

BabylL12C Ac-G LKALEEK LKACEEK LKALEEK G-NH»

TRIL9C Ac-G LKALEEK CKALEEK LKALEEK
LKALEEK G-NH2

TRL12C Ac-G LKALEEK LKACEEK LKALEEK
LKALEEK G-NH

GrandL9C Ac-G LKALEEKCKALEEK LKALEEK

LKALEEK LKALEEK G-NH >

the glutamate carboxylates were deprotonated, the peptides
primarily formed 3-stranded coiled coils. Replacement of a

of de novo metalloprotein design has been dominated by thehydrophobic leucine residue with a cysteine in the sequence

a-helical coiled coil structure. Though a considerable amount
of effort has focused on designingsheetlike secondary
structures to probe fundamental insight into the factors
affecting protein structure and stability, generally, preparation
of chemical models of-sheet is difficult due to the varied
complexity of their folding and their propensity for self-

association. Therefore, a number of related molecular scaf-

folds have been used to mimjgé-sheetlike structure of
attached peptide chains and serve as substitute fgi-then
in the chemical models of protein secondary structures.
Among these are thg.o. motif mentioned above for zinc
binding peptide$!* 113 g- and y-turnsi!* 5-hairpin motif
peptideg*#2 and S-sheetlike structure’$>117

A Specific Example of de Novo Design and Metal-
lopeptide Folding. Through much of the past decade,

our group characterized the TRI series of peptides. The par-

ent peptide, TRI, with the amino acid sequence Ac-
G(LKALEEK) ,G-NH, was shown by circular dichroism
spectroscopy to forna-helical coiled coils that were very
stable to guanidinium denaturation titration%.It was

generated a soft-metal binding site capable of binding heavy
metals such as Hg(Iff, Cd(I1),*2° Pb(I1),*?° and As(lll) 12!
Almost exclusively, all of these metals formed trigonal
thiolato coordination geometry. To understand the factors
involved in the stabilization of trigonal thiolato Hg(ll) within
the interior of 3-stranded coiled coils, a expansive study was
carried out to derive a thermodynamic model for Hg(ll)
encapsulatiof?? A series of peptides was used in this study
to ensure that the derived model was consistent for peptides
with differing coiled coil formation constantX{). These
peptides differed in length and, therefore, in the number of
hydrophobic contacts when forming the coiled coil and
consequently in their self-associatioKs), The shortest
peptides, BabyTRI and BabyL9C (see Table 1), not only gave
the smallest formation constant, but also showed less than
20% helicity at 10uM concentrations in the absence of
denaturant, indicating a weakly associated or unassociated
coiled coil structure. Interestingly, Baby L9C was shown to
stabilize trigonal thiolato Hg(ll) within the interior of a
3-stranded coiled coil as observed by the characteristic

demonstrated that the aggregation state of the coils wasligand-to-metal charge-transfer bands in the ultraviolet

sensitive to pH. Below pH 5, where denaturation experiments

spectrum?® This result challenged the prior notion that a

indicated the peptide was most stable, a 2-stranded coiledpreorganized site is necessary to stabilize alternative coor-

coil was the dominant structure. Above pH 6, when all of
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dination geometries around metals in designed peptide
systems. The derived thermodynamic model explained how
small peptides, unstructured prior to addition of metal, could
ultimately stabilize a Hg(II)(SR) site. This involved the
nucleation of a 2-stranded coiled coil by coordination of the
Hg(Il) to two thiolate ligands, a process that is highly favored
for simple thiolate ligand$+1?>However, at high pH and

in the presence of 3 equiv or more of peptide, a trigonal
Hg(ll)—S; structure in a 3-stranded coiled coil was realized.
These studies demonstrated that the metalloprotein product
resembled neither the modified peptide preference (unfolded)

(119) Matzapetakis, M.; Farrer, B. T.; Weng, T.-C.; Hemmingsen, L.;
Penner-Hahn, J. E.; Pecoraro, V.1L.Am. Chem. So2002 124
8042-8054.
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Biochemistry2001, 40, 14696-14705.
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nor the metal coordination preference (linear, 2-coordinate),
but rather it adopted the designed, well-folded 3-stranded
coiled coil with 3-coordinate Hg(ll). The folding process is
initiated by strong metal complexation to the thiolates;
however, peptidepeptide interactions then overwhelm
coordination preference to affect the final structure.

