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Purple Cu centers are mixed valence £3(Cys) units with
each copper also coordinated to a histidifidiey mediate electron
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transfer in both cytochrome oxidasé and nitrous oxide reduc-

tase? This new class of copper centers has been characterized by
extensive spectroscopic¢? and X-ray crystallographté 1> work.
Studies on water-soluble fragments containing, &' as well 02
as synthetit? 2! and protein analogué$,;%* have shed light on

the structure and function of purple copper centers. In our work,

using loop-directed mutagenesis, we have engineered a purple g ‘ ‘ 0.0 o
copper center into a blue copper protBiseudomonas aeruginosa 0.0 04 0.8 0.0 02 04 06 0.8 1.0
azurin?* Comprehensive spectroscopie 2’ and X-ray crystal- Time (s) Time(s)
lographi@® investigations of the engineered Cuenter have
demonstrated the striking similarity between purple azurin and

native purple Cp centers. Studies of both blue and purple copper change at®) 386 nm and &) 485 nm shown in C. The final apo-protein
in the same azurin protein framework showed thak Guthe concentration is 0.29 mM and Cu$Eoncentration is 2.9 mM. The insert

more efficient electron-transfer agefitmost likely because of i, ¢ shows the it ion dependence of pseudo-first-order rate constants
lower nuclear reorganization in the delocalized binuclear struc- for intermediate K1) and product K;) formation. Panel D displays the
ture’:10.80,31 effect of ascorbate and Cwn Ci#* addition, monitored at 386 nn®)
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Figure 1. Kinetics of C#" incorporation into the apo-form of engineered
purple Cw protein before (A) and after (B) 10 ms, with absorbance
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spectrum with absorption bands around 485, 530, and 770 nmThis intermediate is then converted to the final,@enter after
(Figure 1B). The rate of absorption decrease at 386 nm is Cu' is generated from reduction of €ueither by free cysteines
approximately the same as the rate of absorption increase at 485rom nearby apo-proteins (which act as sacrificial reductants) or
nm (kzops = 3.1 s'1, Figure 1C), with an isosbestic point at 441 by external reductants such as ascorbate. Reduction’tfac@uld
nm. These results indicate that an intermediate with absorption occur either on the free €tuor on C#* in the intermediate. Since
bands around 386 and 765 nm was formed first, which then copper ions are involved in both intermediate and product
converted to the final purple Gicenter. Since the rate of inter-  formation, their ratesk{ and k,) should increase with Ct
mediate decay and the rate of product formation were ap- concentration as observed. Since'Gucorporation is a key step
proximately the same, we used a kinetic model of-AB — C in intermediate conversion to product, the presence of external
to fit our data. Figure 1C shows that the rates of both intermediate reductants such as ascorbate could accelerate this step, therefore
(k1) and product k) formation are linearly proportional to the  reducing the intermediate accumulation. Consistent with this
concentration of added Cuions. mechanism, the rate of product formation was found to be
The absorptions at 386 nma ¢ 4200 Mt cm 1) and at 765 dependent on ascorbate concentration (see Supporting Informa-
nm (€ ~ 930 M~ cm™1)33 for the intermediate are indicative of  tion). More importantly, ascorbate allows it less likely to sacrifice
S-to-CU' charge transfer and-etl transition band, respectively,  apo-protein for C#& reduction, making more apo-protein available
for a CU'—thiolate center in a tetragonal geometty?” The same for final product formation.
intermediate and final product formation was observed when  Going through an intermediate containing a tetragond-Cu
CuSQ was added to apo-protein in the presence of an external S(Cys) is not surprising because the tetragonal site is the preferred
reductant such as ascorbate (data not shown). Interestingly, 1 equigeometry for Cu(ll) ion$® and this preferred geometry could be
of ascorbate causes 11% less intermediate accumulation and 26%hanged by the protein matrix to lower the reorganization energy
more product formation than the same reaction without any during electron transferi®3031Biphasic kinetics of C# incor-

external reductants (compare Figure 1Da and 1Db). poration into native blue copper azurin involving an intermediate
On the basis of the above observation, we propose the following that is very similar to the final blue copper center was also
mechanism for the Cu(ll) ion incorporation into apoGrurin: observed?® Furthermore, evidence for reduction of Ty the

thiol group of Cysl112 has been found during the study of
unfolding of native azurif®#! Consistent with the above mech-

o anism, no intermediate accumulation and a 38% increase in final
Ascorbate " ZSH(lPO) ’\e

. '5&: v product formation was observed when 1 equiv of-Guadded
NN to apo-protein prior to Ci addition (Figure 1Dc).
Dehydroascorbitel | 50 / In summary, we have identified an intermediate containing a
\ tetragonal Cli—S(Cys) center during the €uion incorporation

into apo-Cy azurin. Our study indicates that Cuavailable
directly or through reduction of Cti by exogenous reductants,
is important in copper ion incorporation into the LCeenters of
N_N . Cur j Ascorbate cytochromec oxidase and nitrous oxide reductase.
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In this mechanism, Cd is incorporated into the apo-protein to Supporting Information Available: Figure S1 showing the relation-
form an intermedia'te containing a tetragonal' €8(Cys) center ship between the observed rate constants for the formation of the final

. h h product as a function of ascorbate concentration (PDF). This material is
and therefore displaying a strong S-to"GUT band at 386 nm. available free of charge via the Internet at http://pubs.acs.org.
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