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ABSTRACT. Investigators have studied how proteins enforce nonstandard geometries on metal centers to
assess the question of how protein structures can define the coordination geometry and binding affinity
of an active-site metal cofactor. We have shown that cysteine-substituted versions of the TRI peptide
series [AcG-(LKALEEK)G-NH;] bind Hg' and Cd in geometries that are different from what is normally
found with thiol ligands in aqueous solution. A fundamental question has been whether this structural
perturbation is due to protein influence or a change in the metal geometry preference. To address this
guestion, we have completed linear free-energy analyses that correlate the association of three-stranded
coiled coils in the absence of a metal with the binding affinity of the peptides to the heavy metals, Hg
and Cd. In this paper, six new members of this family have been synthesized, replacing core leucine
residues with smaller and less hydrophobic residues, consequently leading to varying degrees of self-
association affinities. At the same time, studies with some smaller and longer sequenced peptides have
also been examined. All of these peptides are seen to sequestenddd in an uncommon trigonal
environment. For both metals, the binding is strong with micromolar dissociation constants. For binding
of Hg' to the peptides, the dissociation constants range fronx218~> M for Baby L12C to 2.5x 107°

M for Grand L9C for binding of the third thiolate to a linear {gep) species. The binding of Hgo

the peptide Grand L9C is similar in energetics for metal binding in the metalloregulatory protein, mercury
responsive (merR), displaying-50% trigonal H§ formation at nanomolar metal concentrations.
Approximately, 11 kcal/mol of the HgGrand L9C)~ stability is due to peptide interactions, whereas

only 1—4 kcal/mol stabilization results from M(RS) binding the third thiolate ligand. This further validates

the hypothesis that the favorable tertiary interactions in protein systems such as merR go a long way in
stabilizing nonnatural coordination environments in biological systems. Similarly, for the bindind'of Cd

to the TRI family, the dissociation constants range from%.307¢ M for Baby L9C to 8.3x 10° M

for TRI L9C, showing a similar nature of stable aggregate formation.

Metal ions are essential to all biological systems. Nature constraints of the polypeptide backbone only stabilize the
has harnessed the special properties that metals possess ©uU oxidation level of this electron-transport protein. Con-
perform a variety of functions commonly associated with sidering these two limiting cases, considerable effort has been
life. The importance of these ions can be established from expended in studying the binding of metals to partially
the fact that almost one-third of all naturally occurring folded/unstructured, native, anl nao designed peptides,
proteins contain metal ions. The forces that influence the which influence their secondary conformatiods-{) and
final metalloprotein structure can be placed between two ultimately dictate the final structure. At the same time, the
limiting conditions: one where the metal coordination ability to design peptidic sequences that fold into predictable,
dictates the final geometry (e.g., zinc finger motif$) 2) stable secondary structures (without the aid of stabilizing
and one in which the peptide scaffold defines the final factors such as disulfide bonds or metal-binding sites) and
structure (e.g., Cu-azurin proteind)( In the former case,  subsequently bind specified ligands and/or catalyze new
the protein is mostly unstructured in the apo form. Only in reactions has also been pursued by many grogpd.1).

the presence of zinc is the signatyfier fold of zinc finger As an example where the polypeptide fold has been the
proteins observed. In the case of azurin, the apoprotein fold yotermining factor in the overall structure of the metallo-

is nearly identical to the copper-bound form. The structural protein, our group designed the amphipathic TRI family of

TWe acknowledge the National Institute of Health (5 RO1 ES012236 peptides (Table 1) to study trigonal thiolato coordination
02) for funding the research work conducted. The development of the environments f_or H@and Cd, metaIS_Wh|Ch prefer to adopt
UltraScan software was supported by NSF Grant DBI-9974819 awarded Other geometries in aqueous solutiod, (13). To study

to B_-rD- A J hould be add 4 Teleoh (734)metal-induced folding of proteins, our group designed two
*To whom correspondence shou € adadressed. lelephone: H _ H H

763-1519. Fax: (734) 936-7628. E-mail: vipec@umich.edu. smaller members of the TRI family, two 23-residue peptides,
# University of Michigan. Baby L9C and Baby L12C, which in the apo state were

$ The University of Texas Health Science Center at San Antonio. considerably unstructured. However, in the presence 6f Hg

10.1021/bi0506674 CCC: $30.25 © 2005 American Chemical Society
Published on Web 07/13/2005



