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ABSTRACT: The thermodynamics of metal binding by the prototypical £4s zinc finger peptide CP-1

has been examined through the use of isothermal titration calorimetry. In cholamine buffer at pH 7.0, the
binding of zinc(ll) to CP-1 shows an enthalpy changeAt{®.ns = —33.7 4= 0.8 kcal/mol. Between one

and two protons appear to be released accompanying the metal binding process. The heat of protonation
of the cholamine buffer used is quite largel(1.5 kcal/mol), indicating that a portion of the observed
metal binding enthalpy is due to buffer protonation. Structure-based thermodynamic analysis including
the effect of water release from zinc(ll) appears to account for the entropy associated with the coupled
metal binding-protein folding process semiquantitatively. The strongest driving force for the reaction is
the enthalpy associated with the four bonds from zinc(ll) to cysteinate and histidine residues, compared
with the bonds from zinc(ll) to water. The binding of cobalt(ll) to CP-1 is less enthalpically driven than
the binding of zinc(ll) by—7.6 kcal/mol. This value is approximately equal to, but slightly larger than,
the expectation based on considerations of ligand field stabilization energy.

The CysHis; zinc finger domain 1—4) is a widely understudied chemical process. In addition, the coupled
occurring structural unit found in many eukaryotic gene protein folding-metal binding process studied here may be
regulatory proteins. Analysis of the human genome sequencecrucial for the functioning of Cy#lis, domains in gene
suggests that this domain is the most widely occurring regulatory proteins that respond to changes in zinc ion
domain encoded in this genome with more than 2500 concentration14—16).
examples §, 6). Large numbers of these domains are also  Isothermal titration calorimetry directly measures the heat
encoded in other eukaryotic genom@&sg). In the presence  released during a chemical reaction. Under favorable condi-
of bound zinc (or other appropriate divalent metal ions) these tions, titration calorimetry experiments can reveal the stoi-
domains adopt a structure consisting gi-hairpin followed chiometry, the enthalpy, the free energy, and, hence, the
by a turn and a helix2—4). These secondary structural entropy changes that occur over the course of a reaction (
elements are stabilized in the tertiary structure by the 18). Furthermore, additional studies can reveal the heat
coordination of the metal ion between two cysteinate and capacity changes as well as providing evidence regarding
two histidine residues as well as by a small core involving the uptake or release of protons that occur during the reaction.
three relatively conserved hydrophobic residues. Our studies have been performed with a prototypical,Cys

Studies of zinc finger peptides have revealed that theseHis, zinc finger peptide termed CP-1 (foonsensugpeptidel).
peptides are largely unstructured in the absence of boundThis peptide has the sequence ProTyCysProGICys-
metal ions 4, 9—11). Essentially, protein folding is fully  GlyLysSerPheSerGInSerSerAspLeuValHysGInArgThr-
coupled to metal binding. This stands in contrast to some HisThrGly, where the metal binding residues are shown in
other metalloproteins, such as the zinc enzyme carbonicbold and the conserved hydrophobic residues are underlined.
anhydrasel2) and the blue copper protein azurik8), where CP-1 and its derivatives have been extensively studied with
the metal-free forms of the protein are completely folded regard to its metal ion binding affinity and specificityQ;
and the metal ion binds to a largely preorganized site. Here, 19, 20).
we examine the thermodynamics of the coupled metal
binding—protein folding process of a zinc finger peptide MATERIALS AND METHODS
through the use of isothermal titration calorimetry. Metal-

induced protein folding is an important but relatively Peptide Synthesis and PurificatioReptides used in this

