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Metalloprotein function depends on the incorporation of an (A)
appropriate metal ion into a binding site within a proteivetal O—NI\-U\J\TH\-
specificity can be dictated by either kinetic or thermodynamic
factors. Type | copper proteins such as azurin function as electron
carriers and must incorporate the redox-active copper metal ion
for function. Azurin binds copper(ll) quite tightly and exchanges
metal ions very slowly so that detailed analysis of the thermody- 24
namics of metal ion binding has been difficult. Isothermal titration
calorimetry has the potential to reveal key thermodynamic param-

pcal/sec

eters including both the standard free energy and enthalpy of metal 0 5000 4000 | 6000
binding? (B) Time (sec)
The binding of copper(ll) to apoazurin was examined by this =
method? Initial studies in HEPES and PIPES buffers produced very 3 _g I esteetee
broad calorimetric traces indicative of slow metal binding; buffer E -4r .
effects on the kinetics of copper(ll) binding to azurin have been < 222
observed previously.In contrast, studies in cholamihéuffer, é l0peceesecccne
which has a very low affinity for metal ions, produced much sharper = 0 02 04 06 08 10 12 14 1.6
traces, suitable for detailed analysis (Figure 1). Molar ratio
The standard enthalpy for the overall reactios\ld® = —10.2 Figure 1. (A) Calorimetric trace for titration of 50 nmols of apoazurin

1 S . . into Cu(ll) in cholamine chloride buffer at pH 7.0. (B) Plot of net heat
+ 1.6 kcal moft. Closer examination of the calorimetric traces qjeased as a function of the ratio of apoazurin to copper(l).

revealed two important features. First, despite the decrease in the
maximum extent of the calorimetric traces as the titration pro- Well defined by the dafawith
gressed, binding is essentially stoichiometric as shown in Figure
1B; the decrease in peak extent is due to progress in the titration
reflected in the peak shape. Second, the response after each injec-
tion of apoazurin shows an initial exothermic phase followed by
an endothermic phase. The presence of these two phases reveals
the occurrence of two kinetically separable steps in the binding

k,=22+1.0x 1°M's!
k, = 0.024+ 0.010 §*

AH,° = —19+ 3 kcal mol'*

reaction. o _ _ AH,* = +9 + 3 kcal mol'*
A two-step binding process, shown in Scheme 1, is suggested
by these and previous observations. These parameters can be interpreted on the basis of other

In the first step, the apoprotein combines with copper(ll) from characteristics of the azurin system. Most importantly, apoazurin
solution, presumed to B&€u(OHy)s2t, in an exothermic reaction.  adopts a well-defined structure very similar to that for Cufll)
The initial complex formed then rearranges to form the final product azurin; the only significant difference involves the position of one
in an endothermic step. of the metal-coordinating His residu&$hus, little change in protein

To test this model, the calorimetric traces from each injection conformation is associated with copper(ll) binding. Because of this,

were isolated and integrated as shown in Figure 2A. These tracesthe overall entropy change for metal binding can be estimated on

were then compared with the results from simula- the basis of two terms, developed for analysis of Zn(ll) binding to

. . . a zinc finger peptideand appliefito results for Zn(Il) binding to
t!o_n of the data based in Schemé Bour parameters were used in carbonic anhydras®.First, the Cu(ll) is completely dehydrated
fitting these data: the two forward rate constaktsand k,, and

when it binds to apoazurin, leading to the release of five water
the standard enthalpies for the two steps$)®, and AH®%. Rate molecules into solution. The entropy of water release from metal
constants for the reverse reactions were not included since initial jons has been estimated to'b®.5 cal mot? K-t (per water
simulation revealed that both steps are essentially irreversible molecule). Second, the number of free particles (not including
under the conditions used. Each of these variables was reasonablyvater) is reduced from two to one, leading to an entropy decrease
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negative enthalpy for this step. The rate constant for this process
is relatively low but is comparable to second-order rate constants
for other proteins that have highly structured metal-free forms such
as the Zn(Il) enzymes carbonic anhydrase and alcohol dehydroge-
naset* The intermediate formed then spontaneously rearranges to
generate the final Cu(lfyazurin product, driven by the release of
the remaining waters from the Cu(ll) ion. This rearrangement is
quite slow and is likely to involve changes in protein conformation
that allow the Cu(ll) to fully engage the azurin site. This mechanism
is similar to those proposed earlier for Cu(ll) binding to apoazurin
under different buffer conditions, but differs in that the first step is
(B) Simulated not reversible. A fortunate combination of standard enthalpy
changes and rate constants has allowed the mechanism of this
protein metalation reaction to be elucidated in considerable detail.

(A) Observed
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