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Abstract: Here, we report that leatthiolate charge-transfer bands (2500 nm) can be used to monitor

lead binding to cysteine-rich sites in proteins and report the application of this technique to determine the
thermodynamics of lead binding to a series of structural zinc-binding domains. These studies revedtthat Pb
binds tightly to structural zinc-binding domains with dissociation constants that rangekig@he= 107° to

10714 M, depending on the number of cysteine residues in the metal-binding site. Competition experiments
with Zn?* lead to two striking conclusions: first, the two metals rapidly equilibrate, and second, the ratio of
PB*™ to Zr?* bound to a particular site is determined by the relative affinities of the two metals for that site,
rather than being under kinetic control. We conclude th&Rihould be able to compete effectively with
Zn2* for Cys, sites under physiological conditions. Despite the fact that Rinds tightly to cysteine-rich
structural zinc sites, circular dichroism afid NMR studies reveal that Pb does not stabilize the correct

fold of the peptides.

Introduction concerning the chemistry of lead interactions with proteins need
to be addressed before progress can be made toward under-
standing the toxicity of lead: (1) Out of all of the calcium and
zinc proteins found in the body, which ones have a high affinity
for lead? (2) Can Pi3 compete effectively with the native metal
ions for these binding sites under biological conditions? (3) Is
P** binding to proteins under thermodynamic or kinetic
ontrol? (4) Does P binding alter the structure or dynamics

f the protein targets?

Previous attempts to address these questions have been
hampered by the widespread misconception that” Rfxe]-
4f1950%6<) is spectroscopically silent and by the lack of
rigorous methodologies that could be used to determine the
thermodynamics of leaéprotein interactions. Here, we report
“that when PB" is bound to cysteine residues in peptides, the
Pb—peptide complex exhibits intense leatthiolate charge-

* Author to whom correspondence should be addressed. transfer bands in the region of 25@00 nm. By titrating the
Cril i Lead oo Coancs o Sai A e Pk e e I e e o
Offlicials; u.s. Departmentgdf Health and Human Services, Public Health peptide complex_usmg these Charge_tranSfer.bands’ the Sftablhty
Service: Atlanta, 1997. of the lead-peptide complex can be determined. In addition,

(2) Kagi, J. H. R.; Hapke, H.-Biochemical Interactions of Mercury, by “back-titrating” the leae-peptide complex with Z# and
Cadmium, and LegdNriagu, J..O., Ed.; Springer-Verlag: Berlin, Heidel- monitoring the disappearance of the leguéptide complex, the
ber(%’) R‘,Igvr"kg\?:é: If%’gidls?gﬁ” w \Z/W%Zti?'elgsa 334 7173, relative affinities of PB" and Zr#* for the peptide can be

(4) Simons, T. J. BEur. J. Biochem1995 234, 178-183. determined. We have used this technique to determine how the

(5) Goering, P. LNeurotoxicologyl993 14, 45-60. affinity of Pkt depends on the amino acid residues available

E% gi%%snt;mf% gﬁ&‘:g;‘;’;'&?&%&?114"1'7977__81591' for metal binding. Lead-binding studies were conducted on a

(8) By contrast, several workers have suggested that lead’s toxicity may Series of three structural zinc-binding domains that differ only

arise from the ability of PH" to catalyze hydrolytic cleavage of RNA. (See  in the number of cysteine residues in the metal binding site
refs 9 and 10.) However, studies on lead-catalyzed cleavage of RNA in
vitro indicate that micromolar to millimolar concentrations of free lead are (11) Farkas, W. RChem.-Biol. Interact1975 11, 253-263.

Patients with lead poisoning havetal blood lead levels
(BLLs) that are in the micromolar range-However, the vast
majority of the lead (PH) is probably bound by plasma proteins
or other cellular components (e.g., glutathicnend the
concentration ofree (or “bioavailable”) lead has been estimated
to be in the nanomolar to picomolar rant€he wide range of
symptoms associated with lead poisoning suggests that Ieadg
affects multiple targets in vivo. Several proteins have been
identified that are activated or inactivated flgmtomolarto
picomolarconcentrations of Pty and hence are likely targets
for P?* in vivo.34 Because each of these proteins normally
binds either calcium or zinc, the hypothesis has been put forth
that lead’s toxicity arises because lead targets calcium- and zinc
binding sites in protein%.1* However, several central questions

required for efficient cleavage. (See refsB4.) Such high concentrations (12) Brown, R. S.; Dewan, J. C.; Klug, Biochemistryl985 24, 4785—
of lead are unlikely to be physiologically relevant. 4801.