study were synthesized using a Milligen/Biosearch 9050
T This work was supported by a grant from the National Institute of peptld_e synth§5|zer using 9-f|uorgnylmethoxycarbonyl (Fmoc)
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[88.5% trifluoroacetic acid (TFA), 5% phenol, 5% water, Time (minutes)
2% thioanisole, and 0.5% ethanedithiol] for 3 h. After 0 10 20 30 40 50 60 70 80
precipitation in ether, the peptide was washed with cold ether —
to remove any remaining scavengers. The crude peptide was 0
reduced prior to purification by incubation at room temper- 'T
ature fo 1 h in the presence of 23 equiv of tris(2-
carboxyethylphosphine) hydrochloride (TCEP) per cysteine
residue in water. The peptide was purified on a Rainin or
Vydac Ggreversed-phase HPLC column with an acetonitrile
gradient containing 0.1% TFA. Collected fractions were dried L
under a 95% nitrogen/5% hydrogen atmosphere in a Savant
SpeedVac concentrator. All peptide manipulations were -4 -
performed in this atmosphere to prevent cysteine oxidation.
Peptide compositions were confirmed by mass spectrometry.
Isothermal Titration CalorimetryThe binding of cobalt-
(I and zinc(ll) to CP-1 was monitored by isothermal
titration calorimetry. The titration experiments were per-
formed on an Omega titration calorimeter (MicroCal, Inc.,
Northampton, MA.) with a Keithly preamplifier. Measure-
ment of metal binding to a zinc finger peptide requires the
maintenance of anaerobic conditions to prevent cysteine
oxidation. Therefore, water and buffers for titration experi-
ments were degassed extensively with helium before use and
were then stored in an anaerobic chamber. All peptide
manipulations were performed in an anaerobic environment. -40 ; ;
All titration buffers, piperazineN,N'-bis(2-ethanesulfonic 00 05 1o 1S 2.0
acid) (PIPES),N-(2-hydroxyethyl)piperaziné¥-2-ethane- Molar ratio
sulfonic acid (HEPES), and (2-aminoethyl)trimethylammo- FiGurRe 1: Isothermal titration data for the titration of zinc(1l) with
nium chloride (cholamine), were prepared at 200 mM, pH gg;éln 200 mM cholamine chloride, pH 7.0, and 50 mM NaCl at
7.0, plus 50 mM NacCl. 2N-Morpholino)ethanesulfonic acid '
(MES) was prepared at 200 mM plus 50 mM NacCl at pH
6.3, 6.0, and 5.5. All reagents except for cholamine were
SigmaUltra reagents. Cholamine was purchased from Ald-
rich. The pH was adjusted with the highest grade of sodium ResuULTS
hydroxide from Fluka. Zinc(ll) chloride and cobalt(ll)
chloride were of the highest available purity from Aldrich. ~ Association of CP-1 with Zinc(ll) and Cobalt(ll)The
Metal stock solutions were prepared in buffer and then enthalpy of metal binding by CP-1 was directly measured
standardized by EDTA titrations, monitored calorimetrically. by isothermal titration calorimetry. Figure 1 shows a typical
For a typical binding experiment, the concentration of the titration profile of the ftitration for zinc(ll) with CP-1 in
zinc finger peptide (in the syringe) was 6-8.5 mM, while  cholamine buffer at pH 7.0 and 2&.
the concentrations of metal solution (in the calorimeter cell) ~ Similar titration profiles were obtained from cobalt(ll)
ranged from 15 to 3@M. Each set of titrations began with  binding to CP-1. The binding of zinc(ll) to CP-1 is a strongly
a peptide titration into buffer for the purpose of determining exothermic reaction. Because previous studl®@s19) have
dilution effects not directly related to the binding enthalpy. revealed that the association constant for zinc(ll) binding to
Subsequent experiments incorporated metal in the samplethis peptide is greater than ¥ 2, the low concentration

Ucal/sec
[\]

-20

-30

kcal/mol of injectant

the heat of dilution within 5%. Each reported measurement
is the average of at least three individual experiments.

cell solution. A typical titration experiment used +2.2 of reactants necessary to determine accurately the association
nmol of peptide per titration point. This quantity of peptide constant for the reaction cannot be used due to the sensitivity
could be dispensed from the syringe irdulL aliquots into limitations of the instrument. However, an accurate measure
the cell. of the enthalpy of binding and the binding stoichiometry can

Determination ofAH® onizaionfor Cholamine ChlorideThe be obtained. A summary of all the collected thermodynamic
AH°ionization fOr cholamine chloride was determined experi- data is shown in Tables 1 [for zinc(ll)] and 2 [for cobalt-
mentally via titration calorimetry, similarly to the method (Il)]. For each of the experiments performed, the binding
of Fukada and Takahasltfi2). A dilute solution (2-5 mM) stoichiometry was found to be one peptide per metal ion.
of cholamine chloride was prepared volumetrically in water,  Protonation Effects on the Binding Enthalgihe binding
with the pH adjusted to 7.4. The cholamine solution was of zinc(Il) or cobalt(ll) metal to CP-1 is linked to the release
titrated with standardized HCI (Aldrich) until saturation. The of protons from some of the metal binding amino acids and,
data were analyzed similarly to other experimental data. perhaps, other residues. The number of protons absorbed or