Both detailed thermodynamic and kinetic studies have
examined the BabyL9C plus Hg(ll) system. It was found
that Hg(ll) reacted in a very fast step to form Hg(BabyL2C)
The rate-limiting association was formation of Hg(ll)-
(BabyL9CY(H—BabyL9C), which, depending on pH, un-
derwent a rapid conversion to Hg(ll)(BabyL9C) This
series of steps was called the “stepwise aggregation
deprotonation model” or StepAD model. This system was
complicated by an unproductive antiparallel Hg(ll)(BabyL8C)
(H—BabyL9C) species which required a slow kinetic phase
for rearrangement to the parallel Hg(BabyL9Cproduct.

While the mechanistic understanding of this metal ion
induced protein folding process is set at a high level, there
are two interesting factors that have not yet been addressed.
The first is the observation that the appareft, fior the
conversion of Hg(ll)(pepfH-pep) to Hg(I)(pepy is de-
pendent on the location of the cysteine in the peptide
sequence. Thisky is 7.6 for TRIL9C which has cysteine in
the “a” position and 8.4 for TRIL12C with cysteine in a™
position. These I§, perturbations are independent of peptide
length as identical acidities are found for BabyL9C, TRIL9C,
and GrandL9C. Thus, it is possible that the rate of metal
induced folding for BabyL9C and BabyL12C could be
different. The second observation is that the affinity of
BabyL12C to form (HBabyL12G)in the absence of a metal
is much lower than that of (HBabyL9¢&hecause introduc-
tion of a cysteine in thed” position is more destabilizing
to bundle formation than in ama" position. Furthermore,
TRIL9C, TRIL12C, and GrandL9C have sufficiently high
affinities to ensure that, at micromolar concentrations, these
peptides are found eX(?IUSively as (Hpewjthout unfolded igure 6. Concentration dependent CD spectra of BabyL9C (A) and
states. These observa_tlons take_n together suggest that the ragéfbyuz'c (B). Concentrations are 204 (®, light blue), 40uM (7, dark
of Hg(Il)(pep)~ formation may differ between BabyL9C and  blue), 50uM (<, red), 80uM (#, orange), 16@M (O with +, light green),
BabyL12C and that mechanism of metal insertion into 320uM (O, black), and 64QM (M, dark green).
TRIL9C and other stable peptides may differ from that

elaborated for BabyL9C. New results to address these pointsJ1Ving rise to a greater increase in the CD minima signal at
will be discussed in this article. 222 nm. For both the peptides, the titration showed an

] ) increase in the molar absorptivity of the solutions with
(1) Comparison of Metal Induced Folding between increase in peptide concentration consistent with the model
BabyL9C and BabyL12C in eq 1.

(a) Concentration Dependence of Coiled-Coil Associa- Figure 6 shows the concentration dependent circular
tion. The coiled coil association constants for each of the two gjichroism spectra for each of the peptides in the absence of
smaller peptides BabyL9C and BabyL12C were determineéd g metal ion. In the case of BabyL9C, the apo-peptide displays
by titration of increasing concentrations of the peptides into spectra characteristic of marginally stabléhelices at low
a solution containing &M peptide and monitoring the- concentrations: a minimum at 208 nm duedtelix (7—
helical signature in the UV CD spectrum. The titration data + parallel) contribution and a minimum at 222 nm due to
were evaluated using the association equilibrium for a 3- 4_helix (n—z*) contribution126-128 These minima become
stranded coiled coil defined by the equilibrium constéqt,e

(126) Chen, Y. H.; Yang, J. T.; Chau, K. Biochemistry1974 13, 3350~
3(BabyL XC)= (BabyL XC); where X=9,12 (1) 3359.
(127) Shoemaker, K. R.; Kim, P. S.; York, E. J.; Stewart, J. M.; Baldwin,