Linear Free-Energy Analysis of Mgand Cd Biochemistry, Vol. 44, No. 31, 20090733

Table 1: List of Peptides and Their Sequences Used in the Study

peptides sequences
Mini L9C Ac-G LKALEEK CKALEEK G-NH;
Baby L9C Ac-G LKALEEK CKALEEK LKALEEK G-NH ;
Baby L12C Ac-G LKALEEK LKACEEK LKALEEK G-NH»
TRI Ac-G LKALEEK LKALEEK LKALEEK LKALEEK G-NH »
TRIL9C Ac-G LKALEEK CKALEEK LKALEEK LKALEEK G-NH
TRI VaL4L9C Ac-GVKALEEK CKALEEK VKALEEK VKALEEK G-NH,
TRI L2WL9C Ac-GWKALEEK CKALEEK LKALEEK LKALEEK G-NH
TRIL9CL16A Ac-G LKALEEK CKALEEK AKALEEK LKALEEK G-NH ,
TRIL16C Ac-G LKALEEK LKALEEK CKALEEK LKALEEK G-NH ;
TRIL9AL16C Ac-G LKALEEK AKALEEK CKALEEK LKALEEK G-NH ;
TRIL12VL16C Ac-G LKALEEK LKA VEEK CKALEEK LKALEEK G-NH ,
TRIL12GL16C Ac-G LKALEEK LKAGEEK CKALEEK LKALEEK G-NH ;
Grand L9C Ac-G LKALEEKCKALEEK LKALEEK LKALEEK LKALEEK G-NH
heptad gabcdefgabcdefgabcdefgabcdefgabcdefga

they spontaneously folded into three-stranded coiled coils phosphate buffer solution and-30 M peptide. The pH
encapsulating Hgin a trigonal geometry 14, 15). This values of the solutions were adjusted to 8.5 using an Accumet
present report has focused on the thermodynamic propertieggel-filled pencil-thin Ag/AgCl single-junction electrode with
of metal binding by some of the members of this family of an Orion Research digital pH millivolt meter 611. Titrations
peptides. The results obtained clearly demonstrate that thewere performed at 25t 1 °C in a 1 cm path-length
final metallopeptide structure is governed by the inherent rectangular quartz cell. The mean residue ellipticity at 222
free energy of folding of the polypeptide chain. In this paper, nm was calculated using the relatiof]f. = 6ond(10icn),
several new members of this family have been introduced, wherefsis the observed ellipticity in millidegreekis the
each having varying degrees of association affinities. How- path length of the cell in centimeters, is the peptide
ever, all of the peptides sequester'"Hand Cd using a concentration in moles per liter, amdis the number of
trigonal thiolato coordination mode, geometries which are residues per peptide.
not common in agueous solutions but which can be found Analyses of the guanidinium hydrochloride titrations were
in metalloregulatory proteins such as mercury responsive performed to extract association affinities of the peptide
(merR)! We use a linear free-energy correlation between coiled coils for each other by a previously described
the association preferences of the peptides in the apo stateombined numerical and nonlinear least-squares fitting to
and in the presence of metals to assess the origin of thethe data {2, 14, 19). These calculations were performed
nonstandard metal coordination geometry. In the case bf Hg using Matlab version 5.2.1 (The Mathworks, Inc.).
the fundamental driving force for trigonal geometry attain-  For the TRI chain of peptides and Grand L9C, a simple
ment is dependent on the structural constraints of the peptidictwo-state model of three-stranded coiled-coil unfolding to
system. These studies have shown that, irrespective ofthe monomer upon addition of guanidinium hydrochloride
whether the metal induces folding of unstructured peptides was used to fit the data using the following relation to
or the metals bind to structured peptides, the final structure determine the dissociation constd€iss
is still governed by the polypeptide-folding preference. For
Cd', the studies further underscore the fact that the protein T=3M  Kyis 1)
tertiary structural requirements play a critical role in dictating ]
the final geometry of the metal. where M= monomer,T = trimer, andKgiss = [M]3/['I_“].

For the shorter baby L9C and baby L12C peptides, the
MATERIALS AND METHODS data were fit to a monomeidimer—trimer equilibrium using

. . L . the relation below to determine the two dissociation constants
Peptide Synthesis and PurificatioAll peptides were

synthesized on an Applied Biosystems 433A peptide syn- T<=D+ M=3M Kgissa Kaiss1 (2)
thesizer by using standard protocols) and purified and
characterized as describet¥]. The stock solution concen-  \whereM = monomerD = dimer, T = trimer, Kgiss1 = [M]%
trations were determined by using the Ellman’s tds).(A [D], and Kgiss2= [DI[MJ/[T].
list of the peptides synthesized with their sequences is given  Further information about the models has been provided
in Table 1. in the Supporting Information.

Circular Dichroism (CD) SpectroscopgD titrations were UV—Vis SpectroscopyMetal-binding titrations of the
performed on an AVIV 14D spectrophotometer attached to peptides with HYj were performed by titrating aliquots of a
a temperature control bath. Guanidinium hydrochloride ~3 mM stock solution of peptide into a 2.5 mL solution
titrations were performed using a Microlab 500 series containing 10uM Hg"Cl, and 50 mM phosphate buffer at
automatic titrator (Hamilton Co.) controlled by AVIV-  pH 8.5 and monitoring the development of ligaruetal
SUpp"Ed software. The titrations were carried out by mixing Charge-transfer bands between 200 and 320 nm on a Carey
two separate solutions of peptide (containing 0 and 8.6 M 100 Bio UV-vis spectrophotometer. All solutions were
of GuHCI); refractive index measurements were used to purged with argon before titrations to minimize the chances
determine the concentration of the guanidinium hydrochloride of oxidation. For each addition of peptide, an equivalent
solution (L8). Each solution contained about 100V addition was made in the background solution containing
only 50 mM phosphate buffer so that the difference spectra
1 Abbreviations: merR, mercury responsive. taken could be attributed only to changes because of metal
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peptide conformational changes. After each addition of 2200 1
aliquot, the solutions were left to equilibrate for2 min in 2000 °
the case of the smaller baby peptides and 10 min for the __ 1500 ]

TRI peptides before the reading was taken. For grand L9C, ‘g w00l TrLOG
batch titration was performed where aliquots of peptide were - S Grand-L9C
added to 10uM HgCl, and the solutions were left to MO N | e Baby-L9C

equilibrate overnight inside a glovebag. Readings on these
solutions were then taken the following day.