(9) Werner, C.; Krebs, B.; Keith, G.; Dirheimer, Biochim. Biophys. (13) Ciesiolka, J.; Hardt, W.-D.; Schlegl, J.; Erdmann, V. A.; Hartmann,
Acta1976 432 161-175. R. K. Eur. J. Biochem1994 219 49-56.

(10) Brown, R. S.; Hingerty, B. E.; Dewan, J. C.; Klug, Rature1983 (14) Otzen, D. E.; Barciszewski, J.; Clark, B. Biochimie 1994 76,
303 543-546. 15-21.
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(consensus peptides CP-CCHH, CP-CCHC, and CP-C&TB).
In addition, the lead-binding properties of a zinc-binding domain
from HIV nucleocapsid protein (HIV-CCHC) were investigated.
This fourth peptide has three cysteines and one histidine in its
metal-binding site, but it has a different peptide superstructure
than do the consensus peptides?? The effect of PB™ binding
on the structure of the domains is apparent from one- and two-
dimensional NMR studies and circular dichroism studies. These
guantitative investigations of leagbeptide complexes challenge
several common misconceptions about lepdbtein interactions
and provide critical insights into the mechanism of lead’s 0 :
toxicity. 250 300 350 400
Wavelength (nm)

Experimental Section Figure 1. Absorption spectra of the Pbcomplexes of CP-CCHH,
Synthetic peptides were purchased from either Biosynthesis or the CP-CCHC, CP-CCCC, and HIV-CCHC in 100 mM bis-Tris, pH 7.0.
Macromolecular Structure Facility at Michigan State Univer&ity?2223 The spectrum of the corresponding apo peptide was subtracted from

The molecular weight of each peptide has been confirmed by mass€ach spectrum. The transitions observed for the-tgaptide species
spectrometry* The peptides as received are70% pure and the are assigned as leathiolate charge-transfer bands in analogy to similar
remaining purification is conducted in our own laboratory. Immediately SPectra observed for otheic-thiolate complexe%%32The intensity

prior to use, the peptides are reduced by treatment with 2 equiv of Of these transitionse(> 1000) is also indicative of charge-transfer
dithiothreitol (DTT) (relative to each equivalent of cysteine present in bands.

the peptide) fo2 h at 55°C. The DTT is then removed and the peptide

is purified to homogeneity (indicated by a single peak in the HPLC nitrobenzoic acid) (DTNB); each free thiol group present in the peptide
trace) using reverse phase HPLC. The purified, reduced peptide is thenyields 1 equiv of TNB~ (e41(TNB%") = 14150 Mt cm%).27 Metal
introduced into a chamber that contains an atmosphere of 95% nitrogenstock solutions were diluted in purified, metal-free water and added to
and 5% hydrogen and concentrated under vacuum; all subsequenthe peptide solution in aliquots of 0.1 equiv of metal relative to reduced
manipulations are conducted under this reducing atmosphere. All bufferspeptide. In the metal-competition experiments, we ascertained that
are prepared using metal-free reagents and water that has been purifieéquilibrium had been reached at each step in the titration by heating at
using a MilliQ purification system and subsequently passed through a 37 °C until no further change in the spectrum was observed (less than
column containing Chelex media (Sigma) to remove any trace metal 20 min in each case). The resulting spectra were analyzed using the
contamination. All buffers are purged with helium prior to introduction  program SPECFI® which employs a singular value decomposition
into the inert atmosphere chamber. Lead and zinc stock solutions arealgorithm and fits the data using a global least-squares analysis
purchased from Aldrich as atomic absorption standards (4.87 mM Pb procedure. The buffer (bis-Tris) was selected because it mimics the
in 1.0% HNG and 15.5 mM Zn in 1.0% HCI, respectively). A0.56 M metal-buffering role of glutathione in cells by forming a stable, soluble