. s . . R. L. Nature 1987, 326, 563-567.
We know that a peptide within a coiled coil has a greater (128) Marqusee, S.; Baldwin, R. roc. Natl. Acad. Sci. U.S.AL987,

a-helical character than a peptide that is not associated, 84, 8898-8902.
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A Absorbance

7220 240 260 280 300 320
Wavelength (nm)

Figure 7. Fits to the concentration dependent titrations of BabyL9C and
BabyL12C monitored at 222 nm. Fitting assumes the equilibrium model
3BabyLnC= (BabyLnC} wheren = 9, 12. 0.08

more pronounced at higher concentrations of peptide showing
stronger affinity of the helices for each other. This leads to
more pronounced hydrophobic interactions which in turn play
a significant role in the overall conformational stability of
the peptide. At higher concentrations, the ratiofefd 603

is slightly lower than 1 indicating a partially unfolded coiled
coil structuré®®that is slightly frayed. In case of BabyL12C,
however, the structural characterization is more complex. At
lower concentrations (up to 4fM), the spectra are indicative

of a random-coil-like conformation. At higher concentrations
(80—640 uM), there appear distinct minima at 205 nm : : -
[mixture of 2 bands:a-helix (z—x* parallel) transition at 240 260 280 300 320 340

208 nm and random coil—x*) transition at 200 nm] and Wavelength (nm)

222 nm pi-helix (n—x*) transition]. Also, as the concentra- Figure 8. Difference spectra of titrations of solutions of BabyL9C (A)
tion increases from 80 to 64@/': there is a distinct shift in and BabyL12C (B) into a solution containing &M HgCl, in 50 mM buffer.
the minimum at 205 nm toward 208 nm indicating more coefficient of about 14000 mot L cm™2, that between Hg-
stablea-helical conformation. In the intermediate concentra- (j|) and BabyL12C shows a relatively smaller extinction
tion (50 uM), the spectra are neither consistent with an coefficient of about 8000 mot L cm~2, thus showing that
o-helical nor random-coil-like structure suggesting that an aithough their behavior toward Hg(ll) is similar, they are

o
°
=

A Absorbance
[—]

-0.04

alternate folding pattern may be populated. not identical. Thus, Hg(ll) nucleates the fold in both the
While BabyL9C showed an association constant-8fx peptides and attains a trigonal geometry, yet it forms a much
10° M2 (AG = —13.1 kcal/mol) at pH 8.5 at room |ess well-defined coiled coil in case of BabyL12C.
temperature (Figure 7), BabyL12C is considerably less stable The binding constant for binding of the third thiolate to
with a lower associative affinity of4.6 x 10’ M2 (AG = Hg(II)(SR), was determined in each case using MAPLE 7

—-10.4 kcal/mol) consistent with the theory of peptides with and Ka]eidagraph 3.0 (by Synergy Software) using the model
cysteine substitution in thed" position being considerably

less stable than those in the&’ position. Also, while Hg(I)(SR), + SR* = Hg(Il)(SR);~ (2)

BabyL9C shows am-helical content of about 66% at the

highest concentration@] 2. value of—35000 deg crfidmol Similar to the association of the peptides in the absence of

is the value expected for a fully helical peptide), BabyL12C a metal, in this case as well, the binding constant for

is only ~46% helical at the same concentration. BabyL9C with Hg(ll) (1.9x 1C° + 389.6) is greater than
(b) Relative Affinity of the Peptides for Hg(ll). that of BabyL12C with Hg(ll) (5x< 10* &+ 168.4) which can

Hg(Il)(pep)~ displays a characteristic lower energy LMCT be attributed to the difficulty in the formation of a trigonal
at 247 nm easily distinguishable from the higher energy bond with Hg(ll) in the case of an unfavorable cysteine
absorption of Hg(ll)(pep) However, both the peptides conformation found in thed” substituted peptides and the
differed in their relative affinities for binding to Hg(ll) as is  inherent lower affinity for forming a 3-stranded coiled coil.
evident from Figure 8. While the charge-transfer complex  Insilico-mutation followed by partial energy minimization

formed between Hg(ll) and BabyL9C has an extinction Of a similar peptide CoilM.q, possessing a similar three
stranded coiled coil structure, with cysteine substitution for