Data AnalysisAll data were analyzed using the MicroCal released from the peptide during a particular binding reaction
Origin software supplied with the instrument. Before data can be determined by performing titration experiments in
analysis, the enthalpy of diluting the peptide into buffer only buffers with different ionization enthalpieg3). Typically,
was subtracted from the experimental data. For a typical the observed standard enthalpy change is the sum of two
experiment, the final four points of the titration approximated terms:



15070 Biochemistry, Vol. 41, No. 50, 2002

Table 1: Thermodynamics of the Association of Zinc(Il) with CP-1
under Different Temperature, pH, and Buffer Conditions

pH buffer temp{C) Kia(M™H2  AH° (kcal/molf
7.0  cholamine 25 >10 —-33.7+0.8
7.0 PIPES 25 >108 —23.44+1.0
7.0 PIPES 17 >10° —18.64+ 0.8
7.0 PIPES 34 >108 —27.3+ 0.5
7.0 HEPES 25 >10° —27.6+ 0.6
6.0 MES 25 >108 —19.44+ 0.6
55 MES 25 >10° —15.94+41.0

@ Due to the high association constant of the reaction measured, these

values were unable to be determinéd@he enthalpy is the average of
at least three measurements. Standard deviations are listed.

Table 2: Thermodynamics of the Association of Cobalt(ll) with
CP-1 under Different pH Conditions

pH buffer temp {C) Ka(M™1) AH° (kcal/moly
7.0 PIPES 25 >10° —-15.94+2.0
6.3 MES 25 3.0x 10/ —12.840.2
6.0 MES 25 5.1x 108 —11.74+1.0
55 MES 25 7.8< 10° —8.3+ 0.6

Blasie and Berg
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Ficure 2: Calorimetric data for the titration of cobalt by CP-1
peptide at 25°C at three different pH values: pH 7.0 in PIPES
buffer, pH 6.0 in MES buffer, and pH 5.5 in MES buffer.

decrease in the observed enthalpy of binding observed for
both the zinc(Il) and cobalt(ll) provides evidence for the
occurrence of these processes. Thus, these data provide

2 The enthalpy is the average of at least three measurements. Standargdditional evidence of proton release occurring coupled to

deviations are listed.

AHoobsd= AHointrinsic + nAHobuffer

where AH®qwinsic IS the standard enthalpy of the binding
reaction (including enthalpies of protonation or deprotonation
of any protein residuesi), is the number of protons released
over the course of the reaction, antH e is the standard
enthalpy of protonation of the buffer in which the experiment
was performed.

Titration experiments were performed in three different
buffers: PIPES AH°uwer = —2.73 kcal/mol), HEPES
(AH®yuter = —5.02 kcal/mol), and cholaminAHpyfer =
—11.51 kcal/mol). The number of protons associated with
metal binding for CP-1 was estimated from the slope of the
plot of the observed enthalpy for the binding reaction in that
buffer versus the ionization enthalpy of each buffer. Linear
regression analysis yielded 1:10.1 protons released. This

the metal binding reaction but are difficult to analyze in
guantitative terms. A value of 1.1 protons released during
the binding reaction will be used in all subsequent analyses.
The heat capacity change upon metal bindiG,°, can
be determined from titration calorimetry experiments per-
formed at different temperatures. Binding experiments were
performed at three temperatures, 17, 25, and@4under
otherwise identical experimental conditions. TRE€,° was
determined from the slope of the line generated by plotting
the observed enthalpy of the binding reaction versus the
temperature at which that experiment was conducted. The
heat capacity change for CP-1 binding to zinc(ll) was found
to be —514 @18) cal K* mol ™.

DISCUSSION

Experimental Thermodynamic Parameters for Zinc(ll)
Binding A thermodynamic profile of the prototypical zinc
finger peptide CP-1 binding to zinc(ll) and cobalt(ll) has

value is lower than the value of 2 expected, assuming thatpeen determined through titration calorimetry. In principle,
the two cysteine residues are fully protonated in the metal- ;g analytical method can be used to determiié®, K.
free form. However, sequence features including the presenceynqn for a given chemical reaction. However, for CP-1, the

of adjacent positively charged residues can shift thevalue
of cysteine into or below the neutral rangg4(25). The
two histidine residues havepvalues of approximately 6.5

binding constants for zinc(Il) and, to a less extent, those for
Co(ll), are too high to measure calorimetrically at pH 7.0.
Nonetheless, since values for these equilibrium constants

(10), indicating that each histidine is expected to release p5ye peen previously determined by other metha@s9),

approximately 0.3 proton upon metal binding at pH 7.0.
An alternative method for determining the proton linkage

a relatively complete thermodynamic analysis is still possible.
In analyzing these data, one must first carefully consider

in a binding system is to measure equilibrium constants at the precise chemical processes that are occurring during the

different pH values. Titrations of both zinc(Il) and cobalt-
(1) with CP-1 peptide were performed at pH 7.0, 6.0, and

titration experiment. The initial state consists of free peptide
which exists in a largely unfolded conformational ensemble.