=== Pb(CP-CCHH)
= Pb(HIV-CCHC)
s PH(CP-CCHC)
— Pb(CP-CCCC)

#% Ph2+ in bis-Tris

Molar Absorptivity (M'cm™)

cobalt stock solution is prepared by dissolving GoQAldrich, complex with PB" and thereby prevents formation and precipitation
99.999%) in purified water; the concentration of cobalt is determined of Pb(OH).22° The affinities of the metal ions for the buffer (bis-Tris)
using the absorbance at 512 neg,§ = 4.8 M~ cm™). are known and were included as parameters in the fit fipg- 1.8

Ultraviolet—visible studies were conducted on a Hewlett-Packard (Cc?"), 2.4 (Zr#), 4.3 (PB+)).2° The Pb(bis-Tris) complex only weakly
8453 diode array spectrophotometer. Metal-binding studies were absorbs in the region of 2500 nm (Figure 1) and hence does not
conducted in 100 mM bis-Tris, pH 7.0. The concentration of total significantly contribute to the spectrum of the -Ppeptide solutions.
peptide was determined using the absorbance at 280 or 229 sm ( Nonetheless, the spectrum of Pb(bis-Tris) was included as a known

(CP-CCHH)= 1400 M cm™%; e25(CP-CCHC)= 1400 M ‘cm%; spectrum in the fitting procedure.

€28(CP-CCCC)= 1400 M1 cm%; exoHIV-CCHC) = 3350 M1 Circular dichroism studies were conducted on a Jasco J-715
cm 1).2526 The concentration of reduced peptide was determined by spectrophotometer in 50 mM PIPES pH 6.9 in a 0.1 mm cell.

treating an aliquot of the peptide solution with Schthiobis(2- Nuclear magnetic resonance studies were conducted on a Varian

- - — - - Unity Plus 400 MHz NMR spectrometer at 2%. Samples were
M_(}_S’)Aﬁr_'zgﬁéa'_ goéginglgislgﬂ?é{zs\’/ J.; Merkle, D. L; Berg, J. prepared by dissolving lyopholized HIV-CCHC in either 90%CH
(16) Krizek, B. A.; Merkle, D. L.; Berg, J. Minorg. Chem.1993 32, 10% D,O or 99.9% DO and adding Trigh; to a final pH of 6.7 and
937-940. a final concentration of Trish; of 5-10 mM. Lead and zinc were
(17) The sequence for the zinc finger consensus peptide that has fouradded to the peptide as stock solutions #©Dthe pH was readjusted
cysteines in the zinc-binding site (CP-CCCC) is the following: PYKCPE-  to pH 6.7 using Trissi; and either NaOD or DN@ The total peptide

CGKSFSQKSDLVKCQRTCTG. concentrations in the Pb, Zn, and apo samples were-4134(equiv
(18) The sequence for the zinc finger consensus peptide that has threepb 12614 v 7 ! d,l 3 mM i On the basis of
cysteines and one histidine in the zinc-binding site (CP-CCHC) is the ). 1.2 (1.4 equiv Zn), and 1.3 mM, respectivélyOn the basis o

following: PYKCPECGKSFSQKSDLVKHQRTCTG. DTNB analysis, more than 92% of the peptide in the NMR samples
(19) The sequence for the zinc finger consensus peptide that has twowas reduced’ One-dimensional spectra were acquired gsirb mm

cysteines and two histidines in the zinc-binding site (CP-CCHH) is the inverse probe &f = 25.54 0.5°C. A 1.0-1.5 s low-power pulse was

following: PYKCPECGKSFSQKSDLVKHQRTHTG.

(20) Summers, M. F.; South, T. L.; Kim, B.; Hare, D. Biochemistry (25) Molar extinction coefficients for CP-CCHH, CP-CCHC, and CP-
199Q 29, 329-340. CCCC were obtained from J. M. Berg and co-workers (personal com-

(21) South, T. L.; Summers, M. FRrotein Sci.1993 2, 3—109. munication).

