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Abstract 

A redox center similar to that of rubredoxin was designed into the 56 amino acid immunoglobulin binding B 1 domain 
of Streptococcals protein G. The redox center in rubredoxin contains an iron ion tetrahedrally coordinated by four 
cysteine residues, [ F e ( S - c ~ s ) ~ ]  ",-'. The design criteria for the target site included taking backbone movements into 
account, tetrahedral metal-binding, and maintaining the structure and stability of the wild-type protein. The optical 
absorption spectrum of the Co(I1) complex of the metal-binding variant is characteristic of tetrahedral chelation by four 
cysteine residues. Circular dichroism and nuclear magnetic resonance measurements reveal that the metal-free and 
Cd(I1)-bound forms of the variant are folded correctly and are stable. The Fe(II1) complex of the metal-binding mutant 
reproduces the optical and the electron paramagnetic resonance spectra of oxidized rubredoxin. This demonstrates that 
the engineered protein chelates Fe(II1) in a tetrahedral array, and the resulting center is similar to that of oxidized 
rubredoxin. 
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Protein engineering and de novo design approaches have begun to 
afford a more detailed understanding of the balance of the forces 
that determine protein structure and function (Regan & DeGrado, 
1988; Regan, 1993; Bryson et al., 1995; Regan, 1995; Dalal et al., 
1997; Smith & Regan, 1997; Hellinga, 1998). To date, there are 
just  a few examples of designed proteins that adopt a specified 
fold,  and number which display novel activities is still smaller 
(Dill, 1990; Schafmeister et al., 1993; Jackson et al., 1994; Quinn 
et al., 1994; Yan & Erickson, 1994; Baltzer et  al., 1996; Dahiyat & 
Mayo,  1997; Hill & DeGrado, 1998; QuCnCneur et al., 1998). A 
particular focus of functional design efforts has been the engineer- 
ing of novel metal-binding sites. Metal-binding sites represent an 
attractive target because they play a variety of functions from 
stabilization of protein structure to catalytic roles such as the ac- 
tivation of water for nucleophilic attack, electron transfer, and 
redox activity. More recently, several groups have focused strongly 
on the design of metal-binding sites with particular activities in 
mind. For example, two metal-binding histidine residues have been 
engineered into rat trypsin to "switch" the catalytic activity on or 
off by disrupting the catalytic triad. The protein can be turned off 
by Cu(I1) chelation in the designed site and reactivated upon re- 
moval of Cu(I1) with EDTA (Halfon & Craik, 1996). In another 
design, a metal-binding site, based on the metal center of carbonic 
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Abbreviarionsr CD, circular dichroism; Cd, cadmium;  Co, cobalt, Cu, 
copper; EPR, electron paramagnetic resonance; Fe, iron; HEPES, 4-(2- 
hydroyethy1)-1-piperazine ethanesulfonic acid; NMR, nuclear magnetic res- 
onance: PCR, polymerase chain reaction; TCEP, tricarboxyethylephosphine. 

anhydrase, was built into a single-chain antibody with a goal to 
enhance catalytic activity (Crowder et  al.,  1995).  A variety of metal 
sites have been designed into thioredoxin. For example, one mim- 
ics the active site of iron-superoxide dismutase (Pinto  et al., 1997), 
while another introduces a [Fe4S4] cuboidal cluster into the hy- 
drophobic core (Coldren et al., 1997). Several other designs have 
incorporated [Fe4S4] cuboidal clusters into the loops of four-helix 
bundle proteins (Gibney et al., 1996; Scott & Biggins, 1997). Here, 
we describe a novel design approach that we have used to suc- 
cessfully incorporate a tetrahedrally coordinated rubredoxin-like 
iron-binding site into a simple protein framework. 

Previous work in this laboratory used computer-assisted searches 
to design tetrahedrally coordinated Zn(I1)-binding sites that mimic 
structural and catalytic Zn(I1) sites found in natural metallopro- 
teins (Klemba & Regan, 1995; Klemba et al., 1995). The first step 
in identifying potential tetrahedrally coordinated metal-binding sites 
in proteins of known structure involves a computer search. The 
program Metal Search (Clarke & Yuan, 1995) uses backbone co- 
ordinates of the crystal or average NMR structure as input, and it 
replaces the natural amino acids with His and Cys residues. The 
program then searches all possible side-chain rotamers and stores 
them in an array. Finally, the program outputs sets of residues that 
potentially could form tetrahedrally coordinated metal-binding sites. 
Computer models are then built and assessed using a variety of 
criteria. The ultimate test is to make the protein and characterize its 
metal-chelating properties. An attractive scaffold for these designs 
is a variant of the B1 domain of IgG-binding protein G. The 
structure of this stable 56 residue domain is known at high reso- 
lution by both X-ray crystallography and NMR. Conveniently, the 
B1 domain contains neither Cys nor His residues, which could 
complicate metal chelation to the designed sites resulting from 
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