These titrations were analyzed using nonlinear least-
squares fits of the absorbance as a function of the concentra-
tion of titrant added. Because of the extreme strength of the
linear HgS bond, stability constants could not be obtained
for the 2:1 peptide/metal adduct. Fortunately, the binding ]
constant for the addition of the third thiolate to Hg(SRps 0

Extinction (OD M"'c

sufficiently weak to be measured by spectrophotometric 20 230 240 250 260 270 280 290
titrations. Binding constants were estimated using a nonlinear Wavelength (nm)
least-squares analysis algorithm with MAPLE 7 and Ka- FIGURE 1. Extinction profile resulting from the global fit of the

; ; wavelength scans from the L9C peptides. Extinction coefficients
leidagraph 3.0 (by Synergy Software) using the model from this fit were used to correct the equilibrium constants

calculated in the global equilibrium analysis.

Hg'(RS), + RS =Hg'(RS),™  Kyng )
0.25
The K, for the step: HY(RSRHSR = Hg'(RS)™ + H*
was previously determined to be 7A60.2 (13).
Further information about the model has been provided
in the Supporting Information. M NN\, B
Metal-binding titrations of some of these peptides were E N

also conducted with Cdusing a similar method. The only o o0 Equivalents of TRILSC
difference was the use of 50 mM Tris buffer at pH 8.5 instead = ‘
of phosphate buffer. These titrations were similarly analyzed o 005
using nonlinear least-squares fits of the absorbance as a <« o,
function of the concentration of titrant added. The binding 0.00 FoEE e —
constant for binding of the peptide to Cdias determined 220 240 260 2%0 50 320
using the model . .W a_velength (nm) .
P £.5. The data e plorted as versus wavelongih. The et
cd' + (RS)33 = Cd' (RS) Kpind (4) gﬁlgWSStr?e titrgtion curveF;)Iotted A% versus equivale?]ts of peptide

added at 247 nm.
The apparentlg, for the step: CHHSR) = Cd'(RS)k™

+ 3H' was previously determined to be 6480.2 (13). Table 2: Extinction Coefficients for 230 and 280 nm as Determined
Further information about the model has been provided for the L9C Peptides

in the Supporting Information. peptide E230(OD moltcm) €280 (OD molt cmY)
Analytical Ultracentrifugation StudieSedimentation ve- Baby L9C 758.2 120.0

locity and sedimentation equilibrium experiments were TRIL9C 771.2 120.0

conducted on Hycomplexes of the peptides baby L9C, TRI __Grand L9C 11434 120.0

L9C, and grand L9C in phosphate buffer solutions (pH 8.5)

to identify possible association states. monomer and oligomeric species, it is important to span a

Sedimentation VelocityA 0.9 OD 280 nm solution of each  large concentration range with the experimental data. This
L9C peptide was sedimented at 20 and 60 krpm in 50 can be accomplished by varying the loading concentration
mM potassium phosphate buffer (pH 8.5) containing 150 mM and the wavelength of the measurement, which exploits the
KCl in 2-channel aluminum centerpieces in the AN-60 Ti different extinction properties of the peptides. When data
rotor. A total of 150 absorbance scans were collected at 280observed under multiple conditions are globally fit, such as
nm and analyzed by the method of van Hotd¥eischet multiple rotor speeds and multiple loading concentrations,
(20). The partial specific volume of each peptide was it is possible to enhance the confidence in each fitted
determined by the method of Durchschl&fl)( from the parameter value2@). Extinction coefficients for multiple
protein sequence of each peptide and found to be 0.7644wavelength measurements were determined by performing
cm®m/g for baby L9C, 0.7687 cfm/g for TRI L9C, and wavelength scans between 220 and 340 nm for each
0.7714 crdm/g for Grand L9C. Data analysis was performed concentration and globally fitted to a global extinction profile
with the UltraScan software2p). using UltraScan (Figure 1). The extinction profile was