(22) The sequence for the zinc-binding domain from the HIV-1 nucleo- (26) The molar extinction coefficient for HIV-CCHC was calculated from
capsid protein (HIV-CCHC) is the following: VKCFNCGKEGHIARN- the absorbance spectrum of a peptide stock solution that had been quantitated
CRA. by amino acid analysis. Amino acid analysis was conducted by the Keck

(23) Synthetic peptides were purchased from either Biosynthesis (P.O. Biophysics Facility at Yale University.
Box 28, Lewisville, TX 75067-0028) or the Macromolecular Structure (27) Riddles, P. W.; Blakeley, R. L.; Zerner, Blethods Enzymol983
Facility at Michigan State University (Department of Biochemistry, East 91, 49-60.
Lansing, MI 48824). (28) SPECFIT is a product of Spectrum Software Associates and is owned
(24) The following molecular weights were obtained by mass spectrom- solely by the authors, Robert Binstead and Andreas Zuberbuhler.
etry: CP-CCHH 2962.4 (calculated 2962.4); CP-CCHC 2928.4 (calculated  (29) Vallee, B. L.; Wacker, W. E. QVletalloproteins Academic Press:
2928.4); CP-CCCC 2894.3 (calculated 2894.4); HIV-CCHC 2014.6 (cal- New York and London, 1970; Vol. V.
culated 2006.4). Mass spectra were obtained with the peptides from  (30) Scheller, K. H.; Abel, T. H. J.; Polanyi, P. E.; Wenk, P. K.; Fischer,
Biosynthesis. B. E.; Sigel, H.Eur. J. Biochem198Q 107, 455-466.
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Figure 2. (a) Observed absorption spectra for thé'Riration of the CCHC zinc-binding domain from HIV nucleocapsid protein HIV-CCHC and
(b) Zr?™ titration of the HIV-CCHC zinc-binding domain saturated with?Pbrhe spectrum of the apo peptide was subtracted from each spectrum.
Titrations were conducted in 100 mM bis-Tris, pH 6.7. The concentration of reduced peptide at the start of the titratiomhs.Z9r%set: Fit
(curves) to data (circles) yields (&° < 107° and (b) K,PYKZ" = 0.12.

used for water presaturation. Calibrated §0lse widths were usedto ~ Table 1. Relative Binding Constants Obtained from Competition
acquire 128-512 transients of 4K points (acquisition tinve 0.41 s) Experiments: M1P+ M2 == M1 + M2P

using the first increment of a NQESY pulse sequence (mix_ing time peptide M1 M2 Ky ML/K M2

200 ms). The data were zero filled to 16K, Gaussian weighted, and

digital filtered upon Fourier transformation. After performing a baseline HIV-CCHC Co Zn 0.0007 & 0.00064
correction, the peaks were referenced to the water peak at 4.8 ppm. gr? Eg (1)2(_)':0?1& 0.0005
Two-dimensional, double quantum filtered COSY (DQ-COSY) experi- Pb 7n 0.12% 0.04

ments were acquired ugira 5 mminverse probe. A 1.0 s low-power CP-CCHH Pb 7n 0'& 0.2'

water suppression pulse was applied before the firspalse. A total CP-CCHC Pb zn 0.04- 0.05

of 32 transients were acquired at each of the #2@crements. The CP-CCCC Zn Pb 0.044 0.010

2K x 420 complex data matrix was zero filled to 2K 2K and Pb Zn 43+ 11

processed with a Gaussian function in the direct dimension and a shifted

sine bell window function in the indirect dimension. . .
Table 2. Absolute Dissociation Constants (M)