(129) Cooper, T. M.; Woody, R. WBiopolymers199Q 30, 657—676. leucine residues in the hydrophobic core of the peptide shows

7910 Inorganic Chemistry, Vol. 43, No. 25, 2004



De Novo Design Studies of Metalloprotein Folding

Figure 9. Insilico-mutated models of a similar peptide showing orientations of the residues. (a) Model showing orientation of cysteine residue at 9 (“a”
position). (b) Model showing orientation of cysteine residue at 12 (“d” position). (c) Model showing orientation of cysteine in the “a” peptidéobound
Hg(ll). (d) Model showing orientation of cysteine in the “d” peptide bound to Hg(ll).

distinct differences in the orientation of residues placed at folded at the micromolar concentrations (8000 uM) at
the “a” position compared with thed” position. The side-  which these titrations are conducted, BabyL9C still folds to
chain torsion angles (€C,-Cs—SH) (¢1) for the apo-peptides  a partial degree as am-helical coiled coil and hence is
are 164 for the “a” substituted peptide and 158.%or the associated in a small percentage as a 2- or 3-stranded coiled
“d” substituted peptide (Figure 9). In this mode, the &H coil. BabyL12C has multiple folded states and seems to
bond of the &@” substituted peptide is oriented more directly populate an alternate folding pattern, some of which may
toward the central metal binding core of the peptide, thereby correspond to structural forms of unassociated peptides. With
displaying a more favorable orientation for metal binding the rise in temperature, there is expected to be some extent
than its ‘d” counterpart. This is observed on modeling the of N and C terminus fraying for BabyL9C, an observation
same peptide in the presence of a Hg(ll) ion. It is seen that, that has been supported by 2D NMR experiments. It is
on placing a Hg(ll) ion in the middle of the hydrophobic expected that (HBabyL9gould be more unstable due to
core of the peptide, thea" substituted peptide binds to the fraying than Hg(ll)(BabyL9C) or Hg(ll)(BabyL9C}~ be-
metal without any change in the {{C,-Cs—SH) (y1) torsion cause the unmetalated aggregate is not tethered together by
angle. The & peptide, on the other hand, has to twist itself the Hg(ll). Thus, recognizing (HBabyL9¢3hould dissociate
from its normal position and orient more toward the center to HBabyL9C more easily at higher temperature and that
of the core to bind the metal. In doing so, the{C,—Cs— free HBabyL9C should strongly react with Hg(Il)(BabyL9C)
SH) (1) torsion angle now becomes’6.9, thereby having to give Hg(Il)(BabyL9C}, it is expected that the reaction
to twist unfavorably by 235from its unmetalated position.  of Hg(ll)(BabyL9C), with (HBabyL9C)} should also be
This justifies the favorable and more stronger binding affinity driven toward the product Hg(ll)(BabyL9€) In contrast,
of the “a” peptide for Hg(ll). BabyL12C displays a very different secondary conformation
(c) Temperature Dependence of Affinity of the Peptides  that likely is related to the monomeric form of the peptide.
for Hg(ll). Temperature is seen to affect distinctly the overall If this alternate secondary structure was less stable than the
binding affinity of the peptides toward Hg(ll); however, the «a-helix as a function of temperature, the effect of temperature
effect is seen to be opposite for the two peptides. As the increase would cause the newly formedhelices to associate
temperature rises, the binding affinity of Hg(ll) with the in the unmetalated state which would hinder the formation
peptide BabyL9C is seen to increase. In contrast, the bindingof Hg(Il)(BabyL12C}~. For both the peptides, plots of In-
becomes weaker at elevated temperature for BabyL12C. This(K) versus 1T indicate that theAG® of complex formation
opposite effect can be explained by considering the natureis governed by a\H® of 19(2) kcal/mol for BabyL9C and
of self-association of the peptides in the absence of a metal—3(9) kcal/mol for BabyL12C and AS’ of 90(5) cal/mol
ion as shown above. Though both peptides are not completelyK for BabyL9C and 10(1) cal/mol K for BabyL12C. These
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Figure 10. pH titrations of Hg complexes of BabyL9@J and BabyL12C Figure 11. Kinetic traces of Hg(ll) binding to TRIL9C and TRIL12C