Sedimentation Equilibriun-or each peptide, 120L of normalized with the extinction coefficient at 280 nm by
six different loading concentrations (0.3, 0.5, and 0.7 OD estimation from the protein sequence according to the method
230 and 0.3, 0.5, and 0.7 OD 280) were sedimented toby Gill and von Hippel 24) and as implemented in
equilibrium at 20°C at five different speeds (30, 35, 40, 45, UltraScan. The results are shown in Figure 2, and values
and 50 krpm). To ensure a good signal from both the for 230 and 280 nm are listed in Table 2. Equilibrium scans
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Table 3: Dissociation Constant&ds9 for the Peptides from the Guanidinium Denaturation Experiments and Binding Constarisfor
Binding of the Third Thiolate to Linear Hg(RSas Determined by Fits to the Data

peptide Kaiss (M?) —AGasso? (kcal/mol) my° (kcal/mol) Kbing (M) —AGping (kcal/mol)
Baby L12C Kaisst® = 2.0 x 107* 5.0 0.6 4.1x 10¢ 6.3
Kaiss2= 2.0 x 1077 9.1 4.9
Baby L9C Kaiss1= 1.2 x 1075 6.7 0.5 1.6x 10° 7.1
Kaiss2= 8.5 x 107° 11.0 5.0
TRIL12GL16C 6.8x 10710 12.5(4.2) 0.8 5. 10° 7
TRIL9AL16C 4.1x 10710 12.8 (4.3) 0.6 x 108 8.2
TRIL9CL16A 5.4x 1071t 14.0 (4.7) 0.8 1.2 10° 8.3
TRIL12VL16C 3.2x 104 16.5 (5.5) 11 3.% 108 8.9
TRI L2WL9C 29x 10713 17.1(5.7) 2.6 4.7% 10° 9.1
TRIVaL4L9C 1.5x 10713 17.5(5.8) 1.6 1.1x 10 9.6
TRIL16C 9.8x 10°%® 19.1(6.4) 1.9 2.8 10/ 10.1
TRIL9C 5.9x 10715 19.4 (6.5) 1.9 3.6« 107 10.3
Grand L9C 1.3x 10718 24.4(8.1) 2.3 4.5¢ 108 11.8

2The values of-AGassocWithin the parentheses are for a single monomer. The error per aggregate is 0.4 ké¢atgmplantifies the effect of
guanidinium on the free energy of foldimgG® = AG%w — my[GUHCI], whereAG%y is the free energy of folding of the peptide in the absence
of guanidinium hydrochloride’. The guanidinium denaturation data for the peptides, Baby L9C and Baby L12C, were fit using a menomer
dimer—trimer equilibrium as described by the equation= D + M = 3M; Ky, Kj.

Table 4: Dissociation Constant&ds9 for the Peptides from the Guanidinium Denaturation Experiments and Binding Cons€arisfor
Binding of Thiolates to C#las Determined by Fits to the Data

peptide Kaiss (M?) —AGgssod (kcal/mol) myP (kcal/mol) Koing (M) —AGping (kcal/mol)
Baby L9C Kaiss® = 1.2 x 107 6.7 0.5 7.7x 1P 8.0
Kdi552: 8.5 x 10_9 11.0 5.0
TRIL9AL16C 4.1x 10710 12.8 (4.3) 0.6 7.0< 108 9.3
TRIL9CL16A 5.4x 10711 14.0 (4.7) 0.8 2.% 10 10.1
TRIL12VL16C 3.2x 107 16.5 (5.5) 1.1 3.% 10 10.2
TRI L2WL9C 2.9x 10713 17.1(5.7) 2.6 8.8 107 10.8
TRIL9C 5.9x 10715 19.4 (6.5) 1.9 1. 10 11.0

amy quantifies the effect of guanidinium on the free energy of foldk®° = AG%w — my[GuHCI], whereAG%u is the free energy of folding
of the peptide in the absence of guanidinium hydrochloridéne values of-AGassocWithin the parentheses are for a single monomer. The error
per aggregate is 0.4 kcal/méIThe guanidinium denaturation data for the peptides, Baby L9C, were fit using a mondimer—trimer equilibrium
as described by the equatio:= D + M = 3M; K, K.

were taken with 0.001 cm radial increments and 20 averages. For the smaller Baby L9C and Baby L12C peptides,
Sedimentation was performed in six-channel epon/charcoalhowever, the data indicated the presence of more than two
centerpieces. The resulting data were globally analyzed with species and the data could be best fit to a monerdener—
UltraScan by fitting to multiple noninteracting and self- trimer model as indicated in eq 2.

associating models. UV—Vis Spectroscopylhe trigonal complex, Hg(SR),
displays a very characteristic liganthetal charge-transfer
signature at 247 nm at pH 8.5 as shown in Figure 2, which