Results and Discussion peptide Ko K& Kq™P

The absorption spectra for the leapeptide complexes are HIV-CCHC 9.0x10°° 7.0x 10t 3.0x 10
shown in Figure 1. The large molar extinction coefficients for ~ SP-CCHH 6.3x 107 5.7x 1072 5x 107
8 12 11
the bands exhibited by these complexag.{ ~ 3000-16000 chcere 6.3x 10 3.2> 10 8x 10
: ( N CP-ccce 3.5x 107 1.1x 1022 3.9x 10714
M~ cm™1) are consistent with charge-transfer transitions.
Similar spectra have been reported previously for otfemetal
ions bound to cysteine residues in proteihdh-32 However,
Cd-S and Zn-S charge-transfer bands tend to arise at short
wavelengths €250 nm) which are often partially obscured by
absorbance of the buffer and hence tend not to be useful for
quantifying metat-protein interactions. By contrast, intense
Pb—S transitions are observed above 250 nm which can be use
to monitor metal binding to relatively dilute samples of peptide
(~30 uM). These absorption bands can be used to gain
guantitative information about the affinity of Pb for the
peptides: the spectra obtained upon addition ¢f"Rb HIV-
CCHC and the resultant titration curve are shown in Figure 2a.

s : : The lead-binding titrations on the series of isostructural
In addition, these absorption bands can be used to obtain the .
relative affinities of PB" and Z#* for a given peptide if ZA peptides (CP-CCHH, CP-CCHC, CP-CCCC) reveal that the

is titrated into a solution containing the leageptide complex dissociation constant for the Ppeptide complex decreases

(Figure 2b). To test whether this direct methodology provides markedly as the number of cysteine residues in the metal-binding

: o : site increases (Table 1)Ky"HCP-CCHH)= 5 x 107 M;
correct values for the dissociation constant of the tgaebtide KY(CP-CCHC)= 8 x 1011 M: K&YCP-CCCC)= 3.9 x

aDissociation constants for €oand Zr#" obtained from ref 16.

and zine-peptide species, the relative affinities of2Pkand
Zn?t (KyZKypPP and K,PYK,Z" obtained for HIV-CCHC as
measured from competition experiments betweeit Bbd Zr#+
were compared to those obtained from competition experiments
Jetween each of the metals with LT Table 1)>1633Similar
results were obtained using the two methodologies, but the
lead—thiolate charge-transfer bands provide a more sensitive
method for probing leadprotein interactions and allow the
relative affinities of PB™ and Zr#™ for a given peptide to be
determineddirectly.

74(%%)?’?0%3; M.; Urquhart, J. M.; Fiess, H. Al. Am. Chem. S0d.952 10714 M. This result demonstrates that haigbft acid-base
Y(32) Fleissnér, G.; Reigle, M. D.; O’Halloran, T. V.; Spiro, T. &.Am. (33) Berg, J. M.; Merkle, D. LJ. Am. Chem. Sod.989 111, 3759
Chem. So0c1998 120, 12696-12691. 3761.
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Figure 3. The ability of PB* to displace ZA" from the metal-binding
site is determined by the relative affinities for®kand Zrf*. A large
excess of PH is not sufficient to displace 2 when Zr#* is the
thermodynamically preferred metal (HIV-CCHC). By contrast, small
numbers of equivalents of Phdisplace ZA" almost quantitatively
when PB" is the thermodynamically preferred metal (CP-CCCC).
Experiments were conducted in 100 mM bis-Tris, pH 7.0.
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concept¥* only provide a rough, qualitative prediction for the
binding preferences of metal ions to peptides. AlthoughZn
Cc?*, and PB* are all borderline soft metal ions, Znand Ca*+
each have roughly the same affinity for the entire series of
peptidesi® whereas PH forms stronger associations with thiols
than with imidazoled.These thermodynamic results lead to the
expectation that P should be able to compete effectively with
Zn?* for zinc-binding sites that are cysteine-rich. Wher#Pb
titrations are conducted on peptides that already contadi,Zn
Pk?* displaces Z#A" almost quantitatively if PH is the
thermodynamically preferred metal for the peptidgZ(/Kyp"t-
(CP-CCCC)= 0.05), but not when Zt binds more tightly
than PB* (Ky2/K,P(HIV-CCHC) = 12) (Figure 3). Perhaps
the most striking aspect of these studies is th&t"Rimd Zr#+
rapidly equilibrate on the time scale of these experiments (within