(®) monitored at 247 nm. monitored by stopped-flow experiments by mixing 4 HgCl, and 100
uM peptide in 50 mM buffer containing 100 mM KCl at 270 nm (10).

thermodynamic parameters are consistent with a negative free _ o

energy change for complex formation that is greater in rate is faster than the mixing time of the stopped flow

magnitude for BabyL9C compared to BabyL12C. spectrophotometer precluding a more precise rate determi-
(d) pKy’s of the Mercurated Complexes.Initial studies nation. We suggest that the origin of this enhanced rate is
of Hg(ll) binding by TRI L12C suggested that this™ due primarily to the much weaker self-association preference

substituted peptide would not bind Hg(ll) in a trigonal Of BabyL12C. The StepAD mechanism requires metal to
geometry. Investigation of this system more fully has made bind from an unassociated and unfolded state. Because there
us realize that the differential behavior lay in thé.f the is a greater concentration of BabyL12C in solution as
Hg(ll) complexes. The i, refers to the deprotonation of ~Monomers than is present for BabyL9C, the presence of Hg-
the third thiol from the folded 3-stranded moiety encapsulat- (/) more rapidly nucleates BabyL12C to Hg(ll)(pepyhich
ing a linear Hg(ll). It is important to note that the apparent immediately converts to Hg(Il)(pep).
pK value for the longerd” peptide was~7.6 while that of The results discussed above clearly show that adjustment
the “d” peptide was~8.4. Following these observations, pH N the position of the thiol from and” position in the case
titrations were performed on the smaller Baby peptides to 0f BabyL9C to a 8" position for BabyL12C has resulted in
see if the unfolded nature of these weakly associated peptided Peptide with lower self-association affinity, weaker binding
had any significant role on this deprotonation step. with Hg(ll), and a considerably faster kinetic profile for metal
Figure 10 shows pH titrations of the mercury solutions of ion insertion. Despite the observed differences, it can be
BabyL9C and BabyL12C. The peptide having cysteine in expected that the folding pathway for metal ion insertion by
the “a” position (BabyL9C) shows an appareripof 7.6 BabyL12C would be similar to the StepAD mechanism as
+ 0.2 while the " substituted peptide (BabyL12C) shows the initial state of the peptide is still an unassociated
a pK, of 8.4 + 0.2, which is similar to what was seen for monomer, the reaction of Hg(BabyL12@lus Hg(HBaby-
the longer TRI peptides. Thus, the effect of decreased self-L12C) to form Hg(BabyL12Gy" is still very fast, and the
affinity of the Baby peptides does not seem to affect the acidity of the final deprotonation is invariant from othef *
final step of complex formation. Clearly, th&pperturba- ~ substituted peptides.
tions are dependent on the final folded state of the An underlying assumption in the previous discussion is
Hg(Il)(pep)~ system and the orientation of the coordinating that metal insertion into a prefolded 3-stranded coiled coil
thiolate residues, but as predicted from the StepAD model, Will be slower than that in the unfolded peptides. The longer
they do not influence nucleation of the peptide fold. TRI peptides which are fully folded under our experimental
(e) Kinetics of Metal Binding to the Peptides. The conditions and which have higher Hg(ll) affinities will allow
thermodynamic results were used to propose a kinetic US to test this hypothesis.

mechanism for folding of an unstructured peptide like (2) Comparison of Metal lon Insertion between

BabyL9C around a trigonal thiolato Hg(lf) that has been  ynfolded BabyL9C/BabyL12C and Folded TRIL9C/
termed the StepAD mechanism. Corresponding to the dif- TR|L12C/GrandL9C Peptides

ferences in thermodynamic parameters between BabyL9C
and BabyL12C, we wanted to examine whether one would
observe a kinetic difference in rate foa™ versus ‘0"

substituted peptides. We observe that the half-life of the

rﬁac';ioné:) ett)wEleg CB ap);]LaC ﬁnq 'Tg(”) Ihs abgut 20_(|)_r:ns| while it might be expected that metal insertion into a prefolded
that for Baby with Hg(ll) is less than 4 ms. The latter o yide would show different mechanistic features and would