CD Spectroscopylhe association affinitieK(s9 in the s how_ever not displayeql at [p_epfcide]/[Hggpls 2'_ Corre-
absence of metal of all of the peptidic coiled coils used in spondlng to the assoc!atu_)n aff'F“‘.'?S of the peptides as seen
this research was determined by monitoring the change inWlth C,P studies, the binding affinities of all of the peptides
the CD signal at 222 nm, the typicathelical signature, upon for Hg foIonved a similar pattern. Thus_, while tltrat|o[r)1 of
addition of guanidinium hydrochloride. The titration data Cr-;rand L9C into Hglczkl)wgs seen éo sctge(\:/e abgu(tj 99% th
were analyzed using a combined numerical and Ieast-square§ € maximum signai by 5 equiv, baby LI% heeded as muc
fitting procedure to obtain the free energy of coiled-coil as 6 equiv Fo.dlsplay similar ahsorption limits S|gn_|fy|ng a
formation (L2, 14, 19), and the values are reported in Table stronger afﬂmty of the longer and more hydrophobic Grand
3. An increase in the length of the peptide by one heptad to LOC peptide for HY compared to t'he comparatively
form Grand L9C resulted in a greater number of hydrophobic unstructured Baby L9C.' Thesg pmdmg preferences are
contacts in the core, causing a significant rise in the c<_)n§|equently reﬂecteg in thz fblnd||r|19fstr:engths_d(TabledB).
association affinities, with the free energy of folding increas- zgna:np?rfifrgti;re observed for all of the peptides under-
ing by about 5 kcal/mol per coiled-coil aggregate relative to o y: o
TRI L9C. The data further indicate that systematic replace- _ Similar to the observed spectra for Hgitration, the
ment of a leucine residue in the TRI L16C peptides for Cd(SR}~ moiety displays a characteristic liganthetal
smaller and less hydrophobic residues such as valine, alaninecharge transfer at 235 nm at pH 8.5. However, unlike the
and glycine results in a systematic disruption of the core Hg'" system, the development of this trigonal species was
hydrophobic affinity, giving rise to a weaker association of consistently observed from the very beginning of the titration
the peptides for each other{—2 kcal/mol per residue per  (S€e Figure S1 in the Supporting Information). Stability con-
peptide). A similar effect is observed for the TRI L9C Stants for Ctl binding to these peptides are noted in Table 4.
peptides with a decrease in stability on the replacement of Analytical Ultracentrifugation Study: Sedimentation Ve-
core hydrophobic residues. locity. The van Holde-Weischet analysis resulted in a half-

RESULTS
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Table 5: Results of Global Fits to the Analytical Ultracentrifugation Data Collected on the Peptides

peptide best-fit model monomer MW variance dissociation conskaint (
Baby L9C monomerdimer—tetramer 2.61 kD (2.56 kB) 1.2135x 10°° K1, 36.6uM; K14, 112.3uM
TRILOC monomet-trimer 3.80 kD (3.37 kD) 7.2096& 1076 K13 127.3uM
Grand L9C monomertrimer 4.55 kD (4.18 kD) 1.102& 10°° Kis 44.7uM

aThe values within parentheses represent the expected molecular weights, while those on the outside are the experimentally observed ones.

8 For the smaller Baby L9C peptide, analytical ultracentrifu-
= [ . . . . .

2 0.02 gation results indicate that when the data were fit using a
!g 0.01 monomet-dimer model (two-component, noninteracting
2 model), the monomer molecular weight is very close to the
e correct dimer molecular weight but the variance is a little
Q -0.01 high, which is not very significant, considering that there
.§ 0.02 are fewer degrees of freedom in a two-component model
& than in a three-component model. On the other hand, the

0.8 monomet-trimer model (also a two-component noninter-
acting model) has a significantly higher variance and a higher
monomer molecular weight, which argues that it is not as
good of a representation of the data. To resolve this problem,
a three-component model was used to fit the data. The
monomer-dimer—trimer model gave a low variance, but the
monomer molecular weight deviated significantly from the
known value (monomer molecular weight 2598). How-
ever, on using a monomedimer—tetramer model, the
fittings gave the best variance and a reasonable monomer
molecular weight.

The discrepancies about the aggregation state of the coiled
coils that arise out of the two techniques, "U\is spectros-

0.7

0.5

0.4

0.3

Optical Density

0.2

0.1

Radius®-Radius{e in cm? copy and analytical ultracentrifugation spectroscopy, have

Ficure 3. Residuals (top) and overlays (bottom) of a global fit of been clarified in the following section.
the experimental equilibrium data measured at 230 and 280 nm

from the Tri-L9C peptide to a reversible self-associating monemer

trimer model. DISCUSSION

: : .- T The driving force to form a linear Hgbis(thiolate) bond
arabola-shaped sedimentation coefficient distribution for all . . .
Beptides, ran%ing between 0.8 and 1.5 s, with a weight IS very high &G - _78. kc_a_l/mol). On the contrary, with
average sedimentation coefficient of 1.24 s for Baby L9C cysteine, there is a significantly weaker preference for
1.36 s for TRI L9C. and 1.31 s for Grand L9C. The shapé binding a third thiolate to a linear, bis(thiolate)Hgomplex

. : : .y e ~ —1.2 kcal/mol) £6). Considering a solution containing
fth ff i :
geff_fszﬁg;Q%Taggﬁasfoezglent distribution is indicative o 1 uM Hg" and 10uM RS~ (where R refers to any linear

Sedimentation Equilibriunfor all peptides, the analysis °'9anic group), less than 0.001% Hg would be in a trigonal

revealed the presence of multiple species with different thiolate form. At the .Iow concentrations fqund in cells,'Hg
molecular weight, and a two-component, ideal, noninteracting WOUIQ prefe_r to be_ linear and wo coordinate. _Nea_rly 1M
model provided the best fit to the data as judged by the RS I|gan_d Is required 1o have Hg(SR)as the significant
variance and the residual run patterns. When the penalty ofS°MPIEX in aqueous solution.