J. Am. Chem. Soc., Vol. 121, No. 29, B¥58
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Figure 4. One-dimensionalH NMR spectra in 90% kD, 10% QO

of (a) Pb(HIV-CCHC) (pH 6.7), (b) Zn(HIV-CCHC)(pH 6.7), and

(c) apo(HIV-CCHC) (pH 6.7). The total peptide concentration in the
Pb, Zn, and apo samples is 1:81(.4 equiv of Pb), 1.2¢1.4 equiv of
Zn), and 1.3 mM, respectively; the samples are buffered with Tris-
d11.26 On the basis of DTNB analysis, more than 92% of the peptide is
reduced?’ Spectra were acquired on a Varian Unity Plus 400 MHz
NMR spectrometer usgha 5 mminverse probe af = 25.5+ 0.5°C.

A 1.0-1.5 s low-power pulse was used for water presaturation.
Calibrated 90 pulse widths were used to acquire ¥2BL2 transients

of 4K points (acquisition time= 0.41 s) using the first increment of a
NOESY pulse sequence (mixing tirre 200 ms). The data were zero
filled to 16K, Gaussian weighted, and digital filtered upon Fourier
transformation. After performing a baseline correction, the peaks were
referenced to the water peak at 4.8 ppm. The resonances corresponding
to the aromatic protons on the histidine residue (“H") shift significantly
upon Zri* binding but not upon P binding, suggesting that, unlike
Zn?*, PP does not interact strongly with the histidine. In contrast to
Zn(HIV-CCHC), Pb(HIV-CCHC) does not exhibit narrow, well-
dispersed amide resonances. This suggests thapéfitide does not
assume a single, stable conformation.

minutes at 37C). This result is unexpected and of fundamental °riented for folding in the Pbpeptide complex. Third, the
importance because it provides compelling evidence that lead@Mide resonances of the Ppeptide complex are too broad to
binding to proteins is under thermodynamic rather than kinetic P€ clearly resolved. This suggests that the amide protons rapidly
control. These studies call into question the common assumption€Xchange with water on the time scale of the NMR experiment,

in the toxicology literature that Pb binds nonspecifically to
thiols in proteins and is kinetically inert.

Given that lead can displace zinc from cysteine-rich sites,
the question then remains: What is the structure of the Pb
peptide complex? To address this question, Pb(HIV-CCHC) was
investigated using one- and two-dimensional nuclear magnetic
resonance (NMR) and circular dichroism spectroscopies. Com-
parison of the one-dimensiondd NMR spectra of Pb, Zn, and
apo(HIV-CCHC) provides several lines of evidence that suggest
that the leae-peptide complex is not properly folded (Figure
4). First, the aliphatic resonances of Pb(HIV-CCHC) are not
coincident with those of Zn(HIV-CCHC¥, suggesting that the
two complexes do not assume the same conformation. Second
the histidine resonances, which shift significantly wher#Zn
is added to apo(HIV-CCHC), do not shift significantly upon
addition of PB™. Given the precedents in other metalloprotéhs,
this suggests that Pb does not bind tightly to the histidine
residue. In the native peptide, Znstabilizes the correct fold
by locking the histidine residue and the three cysteine residues
into a tetrahedral orientatidi.The lack of a strong Pbhistidine
interaction suggests that the amino acids would not be properly

(34) Basolo, F.; Pearson, R. @Glechanisms of Inorganic Reactions: A
Study of Metal Complexes in Solutiatohn Wiley and Sons: New York,

suggesting that the Pipeptide complex is fluxional. By
contrast, the amide resonances of the-gaptide complex are
narrow-lined and well dispersed, reflective of the stable, well-
ordered structure assumed by the—freptide complex®

The observation that the Pb(HIV-CCHC) complex is not
properly folded is also supported by the two-dimensional NMR
and circular dichroism spectra. DQ-COSY, NOESY, and
TOCSY spectra were acquired at room temperature for the Pb
peptide and Zr-peptide complexes under identical conditions.
The Pb-peptide spectrum contains considerably fewer cross-
peaks than are observed in the corresponding p@ptide
spectra (Figure 5) and is indicative of an unfolded peptide. To
test whether a single conformation would be induced at lower
temperatures, a NOESY spectrum of Pb(HIV-CCHC) was also
obtained at £C .3 The low-temperature data were essentially
identical to those obtained at room temperature, suggesting that
the Pb-peptide complex remains fluxional even at low tem-
peratures. To test whether the Rteptide complex was
completely unfolded or whether it was simply interconverting
between two or more conformations on the time scale of the
NMR experiment, circular dichroism spectra were obtained for
Pb, Zn, and apo(HIV-CCHC) (Figure 6). These spectra reveal
that on average the Pipeptide complex is unstructured.