(130) Farrer, B.; Pecoraro, V. [Proc. Natl. Acad. Sci. U.S.£003 100, most likely TOIIOW a different pathway. T_WO ”miting.
3760-3765. processes (Figure 12) are termed the “breathing mechanism”

Unlike their smaller counterparts, TRI and Grand peptides
are significantly folded at the micromolar concentrations at
which most of our experiments were performed. Given that
the StepAD mechanism was derived for unfolded peptides,
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Figure 12. Possible mechanisms for insertion of Hg(ll) into the folded peptides.

and the “dissociation mechanism”. While we are unable to

smaller unassociated peptides, temperature-dependent pH

mechanistically distinguish these processes at this time, wetitrations were conducted with BabyL12C. Similar to what
will herein present data that addresses the general rates ofvas seen before, the&kgs for BabyL12C also fall with the

metal ion binding to prefolded de novo designed peptides.
(a) Temperature-Dependent pH Titrations of the Pep-

tides. Temperature is seen to play an important role in the

conversion of Hg(I)(pepfHpep) to Hg(I)(pepy . However,

rise in temperature. A plot of IrK, versus 1T for the
titrations for BabyL12C determines anH° of 5(5) kcal/
mol and aAS’ of —21(1) cal/mol K. These experiments again
reiterate the point that metal ion complexation behaviors in

as was the case for the temperature-dependent binding'a” versus ‘d” sites are significantly different.

affinities seen before for the unassociated Baby peptides,
temperature is seen to affect the longe’ ‘substituted
peptide differently from the d” peptide. With the rise in
temperature, theiy's for TRIL9C increase while those for
TRIL12C decrease. Thus, although thk,merturbations
occur in the folded state, Hg(l)(peiHpep), and are not a
determining factor in protein folding, the position and

(b) Kinetics of Metal Binding to the Peptides.As was
suggested above, it is unlikely that the mechanism of metal
ion insertion into the longer TRI and Grand peptides will be
analogous with the mechanism proposed for an unassociated
coiled coil. Preliminary results from the encapsulation of Hg-
(1) by the more structured TRIL9C, TRIL12C, and GrandL9C
show a much different reaction profile than that observed

orientation of the cysteine residues is again seen to play afor BabyL9C and BabyL12C. The most striking difference

significant role in the actual Hg(ll)(pep) product formation.
A plot of In K, versus 1T for the peptide TRIL9C shows
that the free energy for complex formation for TRIL9C
exhibits aAH® of —3(4) kcal/mol and aAS’ of —45(5) cal/
mol K. Given the error in determination of the enthalpy, this
value is within the range normally associated with binding
a third thiolate to a linear, bis(thiolate)Hg(Il) complex1.2
kcal/mol)13?

In case of the d” substituted peptide, TRIL12C, theG®
of complex formation is governed by &H®° of 3(1) kcal/
mol and aAS’ of —22(2) cal/mol K leading to a lower
negative free energy value compared to TRIL9C. The

is the well-separated biphasic behavior of Hg(ll) encapsula-
tion by these peptides. The two phases of the reaction are
most easily rationalized by the dissociation mechanism. If
metal insertion requires the loss of a peptide from the three-
stranded coiled coil, then the initial reformation of a parallel
3-stranded coiled coil with bound Hg(ll) giving the 3-strand-
ed coiled coil would be seen as a fast phase. If the replaced
peptide reassociated with the coiled coil to give an antipar-
allel 3-stranded coiled coil, a spectroscopically invariant
digonal Hg(ll) complex would result. Due to the stability of
the aggregate, TRIL9C should form a more stable misfolded
state than BabylL9C. Therefore, the dissociation of the

positive enthalpy suggests that there is an enthalpic barriermisfolded state to allow for the proper formation of the

to the formation of the third thiolate bond in the final trigonal
complex. To verify whether such an effect is seen for the

(131) Utschig, L. M.; Wright, J. G.; O’Halloran, T. \Biochemical and
spectroscopic probes of Hg(ll) coordination:@nments in protein
Academic Press Inc.: San Diego, CA, 1993; Vol. 226.