fewer degrees of freedom is taken into account in a self- Given these inherent binding preferences, it is remarkable
associating model (where the molecular weight for all species that the metalloregulatory protein, merR, sequesterSikig

is constrained to be an integral multiple of the monomeric atrigonal structure at nanomolar concentratiéé 28). The
molecular weight and the partial concentration of each driving force for this unusual coordination environment for
species is constrained by the equilibrium constant), such Hg probably stems from the ability of the protein to orient
constrained models resulted in only marginally increased itself in a favorable manner for three ligands to be in very
variance, indicating that self-association models are more close proximity to each other and to Hg. We had previously
appropriate for the description of the system. The results from predicted that, if we could build a large negative free energy
the global fitting are summarized in Table 5, and a of folding into a three-stranded coiled coil, then this
representative fit of the TRI L9C peptide to a monomer  association energy would be able to perturb the cysteine-
trimer reversibly self-associating model is shown in Figure like equilibrium, allowing us to isolate a trigonal thiolato

3. Relative distributions of self-associating oligomeric species Hg" at stoichiometric metal/peptide ratiod2 14). If

as a function of the concentration are shown in Figures S2 successful, we would obtain a significant understanding of
S4 in the Supporting Information). For the longer TRI L9C the energetics of the Hghinding to merR. Our hypothesis
and Grand L9C peptides, the analytical ultracentrifugation was that the associative affinity of the peptide subunits would
results indicated that the data were entirely consistent with overcome the metal preference at micromolar concentrations
a monomet-trimer model in the presence of Mgt pH 8.5. for linear coordination.
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Our group had previously studied the thermodynamic sistently prove that, at pH 8.5, the aggregation state is
implications of metal binding to the TRI family of peptides. predominantly that of a three-stranded coiled coil in the apo
This set of peptides is based on a 30 amino acid sequencestate 81) as well in the metalated stateide suprg. This
Ac-G-(LKALEEK) ,-G-NH,, acetylated at the N terminus and  result is consistent with the other spectroscopic observations,
amidated at the C terminus. This design included a heptadwhich indicate the formation of a trigonal Mgharge-transfer
repeat unit with hydrophobic residues in tha ‘and “d” band at 247 nm at pH 8.5. For the smaller baby L9C peptide,
positions of the heptad, a normal pattern for modtelical however, there is some discrepancy between the analytical
peptides and proteins found in nature. Substitution of a ultracentrifugation data and the spectroscopically derived
leucine for a cysteine in the hydrophobic core resulted in a association model. The equilibrium ultracentrifugation results
soft metal-binding site capable of binding to heavy metals are best interpreted by a three-state model, monemer
such as HY (12), Cd' (13), PB' (29), and A¢' (30). dimer—tetramer, whereas the fits to the spectroscopic
However, this singly mutated peptide showed a lower observations are described with a monor@imer—trimer
association affinity for itself than the former. Similarly, model. A similar result is observed with the guanidinium
removal of a heptad from the sequence gave rise to peptidesdenaturation results for the apo-baby L9C. The data fail to
with a fewer number of hydrophobic contacts, resulting in fit when one utilizes a monometrimer, two-component

significantly weaker affinity for aggregationl4, 15). model. However, a good fit is obtained with a monomer
However, these peptide still gave rise to the formation of a dimer—trimer model. It is not surprising that the folding
trigonal thiolato-Hg" complex. process for Baby L9C is more complex than for TRI L9C

We are frequently asked about the importance of the because the smaller Baby LO9C peptide has a significantly
driving force for peptide aggregation on the final coordination smaller free energy of folding. When closely looking at the
number of the sequestered metal. Is it possible for any results from the guanidinium experiments, it also indicates
thiolate species to form a trigonal Mgomplex with the that the concentration of trimers in the mixture is close to
metal, or is it the aggregation properties of the designed ~90%, while the concentration of dimers, though very small,
system that dictate the overall existence and stability of the is still significant enough to impact the fit. Guanidinium
final complex? Is it possible for Hgoound in a linear fashion ~ denaturation experiments with Baby L9C in the presence of
to two thiolates to easily bind to a third sulfur presented by HgCl, show a similar result. Fits to the data still conform to
any exogenous ligand in solution to form trigonal species in a three-component monomedimer—trimer model with the
a stoichiometric ratio? Last, in designed peptidic systems, trimer concentration still close to 90%. Perhaps the best way
how would the association affinity of the peptides for to address this discrepancy between the analytical ultracen-
themselves, in the absence of a metal, be related to thetrifugation and spectroscopic studies is to say that both of
binding affinities of the peptides with the metal? Our research these techniques strongly support the existence of more than
in this paper has answered these questions. two aggregation states; in other words, the fits to the data in