1967.
(35) Lee, M. S.; Mortishire-Smith, R. J.; Wright, P. EEBS Lett1992
309 29-32.

(36) NOESY spectrum of Pb(HIV-CCHC) at 4C (not shown) was
obtained at the Biological Sciences Division Nuclear Magnetic Resonance
Facility at the University of Chicago.
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Figure 5. Two-dimensional DQ-COSYH NMR spectra in 90% kD, 10% DO of (a) Zn(HIV-CCHC) (pH 6.7 and (b) Pb(HIV-CCHC) (pH
6.7). The total peptide concentration in the Pb and Zn samples istlL3 quiv Pb) and 1.2 mMK1.4 equiv Zn), respectively; the samples are
buffered with Trisel;1.26 On the basis of DTNB analysis, more than 92% of the peptide is redli&mkctra were acquired on a Varian Unity Plus
400 MHz NMR spectrometer ugina 5 mminverse probe at = 25 °C. In contrast to Zn(HIV-CCHC), Pb(HIV-CCHC) does not exhibit a large
number of well-defined cross-peaks, which suggests thatpptide does not assume a single, stable conformation.
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Figure 6. Circular dichroism spectra of apo, Zn, and Pb(HIV-CCHC). Figure 7. Circular dichroism spectra of apo, Zn, and Pb(CP-CCCC).

Spectra were recorded in 50 mM PIPES, pH 6.9. These spectra revealSPectra were recorded in 50 mM PIPES, pH 6.9. These spectra reveal
that Pb(HIV-CCHC) assumes a random coil conformation, consistent that the Pb-peptide complex does not assume the same conformation

with inactivation of the peptide by Ph as Zn(CP-CCCC).

Taken together, these studies provide compelling evidence 1o opservation that b does not confer the correct
that although P bindstightly to HIV-CCHC, PB* doesnot conformation to zinc finger domains can be explained because
properly fold the peptide. This observation raises two important pi+ ang 7@+ exhibit such different coordination chemistries.
guestions: (1)How can PB* _blnd t_|ght|y to the pep_tlde if it P+ (1.19 A) is much larger than 2 (0.74 A)3839In addition,
does not confer proper protein folding and (2)2W_hat is the nature pip+ tands to assume high coordination numbers (six to eight)
of the Igad coordination environment when Phxs.bc.)und to and is unlikely to bind four ligands in a perfectly tetrahedral
the peptides? The role of Znin a zinc finger domain is purely  yientationf© Furthermore, P does not appear to form a strong
a structural one: Zf stabilizes the correct fold of the domain bond to the histidine residue in HIV-CCHC, suggesting that
so that the protein can bind to its target. As a resultZinding the lead does not even coordinate all of the residues that are
to structural domains results in concomitant protein folding, and required for proper folding of this domain. However, even when
the experimentally determined metal ion affinities for these pp+ presumably binds all four metal-binding residues (e.g. in
domains necessarily include contributions from both A@ CP-CCCC, which contains four cysteine residues), the- Pb
of protein folding and the\H of the metatligand bonds=>** peptide complex does not appear to be properly folded: the
By contrast, Pt b'“d'r?g doesot confer proper protein folding  Gircular dichroism spectrum of Pb(CP-CCCC) differs signifi-
and hence the stability of the Ppeptide complex must .54y from that of Zn(CP-CCCC) (Figure 7). This suggests that
necessarily arise solely from tiaeH of the lead-ligand bonds. the PB*+ coordination environment is probably completed by