5.5. Inspection of the zinc titration data (Table 1) shows that At pH 7.0, both the cysteine residues and the histidine

the apparent binding constant of CP-1 for zinc(ll) is still
>10° M~ at pH 5.5. The cobalt(ll) titration data (Table 2

residues are largely in their neutral forms, although some
cysteine deprotonation and histidine protonation occurs. The

and Figure 2) clearly illustrate the pH dependence of metal metal ion is in aqueous solution, primarily as hexaaquo ions,

binding to CP-1.

but is also potentially interacting with other components of

However, these data are complicated by the protonationthe buffer. In the final state, the CP-inetal ion complex
of the histidine residues over the pH range used. Protonationhas formed, and this has a well-defined three-dimensional

of both histidines in the metal-free form occurs in this range

structure with a small but significant hydrophobic core. Both

while protonation on the second of the two histidines occurs cysteine residues are deprotonated; the protons released are

in the metal-bound form to some extent as wé&l)( The

taken up by the basic component of the buffer. The water
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Ficure 3: Overall process occurring during the titration calorimetry experiment. An unfolded peptide binds a metal ion with the transfer
of protons from cysteine to buffer. The release of two protons is shown although the data indicate that only a net of 1.1 protons is released.
Six water molecules are released from the metal ion. The metal-bound form of the peptide is folded with the four metal binding residues
and the three most conserved hydrophobic residues buried.

molecules that had been coordinated to the metal ion areto the enthalpy at = Ty* = 373 K, the temperature at which

free in solution. Thus, the overall process is shown in Figure the apolar contribution is assumed to be zero. The second

3. term allows extrapolation fronTy* to the experimental
The experimentally determined enthalpy includes the temperatureT = 298 K). For the CP-%zinc(ll) complex,

contribution of proton binding by the buffer. This depends the standard folding enthalpy is calculated to/Xid°c,c =

on the identity of the buffer used. We shall focus on the —19.8+ 15.6 = —4.2 kcal/mol.

data obtained in cholamine since this buffer has the lowest The entropy change associated with folding is given by

tendency to bind to metal ions such as zinc(ll). Note that

the heat of protonation of cholamine is quite largd,1.51 AS qc= AS™ e T+ AC e IN(T/TSY)

kcal/mol, so that a significant part of the heat released during . . )

the reaction (33.7 kcal/mol) is due to buffer protonation. The WhereAS™is the configurational entropy and the second

dissociation constant for the CP-zinc(Il) complex at pH term involves solvent restructuring _extrapolated friﬂm=_

7.0is 5.7x 10~2M, corresponding to a standard free energy Ts* = 385 K, the temperature at which the apolar contribu-

of —15.3 kcal/mol. From these values, the overall standard tion to the entropy is zero. For the CP-zinc(ll) complex,

entropy change for the reaction (including buffer effects) is the standard folding entropy is calculated to A8 cac =

AS ops = (AH s — AG°0d/T = —62 cal moft KL, —123 + 53 = —70 cal mof! K1 The configurational
Structure-Based Thermodynamic Analysie thermo-  €ntropy is calculated from backbor&d} and side chain31)

dynamic parameters for the peptide folding component €ntropy values assuming that the four_metal_blndlng reS|du_es

reaction can be estimated from structure-based thermody-and the three conserved hydrophobic residues are buried

tions (26, 27). This model assumes that the thermodynamic ©f =123 cal mof* K™ is in reasonable agreement with a

properties for a protein folding reaction can be deduced from Value of —112 cal mot* K™ derived from the simpler

a combination of changes in exposed polar and apolar surfacecalculation based on an average change-4f3 cal mof*

area that are assumed to occur during the process and< ' per amino acid for 26 amino acid26). Note that the

conformational entropy terms for the peptide backbone and estimated folding free energy 8G°cac = AH cac = TAS carc

side chains. The parameters used are based on unfolded statés —4-2— 298(~70)/1000= +16.7 kcal/mol, consistent with

modeled in completely extended conformations. On the basisthe fact that this peptide does not fold to a stable structure

of structures of CP-%tzinc(ll) complexes deduced from in the absence of bound metal ions.