The presented data support our contention that it is the both cases conform to three-state models. However, it must
self-aggregation of the three-stranded coiled coils that drivesstill be noted that the different techniques do give rise to
the formation of the trigonal Hg(TRI LXG) species To some ambiguity in higher aggregation preferences.
address the first point, two thiolate entities were used: one To test if the association affinities of the designed peptides
being a smaller member of the TRI family of peptides but for themselves in the absence of a metal are directly
having only two heptad repeats in the sequence instead ofproportional to the binding affinities of the peptides with
four (named Mini L9C) and the other being a small the metal, a variety of peptides were synthesized, either by
nonpeptidic thiol ligand,f-mercaptoethanol. Titration of varying the chain length of the strand or by substituting
B-mercaptoethanol into a solution of ZM Hg"Cl, solution smaller hydrophobic residues in the core, thereby altering
at pH 8.5 indicated that even addition of a large excess the hydrophobic core affinity. Alterations in the hydrophobic
amount (-500-fold) of f-mercaptoethanol failed to realize affinity of the peptide strands for each other give rise to a
the trigonal Hg(SRY species. This confirms that the simple chain of peptides that become consistently weaker in their
presence of a thiol-donating ligand is not the sole criteria ability to form a bundle, directly depending on the mutated
for the formation of trigonally coordinated MgThe small residue. At the same time, the trigonal'Hginding constant
peptide (Mini L9C) because of very few hydrophobic for the addition of the third thiolate also linearly decreases.
contacts is considerably less structured than the parent TRIA linear free-energy plot (Figure 4) of the free energy of
L9C and consequently has a very small free energy of folding aggregation of the three-stranded coiled coils in the absence
(~0.5 kCal/mal). Similar to the previous observation with of metal with the free energy of the binding constants for
B-mercaptoethanol, this peptide also failed to form a trigonal the binding of the third thiolate to Hi¢pep) clearly indicates
Hg(Mini L9C);~ species even at a 100-fold excess of peptide that the peptide/metal binding strength is directly correlated
to HJ'Cl; solution at pH 8.5. These observations clearly with the aggregation strength of the peptide. This is another
indicated that not only were smaller ligand systems incapableindicator that trigonal HY formation is due to the large
of forming a trigonal HY structure at these concentrations, negative free energy of folding built into the three-stranded
but even in peptidic systems, a significant amount of coiled coil, which allow us to isolate a trigonal thiolato
aggregation affinity is an important requirement for this Hg" at stoichiometric peptide/metal ratios.
reaction to proceed. A closer look at the plot clearly clarifies two prior

The important question that then needs to be addressed isonflicts. First, for the smaller Baby L9C and Baby L12C
what is the aggregation state of the TRI family of peptides peptides, the aggregation modes in their apo conditions have
in the association? For the longer TRI chain of peptides and been considered as trimers and not as tetramers. In doing
for Grand L9C, analytical ultracentrifugation studies con- so, they seem to correlate very well with the other members
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Ficure 4: Figure showing a linear free-energy correlation between

folding preferences of the peptides in the absence of metal to the

binding of a third strand of peptide to a divalent 'ty species.

of the TRI family. This further justifies our preference for a

trimeric model for the smaller, weakly associated peptides.

Ghosh et al.

L9C);™ stability is due to peptide interactions, whereas only
1-4 kcal/mol stabilization results from HRS) binding

the third thiolate ligand. Effectively, our designed proteins
(as well as merR) use the strategy of increasing the effective
molar volume of thiolate ligands around Htp achieve the
desired coordination geometry.

To gain a better perspective of how the metal-bound active
site of the TRI family of peptides compares with the active
site of the metalloregulatory protein, merR, we decided to
compare the energetics of the two systems. O’Halloran et
al. observed using gel-shift assays that the metaloregulatory
protein, merR, possesses nanomolar mercuric ion sensitivity
(27, 28). In comparison with the binding of Higto Grand
L9C at pH 9.0, where the cysteines are assumed to be
completely deprotonated g = 7.6), about 50% of trigonal
Hg" is formed at~5 nM concentrations. This affinity is
remarkably similar with the natural protein system. It should

Second, the plot also explains the reason for the inability to be noted that, in the Hg(Grand L9€C)system, about-11

form a trigonal H¢ site with the two-heptad peptide, Mini
L9C. The free energy for binding of the third thiolate
decreases by about 3 kcal/mol on going from TRI L9C to
Baby L9C (10— 7 kcal/mol, refer to Table 3). At the same

kcal/mol energy is provided by the tertiary protein interac-
tions toward the formation of the trigonal MgThus, it is
likely that a similar amount of free energy is required in the
merR system to enforce the trigonal structure.

time, however, the free energy for aggregation of the bundle  This correlation of association affinities of the peptides

in the absence of a metal falls by9 kcal/mol per peptide.

for each other with the trigonal coordination environment

If we assume that a similar decrease would be seen for theof Hg'" is, however, still under a limiting condition. Due to

loss of one more heptad in Mini L9C, then the free energy
for bundle formation would be-1 kcal/mol. However, this

the extreme strength of the linear Hthiolate bonds,
estimation of the total binding strength of the metal with

would be much lower than the energy that would be neededthe apopeptide is not feasible. As a result, the linear free-

at these concentrations to form a trigonal'Hg4 kcal/mol),
assuming a similar decrease in affinity toward trigonal Hg

energy plot can only be related to the binding of a third
thiolate to a divalent metalpeptide species with the forma-

Hence, the weak and self-unassociated state of Mini L9C tion of a trigonal HY species.

prevents isolation of a trigonal Mgmnoiety, giving further
credibility to the fact that a certain degree of aggregation
affinity is essential for the generation of a trigonal 'Hg
species in stoichiometric amounts.