The observation that lead forms a stable complex with structural \ aar or puffer. It is important to note that the measured stability
zinc-binding domains is consistent with the prediction th&tPb
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— Zn2+

has a high affinity for thiol groups in proteidg® However, _ (3*2 Ha&f_isotf}, P'CGh' Sil_iCtOW %’er:mzjlsnium' Tin agd Lii?dcmgpfehetf]- N
H H H oy : Slye Coordination emistry: e Synthesis, Reactions, Properties

the studies reported herein outline th_e fufsect SpeCtroscoplc Applications of Coordination Compounad#/ilkinson, G., Ed.; Pergamon

measurement of the thermodynamics of these Hgmdtein Press: New York, 1987; Vol. 3, pp 18234.

interactions. (39) Hancock, R. D.; Martell, A. EChem. Re. 1989 89, 1875-1914.
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constants of the Pbpeptide complexes simply provide the under biological conditions. Specifically, the ability of Ptand
thermodynamics associated with formation of a 1:1péptide Zn?* to rapidly equilibrate in the presence of structural zinc
complex; theydo notprovide any information about the exact sites raises the intriguing possibility that the lead speciation is
speciation or coordination environment of the?Pon within under thermodynamic, rather than kinetic, control. The very high
the complex. Future studies will include a detailed investigation affinity of Pl?™ for cysteine-rich sites in proteins begs the
of the lead coordination environment (e.g. using resonance question of whether such sites sequester all of the bioavailable
Raman and two-dimension&Pb—'H NMR*! spectroscopies).  PE?* in vivo and whether the concentration of “free” Phis
therefore vanishingly small. We submit the hypothesis that
normal cellular components, both small molecules such as
The data presented herein suggest a possible mechanism fog|ytathione and cysteine-rich sites in proteins, act as a natural
the tOXiCity of lead that differs from the traditional paradi@?n. “buffering system” for soluble PY in vivo.2:2° Furthermore,
On the basis of these results, we propose thét Bimds tightly these agents probably act to stabilize the fraction & Rb
to transcription factors with CySteine'riCh zinc-binding sites. We so|ution’ which would otherwise precipitate as lead hydroxide
have demonstrated that Pbdoes not constitute a good or lead chloride or be deposited into the bdhé our in vitro
structural substitute for ZA* and therefore Fb is unlikely to studies, the mildly chelating buffer bis-Tris plays this same role.
stabilize the correct fold of these zinc-binding domains. Because These studies suggest that this pool of loosely coordinated lead
proper folding is required for activity in transcription factors, s kinetically labile; we expect similar conditions to prevail in

Conclusions

these data suggest that the ability of?Plto displace ZA" vivo for the fraction of lead that is in solution. For instance,
should inactivate this class of proteins. Clearly, studies are the concentration of glutathione in most mammalian cells is
needed that test whether Phalso displaces Z from sites >1 mM2 This buffering system has an impressive capacity in

within large proteins (as opposed to isolated domains) and vivo: the average lead body burden for people in the United
whether metal binding in vivo is also under thermodynamic States is estimated to be 100 to 1000 times that of prehistoric
control. marf’ and yet the vast majority of these individuals remains
We propose that when blood lead levels (BLLs) exceed the asymptomatic. However, relatively small additional increases
lead-buffering capacity of cells, Pbbinds to and inactivates  in BLLs (e.g. from 2 (0.1 uM) to 10 ug/dL (~0.5uM)) can
proteins that contain cysteine-rich sites. In particular, members have a profound effect upon developing individuet348 This
of the steroid receptor superfamily, which contain two tandem syggests that when this buffering capacity is exceede®; Pb
Cys, zinc-binding sites, are expected to be particularly suscep- will start to target critical cellular proteins, even if BLLs only
tible to inactivation by P¥". This is particularly important in  marginally exceed normal levels. Ongoing and future studies
light of a recent analysis of the complete genomesSof  in our laboratory are aimed at testing this hypothesis by
cerevisiaeandC. eleganswhich suggests that members of the  monitoring the effect of Pl on specific transcription factors
steroid receptor superfamily play a critical role in growth and poth in vitro and in vivo.
development of multicellular organisr&Thus the ability of
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