spectroscopically observable parallel 3-stranded coiled coil
with trigonal Hg(Il) would be slower than that for BabyL9C,
yielding a slower second phase. This result is observed.
However, even in the cases of the more structured TRI
and Grand peptides, we do observe a similar pattern as seen
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Table 2. Thermodynamic and Kinetic Parameters for Metal Insertion into the Peptides

temperature-dependent temperature-dependent
binding of Hg pH titrations
AH® AS AH° AS
peptide (kcal/mol) (cal/mol K) Ka (kcal/mol) (cal/mol K) half-life (s)

BabyL9C —19(2) 90(5) 7.6:0.2 0.2
BabyL12C —3(9) 10(1) 8.4+ 0.2 5(5) —21(1) 0.002
TRIL9C 7.7+0.2 —3(4) —45(5) 425
TRIL12C 8.4+ 0.2 3(1) —22(2) 15.8
GrandL9C 7.6£0.2 1576

before with the smaller Baby peptides. Tra¥ Substituted designing thermodynamically favorable structures that may,
peptide, TRIL12C, like its smaller counterpart is seen to show by consequence of this stability, pay a significant price for
a faster reaction profile as compared to tla& Substituted the metal ion insertion. The research presented by our
peptide, TRIL9C, as shown in Figure 11. In fact, the half- groug?>'3°has clearly demonstrated that uncommon coor-
life of the reaction between Hggand TRIL12C which is dination geometries can be achieved even with relatively low
about 15.8 s is almost three times faster then that for TRIL9C peptide self-affinities. In fact, the report on the kinetic
with HgCl, (42.5 s), see Table 2. This observation is mechanism of folding of BabyL9C, TRIL9C, and GrandL9C
consistent with either the breathing or dissociation mecha- with Hg(ll) actually demonstrates that a highly stable apo-
nisms since the TRIL12C peptide has lower self-affinity than protein structure may not be kinetically optimal. It would
TRIL9C. In the case of the reaction between Hg&id the be expected that nature would make compromises between
longest peptide GrandL9C, the half-life is about 1576 s, high metal ion affinity and rapid kinetic transfer. One exciting
showing that, as the length (and consequently the self- system that may test these ideas is the metallochaperones,
association affinity) of the peptide increases, the rate of metalwhich traffic essential, but potentially toxic, metals from sites
ion insertion becomes considerably slower. of uptake to utilization.

So what could be a possible mechanism of metal binding
in the case of these associated peptides? Obviously for thesdlethods

longer peptides, the StepAD mechanism would be inap-  peptide Synthesis and Purification All peptides were synthe-
propriate unless a 3-stranded coiled coil fully dissociated to sjzed on an Applied Biosystems 433A peptide synthesizer by using
monomers prior to metal binding. The two limiting mech-  standard protocol&and purified and characterized as descritéd.
anisms mentioned earlier are presented in Figure 11. TheThe stock solution concentrations were determined by using the
first mechanism is one that we have termed the “breathing Ellman’s test:33
mechanism”. In this mechanism, the first step is slow and at ~ Circular Dichroism Spectroscopy. CD titrations were per-
least partially rate-determining in which the 3-stranded coiled formed on an AVIV 14D spectrophotometer attached to a temper-
coil opens up slightly to allow for the insertion of the metal ature con_trol bath. For determining association constants for the
ion to form Hg(l1)(pep)(Hpep). The final step would be a ngt;joeség tq‘z_)oabgzgceagg rgz;\l/l'%lsétizzmiﬁlesoc‘;:‘;:'E'Sf?e?’ 20,
o of e prton b o e 00O Pl ot b o S50, 85 o THIS buer