The validity of this free-energy analysis is supported
further by similar analyses of the inherent Hg(8R)RS"
free energy. Using'®C NMR studies, Cheesman et al.
determined complex formation constants for the formation
of three-coordinate aqueous Hgpmplexes with -cysteine,
glutathione, ana,L-penicillamine at millimolar concentra-
tions of Hg(NQ), (0.05-0.067 M) over the pH range of
8.65-9.36 (32). Their reported values for the free energies
of complex formation;-1.2 kcal/mol for cysteine;-4.2 kcal/
mol for glutathione, and-4.8 kcal/mol for penicillamine,
indicated that a significant concentration of trigonal'kigps
formed. In fact, for glutathione, it was seen that almost 50%
of the Hd' from a solution containing X 103 M Hg" and
7 x 1072 M glutathione at pH 8.0 would be found as the
Hg(RS)}~ species under physiological conditions. Shoukry

To probe complete formation constants for metal binding
to the peptides, we chose to look at'@dmplexation, which
we had shown bound to the TRI family of peptidés,(34).

Cd' binding demonstrated pH-dependent behavior from the
metal-peptide aggregates showing an appardqt @f 7.0

+ 0.2. At pH 8.5, where>99% thiols were expected to be
deprotonated, metal-binding titrations showed that @ds
bound to three sulfurs of the coiled coil33Cd NMR, 11m

Cd perturbed angular correlation spectroscopy, and EXAFS
studies clearly indicated the generation of a mixture of two
species: atrigonal CdS;~ and a distorted tetrahedral €d
S3(H20) moiety. The relative proportion of these different
structures depends on the substitution pattern (eévérsus
“d"). This knowledge thus allowed us to investigate the linear
free-energy correlation study with this system and verify
whether the previous results of the 'Hgystem were indeed

a reflection of the self-association affinity of the peptides.
Also, in this case, the estimated metakptide binding
constant would not be under limiting conditions but in fact

et al. further studied these complexes using polarimetry andwould be an estimate of the entire metakptide bundle

obtained similar formation constan®3j. The extrapolation
of our free-energy correlation tAG = 0 kcal/mol for the

binding strength. This would thus lend better support to our
theory that the free energy of folding of the peptides/proteins

association of the unmetalated peptides provides an estimatés oftentimes the determining factor for generation and

for the free energy of trigonal thiolate formation in the

stabilization of an unusual coordination environment around

absence of stabilizing protein interactions. We obtain a value a metal in most biological systems.

of —3.6 (1) kcal/mol, a value that is in remarkably good

Cd' metal-binding titrations with the peptides were

agreement with the independent experimental determinationsconducted at pH 8.5. Unlike the Mgystem, estimation of
This observation both validates our free-energy analysis andthe total metat-peptide binding affinity to all three helices
also underscores the importance of the protein self-associa-of the peptide was feasible. As was seen with thé $ygtem,

tion affinity for the formation of the trigonal thiolato
complex. Approximately, #10 kcal/mol of the Hg(TRI

the binding of the peptides with Cdlirectly correlated with
the self-association of the apopeptides, with the stronger
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folding preferences of the peptides in the absence of metal to the
binding of the peptides to GCl,.

affinity of peptides giving rise to stronger metgleptide
binding constants. A linear free-energy plot (Figure 5) for
binding of some of these peptides with 'Cdhowed an
identical nature to the previous observation with the' Hg
system. The plot again further indicated that the affinity of
bundle formation of the apopeptide dictated the final
geometry and coordination environment around the central
metal ion.

CONCLUSION

In this paper, we have examined the importance of
polypeptide folding preferences in defining uncommon metal
coordination geometries. A linear free-energy correlation
study involving self-association affinity of the peptides versus
binding affinity of the peptides to the heavy metals,"Hg

and Cd, has been presented. We have shown that cysteine-

substituted versions of the TRI peptide series [AcG-
(LKALEEK) 4G-NH;] sequester Hjand Cd in geometries
that are rare in aqueous solutions. In the case df, itlie
results clearly show that the fundamental driving force for
trigonal geometry attainment is unambiguously dependent
on the structural constraints of the ligand system. Thus,
smaller ligands are seen to be incapable of forming a trigonal
Hg" moiety at micromolar concentrations, and even in
peptidic systems, a significant amount of aggregation affinity
is an important requirement for this reaction to proceed. The
linear free-energy correlation further shows that the origin
of this coordination geometry is also directly dependent on
the degree of association affinity of the polypeptide. In the
case of Cd, the studies further underline the importance of
protein tertiary structural preferences in dictating the final
geometry of the metal. Even though, in the case df, @tere
seems to be formation of a mixture of trigonal {Gg") and
tetrahedral [CHS;(H,0)] entities, the final structure is still
influenced by the protein fold. We conclude form our studies
that perturbation of the geometry of Mfrom two to three
coordinate in designed peptides or merR requires a small

energetic change, whereas the corresponding coordination

geometry alteration of C'dfrom four to three coordinate
requires a significant energetic penalty.
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