NMR and crystallographic studie&g 29), the changes in Four additional terms must be included. The first involves
reaction areAAgpoir = —789 A2 and AAyor = —565 A2, determined that 1.1 protons are released during the course

The estimation of thermodynamic terms begins with the Of the reaction. On the basis of thvalues of the histidne
calculation of the change in heat capacity associated with 'esidues, 2x 0.3 = 0.6 proton comes from the histidine

folding (26). This is given by residues. We assume that the remaining 0.5 proton is derived
from the cysteine residues. Calorimetric data indicate that
AC,°caic = 0.48AA, 10— 0.28AA ) = AH° = +8.7 kcal/mol andAS* = —3 cal mol't K1 for

_ 1,1 histidine deprotonation2Q) and AH° = +8.5 kcal/mol and
208 cal mol K AS = —18 cal mol! K~ for cysteine deprotonatior8®).

This is different from the observed value AT, since the ~ These terms are compensated for by the corresponding terms

experimental value includes contributions6,° not related ~ for the protonation of the buffer, cholamine, namehi®

to the peptide. The folding enthalpy is given by = —11.5 kcal/mol andAS’” = +7 cal mol** K™*. The net
result of the protonation terms isH° = —3.2 kcal/mol and
AHC e = AHT e+ AC  cad T — Ti) AS’ = —3 cal mol'* K~L. The third term involves the entropy

associated with the water released from zinc(ll) during the
whereAH®* .= 35AApaiar AH* caicis the polar contribution  reaction. This entropy has been estimated to be 9.5 cal'mol
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K-1 per water 83). Since six waters are released, this some cases, two water molecules remaining bound to the
corresponds to a standard entropy increas&éS$f= 57 cal metal center. With zinc(ll) in at pH 7.0, the following
mol~t K~1. The final term involves the entropy associated thermodynamic parameters (corrected for the release of 0.3
with the reduction of the number of independent particles proton) were determined:

from two [peptide and Zn(OkJs>*] to one [peptide-zinc- .

(1] complex, given that we have already accounted for water AG® = —16.4+ 0.2 kcal/mol

release. This entropy loss is estimated to1#9 cal moi? AH° = —6.44+ 0.3 kcal/mol
K~ on the basis of estimates for the translational, librational,
and cratic entropies3@). For these considerations, the overall AS = +34+ 0.8 calmoltk™?
entropy change is estimated to A& c;c = —70+ (—3) +
57 + (—19) = —35 cal mot? K~1 This is in modest For comparison, the corresponding values for CP-1 (corrected
agreement with the experimental valueAs$*,ps = —62 cal for proton release) are
mol~1 K%, o

The overall standard enthalpy for the reaction cannot be AG® = —15.3+ 0.5 keal/mol
as readily calculated due to uncertainties about the relative AH°® = —21.14+ 1.0 kcal/mol
strengths of the six bonds between zinc(ll) and water
compared with the four bonds between zinc(ll) and the AS =—-19+ 3 calmol*K™?