. . . . . ! BabyL12C, pH 9.0) containing 100 mM KCI were titrated between
form '_S not anticipated via this mechanism becal&IMR . 190 and 280 nm. The path lengths of the quartz cells were 1.0 mm
experiments have demonstrated that the unmetalated peptidegy [peptide] = 50 M and 10 mm for [peptide}50 uM.
are greater than 90% parallel. The second mechanism termed . was determined by fitting [peptidgjed[peptideloa versus
the “dissociation mechanism” requires a dissociation of a [peptide],s using MAPLE 7 (Waterloo Maple, Ontario, Canada).
peptide from the 3-stranded coiled coil giving the less stable  yv—vis SpectroscopyMetal binding titrations of the peptides
2-stranded form. This more open coiled coil could then were performed by titrations of peptide into a solution containing
undergo Hg insertion to form the Hg(pgpromplex. 10 uM Hg(ll) at pH 8.5 for BabyL9C and pH 9.0 for BabyL12C
Subsequent steps similar to the StepAD mechanism wouldand monitored between 200 and 320 nm on a Carey 100 Bie UV
include addition of the third strand to form the three stranded Vis spectrophotometer attached to a temperature control bath. All
coiled coil encapsulating a linear Hg(ll). Since the third solutions were purged with argon before titr.atio.ns. Peptides were
strand may bind in either a parallel or antiparallel fashion, a 29ded from a stock solution 0f3 mM solution into a 2.5 mL
properly folded or misfolded state can result. Our initial S°\ution of 104M HgCl, solution in 50 mM buffer (phosphate

Its. theref istent with the di iati buffer, pH 8.5 for BabyL9C and Tris buffer, pH 9.0 for BabyL12C).
results, therefore, are more consistent wi € dISSoCIaloN e, o4k addition of peptide, an equivalent addition was made in

mechanism; howgver, many further experiments are reqUIr‘adthe background solution so that the difference spectra taken could be
to understand this system fully. attributed only to changes due to metakeptide conformational
changes. After each addition of aliquot, the solutions were left to
equilibrate for 1 min before a reading was taken. For temperature-de-
community has been that a highly stable peptidic scaffold is (132) Chan, W. C.. White, P. Dmos Solid Phase Pepiide Synthess: A

. . . . an, .G Ite, P. LkmocC Soll ase reptuae syntnesis:
requ"red to enforce a nonp.ref'e.rred metal '9” coordination Practical Approach Oxford University Press: New York, 2000.
environment. Therefore, significant effort is focused on (133) Ellman, G. M.Arch. Biochem. Biophy<.959 82, 70.

Conclusion
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For pH titrations, between pH 4 and 10, two solutions containing and 1200 s at 1 scan/s rate. For GrandL9C, the spectrum was
100uM BabyL9C and 10tM Baby12C, each containing M observed after 1 h. Reactions of 28 HgCl, with 100uM peptide
HgCl, solution, were monitored at the absorbance maximum for a were performed by mixing equal volumes of 2M HgCl,, 100
Hg(SR}~ LMCT band of 248 nm. The solutions were titrated mM KCI, and 50 mM buffer (phosphate buffer pH 8.5 for BabyL9C,
between pH 4 and 10 by adding small aliquots of 1 mM solutions TRIL9C, and GrandL9C and CHES buffer pH 9.5 for BabylL12C
of potassium hydroxide and monitoring the change in pH using an and TRIL12C) with a solution of 20@M peptide, 100 mM KCI,
Accumet gel-filled pencil-thin Ag/AgCI single-junction electrode and 50 mM desired buffer. The temperatures were controlled to
with an Orion Research digital pH millivolt meter 611. For within +1 °C by a Neslab Instruments (Portsmouth, NH) RTE-
temperature-dependent titrations, readings were taken at 10, 15, 20311 refrigerated circulating bath.

25, and 30°C.

Stopped Flow SpectroscopyStopped flow spectroscopy was Acknowledgment. The authors thank Dr. Manolis Matz-

performed on an Olis-RSM stopped-flow spectrophotometer moni- gpetakis for helpful discussion and the National Institutes

tored between 200 and 320 nm. The spectrum was observed aftelyf Heglth (Grant 5 RO1 ES012236-02) for funding the
mixing (mixing time= 4 ms) for -2 s at 1000 scans/s and for 4 research work conducted

s and 10 s at 62 scans/s for BabyL9C and BabyL12C. For TRIL9C '

and TRIL12C, the spectrum was observed after mixing for 600 s 1C048939Z
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