cysteinate and histidine ligands. In addition, the effects of o ) ] )
other enthalpic interactions such as peptide amide to cys-The binding free energy for apo-carbonic anhydrase is quite
teinate sulfur hydrogen bonds are difficult to estimate. Similar to that for CP-1, but the remainder of the thermo-
However, a rough analysis is possible. The overall enthalpy dynamic parameters is quite different. Assuming that the
change due to protein folding, histidine and cysteine depro- metal binding site in carbonic anhydrase is completely
tonation, and cholamine protonation is estimated ta\big preorganized, the binding entropy should be given by the
= —4.2+ —3.2= —7.6 kcal/mol. The experimental value SUm of two terms, the entropy of the release of five (of six)
for the overall enthalpy in cholamine buffer is33.7 kcal/ ~ Waters from the zinc(ll) ion and the entropy loss associated
mol. Thus, the net result of bond breaking to bond forming With the reduction in the number of particles. ThiasScaic
is a favorable term 0f-33.7 — (=7.6) = —26.1 kcallmol. = 5(+9.5 cal mot* K™) + (—19 cal mof* K™) = +29
Dividing this excess enthalpy equally between the four bonds €&l mol™* K™, in reasonable agreement with the observed
between zinc(ll) and the peptide-derived ligands yields value. The Iarg_e d|ffe_rence in the binding enthalpy values
—26.1/4= —6.5 kcal/mol per bond. This value is reasonably Of 15 kcal/mol is striking. This may be due, in part, to the
consistent with the observed equilibrium constants 10  differences between cysteinate and histidine as ligands, but
10* M~ (corresponding to free energy changes-ef.1 to previous studies of variants of CP-1 and_ carbonic anhydrase
—5.4 kcal/mol) observed foK-methylimidazole and 2-hy- ~ have revealed much more modest differenceg, 38).
droxyethanethiolate displacement of water from a zinc finger Altérnatively, the difference in binding enthalpy may be due
peptide in which the final histidine ligand was not included 0 the relative lack of flexibility in the carbonic anhydrase
in the sequence3f). Thus, the experimentally observed Sit€. The preqrganlzed nature of the site may induce some
enthalpy for zinc(1l) binding to CP-1 is also consistent with Strain at the zinc(1l) center. The preorganized structure may
expectations based on parameters related to peptide foldind'elP to dictate a structure that favors catalytic function at
and approximate enthalpies from previously characterized the expense of binding enthalpy. The large favorable change
reactions. in entropy upon binding allows tight binding to occur despite
Thermodynamic Preference for Zinc(llyer Cobalt(ll). the relatively small favorable binding enthalpy.
The binding of cobalt(l) and zinc(ll) to CP-1 was each Apo-carbonic an_hydrase binds cobalt(ll) with a standard
examined in PIPES buffer at pH 7.0 and in MES buffer at free energy apprOX|mater_6_ k_cal/mol_ less favorable than that
pH 6.0 and 5.5. In each case, zinc(ll) binding had a more for_zmc(ll)., a level of specificity for zinc(Il) over cobalt(ll)
favorable enthalpy with a nearly constant enthalpy difference duite_similar to that for CP-1. However, whereas the
of —7.6 kcal/mol. Previous studies had revealed that CP-1 SPecificity for CP-1 is almost entirely enthalpic, a more

binds zinc(I1) more favorably than cobalt(ll) with a standard c0omplex pattern of thermodynamic differences is seen for
free energy difference &fG° = AG®inc — AGcopar= —16.0 carbonic anhydrase. For carbonic anhydrase, the binding

— (—9.8) = —6.2 kcal/mol (9). This difference has been enthalpy for cobalt(ll) is nearly 10 kcal/mol more favorable

associated with the change in ligand field stabilization energy than that for zinc(ll) while the binding entropy is 50 cal
associated with the transition from an octahedral site in water MOl K™* less favorable. These results strongly suggest that
to a tetrahedral site in the zinc finger peptide, an enthalpic the structures of the zinc(1l) and cobalt(ll) forms of carbonic
term (36). As anticipated, the experimental enthalpy differ- anhydrase have significantly different structures under the
ence nicely accounts for this free energy difference. conditions studied, in contrast to the corresponding com-
Comparison with Other Systen@alorimetric studies of plexes of CP-1 which appear to have quite similar structures.
zinc(ll) and cobalt(ll) binding to apo-carbonic anhydrase
have recently been reporte@6( 37). This protein differs CONCLUSION
from CP-1 in two important ways. First, the apo-carbonic A complete thermodynamic analysis of zinc(ll) and cobalt-
anhydrase is essentially completely folded so that metal (Il) binding to the prototypical zinc finger peptide CP-1 has
binding is not coupled to protein folding in the same way it been achieved. The results are consistent with a coupled
is for CP-1 (L2). Second, carbonic anhydrase binds the metal metal binding-protein folding process. The reactions are
ion through only three ligands, all histidines with one or, in driven primarily by enthalpic terms associated with the
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stronger bonds formed between the metal ions and the ;. glabr!(e,é\l-MD-.?nddBﬁr%l JI-DM\-N(1998)CiGFCS2%22818&2822-G
; ; ; ; . Rubin, G. M., Yandell, M. D., Wortman, J. R., Gabor Miklos, G.
p(_aptlde-derlved cysteinate and hl_stldlne ligands compared L. Nelson. C. R.. Hariharan. I. K.. Forini, M. E.. Li. P. W..
with those to water. The substantially unfavorable entropy Apweiler, R., Fleischmann, W., Cherry, J. M., Henikoff, S.,
term associated with peptide folding is very nearly balanced ’\S/IkuspskEi;, '\Q' P% Mésr?(, S., A;hbgrr;e_rk, M.,SBEne(yé,h E., _BogsusKi,
H H . S., broay, |., bro stein, P., Celniker, S. E., ervitz, S. A,,
by the favc_)rable entropy associated with water release from Coates. D., Cravchik, A., Gabriclian, A.. Galle, R. F.. Gelbart,
the metal ions. W. M., George, R. A., Goldstein, L. S., Gong, F., Guan, P., Harris,
N. L., Hay, B. A., Hoskins, R. A,, Li, J., Li, Z., Hynes, R. O,
Jones, S. J., Kuehl, P. M., Lemaitre, B., Littleton, J. T., Morrison,
D. K., Mungall, C., O'Farrell, P. H., Pickeral, O. K., Shue, C.,
Vosshall, L. B., Zhang, J., Zhao, Q., Zheng, X. H., and Lewis, S.
(2000) Science 2872204-2215.
9. Frankel, A. D., Berg, J. M., and Pabo, C. O. (1987)c. Natl.
Acad. Sci. U.S.A. §41841-4845.

ACKNOWLEDGMENT

We thank Professors Mario Amzel, Ernesto Friere, and
George Rose for useful discussions.

REFERENCES 10. Krizek, B. A., Amann, B. T., Kilfoil, V. J., Merkle, D. L., and
. Berg, J. M. (1991). Am. Chem. Soc. 113518-4523.
L ll/lél(l)%r—’i]éiyc'_acman’ A. D., and Klug, A. (198MBO J. 4 11. Eis, P. S., and Lakowicz, J. R. (199Bijochemistry 327981
. _ 7993.
2. Berg, J. M. (1988Proc. Natl. Acad. Sci. U.S.A. 889—102. 12. Hakansson, K., Carlsson, M., Svensson, L. A., and Liljas, A. (1992)

3. Lee, M. S., Gippert, G. P., Soman, K. V., Case, D. A., and Wright,

P. E. (1989)Science 245635-637.

4. Paraga, G., Horvath, S. J., Eisen, A., Taylor, W. E., Hood, L.,

Young, E. T., and Klevit, R. E. (198&cience 2411489-1492.

5. Venter, J. C., Adams, M. D., Myers, E. W., Li, P. W., Mural, R.

J., Sutton, G. G., Smith, H. O., Yandell, M., Evans, C. A., Holt,
R. A., Gocayne, J. D., Amanatides, P., Ballew, R. M., Huson, D.
H., Wortman, J. R., Zhang, Q., Kodira, C. D., Zheng, X. H., Chen,
L., Skupski, M., Subramanian, G., Thomas, P. D., Zhang, J., Gabor
Miklos, G. L., Nelson, C., Broder, S., Clark, A. G., Nadeau, J.,
McKusick, V. A., Zinder, N., Levine, A. J., Roberts, R. J., Simon,
M., Slayman, C., Hunkapiller, M., Bolanos, R., Delcher, A., Dew,
I., Fasulo, D., Flanigan, M., Florea, L., Halpern, A., Hannenhalli,
S., Kravitz, S., Levy, S., Mobarry, C., Reinert, K., Remington,
K., Abu-Threideh, J., Beasley, E., Biddick, K., Bonazzi, V.,
Brandon, R., Cargill, M., Chandramouliswaran, I., Charlab, R.,
Chaturvedi, K., Deng, Z., Di Francesco, V., Dunn, P., Eilbeck,
K., Evangelista, C., Gabrielian, A. E., Gan, W., Ge, W., Gong,
F., Gu, Z., Guan, P., Heiman, T. J., Higgins, M. E., Ji, R. R., Ke,
Z., Ketchum, K. A, Lai, Z., Lei, Y., Li, Z., Li, J., Liang, Y., Lin,

X., Lu, F., Merkulov, G. V., Milshina, N., Moore, H. M., Naik,

A. K., Narayan, V. A., Neelam, B., Nusskern, D., Rusch, D. B.,
Salzberg, S., Shao, W., Shue, B., Sun, J., Wang, Z., Wang, A.,
Wang, X., Wang, J., Wei, M., Wides, R., Xiao, C., Yan, C., et al.
(2001) Science 2911304-1351.

. Lander, E. S., Linton, L. M., Birren, B., Nusbaum, C., Zody, M.
C., Baldwin, J., Devon, K., Dewar, K., Doyle, M., FitzHugh, W.,
Funke, R., Gage, D., Harris, K., Heaford, A., Howland, J., Kann,
L., Lehoczky, J., LeVine, R., McEwan, P., McKernan, K.,
Meldrim, J., Mesirov, J. P., Miranda, C., Morris, W., Naylor, J.,
Raymond, C., Rosetti, M., Santos, R., Sheridan, A., Sougnez, C.,
Stange-Thomann, N., Stojanovic, N., Subramanian, A., Wyman,
D., Rogers, J., Sulston, J., Ainscough, R., Beck, S., Bentley, D.,
Burton, J., Clee, C., Carter, N., Coulson, A., Deadman, R.,
Deloukas, P., Dunham, A., Dunham, I., Durbin, R., French, L.,
Grafham, D., Gregory, S., Hubbard, T., Humphray, S., Hunt, A.,
Jones, M., Lloyd, C., McMurray, A., Matthews, L., Mercer, S.,
Milne, S., Mullikin, J. C., Mungall, A., Plumb, R., Ross, M.,
Shownkeen, R., Sims, S., Waterston, R. H., Wilson, R. K., Hillier,
L. W., McPherson, J. D., Marra, M. A., Mardis, E. R., Fulton, L.
A., Chinwalla, A. T., Pepin, K. H., Gish, W. R., Chissoe, S. L.,
Wendl, M. C., Delehaunty, K. D., Miner, T. L., Delehaunty, A.,
Kramer, J. B., Cook, L. L., Fulton, R. S., Johnson, D. L., Minx,
P. J., Clifton, S. W., Hawkins, T., Branscomb, E., Predki, P.,
Richardson, P., Wenning, S., Slezak, T., Doggett, N., Cheng, J.
F., Olsen, A., Lucas, S., Elkin, C., Uberbacher, E., Frazier, M., et
al. (2001)Nature 409 860—-921.

13.
14.

J. Mol. Biol. 227 1192-1204.

Nar, H., Messerschmidt, A., Huber, R., van de Kamp, M., and
Canters, G. W. (1992FEBS Lett. 306119-124.

Heuchel, R., Radtke, F., Georgiev, O., Stark, G., Aguet, M., and
Schaffner, W. (1994EMBO J 13, 2870-2875.

. Zhao, H., and Eide, D. J. (199¥lol. Cell. Biol. 17 5044-5052.

16. O’Halloran, T. V. (1993Science 261715-725.
17. Wiseman, T., Williston, S., Brandts, J. F., and Lin, L. N. (1989)

Anal. Biochem. 179131-137.

. Freire, E., Mayorga, O. L., and Staume, M. (198@gl. Chem.

62, 950A—959A.

19. Krizek, B. A., Merkle, D. L., and Berg, J. M. (199B)org. Chem.

21.
22.
23.
24.

25.

27.

32, 937-940.

.Berg, J. M., and Godwin, H. A. (199Annu. Re. Biophys.

Biomol. Struct. 26357-371.

Smith, R. S., and Berg, J. M., unpublished results.

Fukada, H., and Takahashi, K. (1998pteins 33 159-166.
Gomez, J., and Freire, E. (1995)Mol. Biol. 252 337—350.
Kortemme, T., and Creighton, T. E. (1995Mol. Biol. 253 799~

812.

Chivers, P. T., Prehoda, K. E., and Raines, R. T. (1997)
Biochemistry 364061-4066.

. Murphy, K. P., Xie, D., Garcia, K. C., Amzel, L. M., and Freire,

E. (1993)Proteins 15 113-120.
Livingstone, J. R., Spolar, R. S., and Record, M. T., Jr. (1991)
Biochemistry 304237-4244.

28. Amann, B. T., Vinson, V. K., and Berg, J. M., unpublished results.

29.
30.

Kim, C. A,, and Berg, J. M. (1996Yat. Struct. Biol. 3 940-
945,

D’Aquino, J. A., Gomez, J., Hilser, V. J., Lee, K. H., Amzel, L.
M., and Freire, E. (1996Proteins 25 143-156.

. Lee, K. H., Xie, D., Freire, E., and Amzel, L. M. (199)oteins

20, 68—84.

. Wrathall, D. P., Izatt, R. M., and Christensen, J. J. (1964m.

Chem. Soc. 864779-4783.

. Dunitz, J. D. (1994Fcience 264467.
. Amzel, L. M. (1997)Proteins 28 144—149.

35. Merkle, D. L., Schmidt, M. H., and Berg, J. M. (1991) Am.

Chem. Soc. 113450-5451.

. Berg, J. M., and Merkle, D. L. (1989 Am. Chem. Soc. 111

3759-3761.

37. DiTusa, C. A., Christensen, T., McCall, K. A., Fierke, C. A., and

Toone, E. J. (2001Biochemistry 405338-5344.

38. DiTusa, C. A., McCall, K. A., Christensen, T., Mahapatro, M.,

Fierke, C. A., and Toone, E. J. (20@ipchemistry 405345-5351.
B1026621H



