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The goal of protein design is to construct a stable protein 
molecule having predictable structure and function. Although 
some success toward this end has been reported,1 the folding 
problem (i.e., the unknown relationship between primary and 
tertiary protein structure) hinders the design and construction of 
de novo proteins. Therefore, we currently focus on protein 
redesign—the rational alteration of selected regions of a stable, 
preexisting protein scaffolding in order to confer new functional 
properties upon that scaffolding. Ultimately, the results of protein 
redesign studies will be applied toward the de novo design of 
proteins with novel functions. Implicit requirements of protein 
design and redesign experiments are the availabilities of both 
wpii.c>iara.cterized functional properties and high-resolution 
protein siructures determined by X-ray crystallographic methods. 

Our current experiments in protein redesign focus on the 
chemistry and structure of transition-metal binding sites. Pre
viously, the redesign of copper binding sites in copper-zinc 
superoxide dismutase2 and blue copper proteins such as azurin3 

yielded metal sites with altered spectroscopic and catalytic 
properties. Here, the avid zinc binding site of human carbonic 
anhydrase II (CAII, KA = A pM)4 is our paradigm. The His3-
Zn2+ motif of this metalloenzyme is the target for de novo protein 
(re)design experiments,1-5-7 which are particularly illuminating 
when accompanied by high-resolution structural analysis of the 
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redesigned paradigm.4'8'9 Here, we report the three-dimensional 
structure of the His-94—Asp (H94D) variant of CAII, which 
contains the first successfully-engineered tetrahedral zinc coor
dination polyhedron of composition HiS2ASp-Zn2+. In addition 
to its resemblance to the HiS2ASp-Zn2+ site in alkaline phos
phatase, the His2Asp-Zn2+ motif engineered into CAII is 
chemically comparable to the HiS2GIu-Zn2+ sites found in zinc 
proteases such as carboxypeptidase A and thermolysin.10 

The H94D variant of CAII was produced using oligonucleotide-
directed mutagenesis of the cloned CAII gene and purified to 
S95% homogeneity by chromatography on DEAE-Sephacel and 
S-Sepharose resins.8 The effect of replacement of the histidine 
zinc ligand with asparate on metal binding was assessed by 
measuring a zinc dissociation constant (KA) using equilibrium 
dialysis.4'8 The zinc Ki= 15 ± 5 nM determined for H94D at 
pH 7 is increased ~ 104-fold relative to KA = 4 ± 1 pM for wild-
type CAII at the same pH. However, the zinc affinity is still 
significantly higher than that of other designed metal binding 
sites with three protein ligands.5-7 

Wild-type CAII catalyzes the hydration of CO2 to HCO3- and 
a H+ with a second-order rate constant that approaches the 
diffusion control limit; CAII will also catalyze the hydrolysis of 
some esters.'' These reactions proceed through nucleophilic attack 
of zinc-bound hydroxide on the carbonyl carbon of the substrate. 
The pAfa of the zinc-bound water increases from 6.8 in wild-type 
CAII to S9.6 in H94D CAII, as determined by measuring the 
pHdependenceofCAII-catalyzedp-nitrophenyl acetate (PNPA) 
hydrolysis.11'12 The second-order rate constant for PNPA 
hydrolysis by H94D decreases ~ 7-fold relative to wild-type CAII 
from 2500 to ^365 M-1 s-1. Steady-state kinetic parameters for 
CO2 hydration were measured for H94D in TAPS buffer at pH 
8.913 and are listed with the wild-type values in parentheses: k^i 
= 8 ± 4 (1000) ms-1, Jfccat/*M = 0.11 ± 0.01 (100) MM"1 S"1, and 
KM = 75 ± 40 (8) mM. The large decreases in activity for CO2 

hydration reflect both the decreased catalytic efficiency and the 
increased p£a. 

The structure of H94D CAII was determined by X-ray 
crystallographic methods, and crystals were prepared as de
scribed.8'9 X-ray data from one of these crystals were collected 
to a limiting resolution of 2.3 A on a Siemens multiwire area 
detector mounted on a Rigaku RU-200 X-ray generator. Raw 
data frames were processed using BUDDHA,14 and data reduction 
was accomplished with PROTEIN.15'16 The protein model was 
adjusted to fit electron density maps using the graphics program 
CHAIN17 (maps were calculated by routines contained in 
X-PLOR18), and the model was refined with PROLSQ.19 
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Figure 1. Difference electron density map generated with Fourier 
coefficients |F«J - IfJ and phases calculated from the final H94D CAII 
model less the side chains of Asp-94, His-96, His-119, and the non
protein zinc ligand. The map is contoured at 3.5<r, and refined atomic 
coordinates are superimposed; Asp-94, His-96, Thr-199, and Zn2+ are 
indicated. 

Refinement converged smoothly to a final crystallographic 
fl-factorof0.170.20 

The electron density map of Figure 1 reveals tetrahedral zinc 
coordination by Asp-94, His-96, His-119, and a non-protein ligand. 
The engineered carboxylate group of Asp-94 coordinates to zinc 
with sy/i-unidentate stereochemistry (OjI-Zn2+ separation = 2.1 
A), which is consistent with expectations based on analyses of 
small molecule21 and protein22-23 crystal structures. The CT-
OjI-Zn2+ angle is 133°, and the interaction is almost precisely 
within the plane of the carboxylate group. In wild-type CAII, 
His-94 donates a hydrogen bond to the side-chain carbonyl of 
Gln-92. The Oj2 atom of Asp-94 is within hydrogen-bonding 
distance (2.9 A) of Gln-92; additionally, Os2 also forms a strong 
syn hydrogen bond (2.6 A) with an active-site water molecule, 
which in turn hydrogen bonds to the non-protein zinc ligand. 

Apart from the zinc coordination polyhedron, the structure of 
H94D CAII does not differ significantly from that of wild-type 
CAII24 (root mean square deviation of C0 coordinates = 0.2 A). 
The superposition of H94D and wild-type CAII shows that the 
position of the engineered Asp-94 side chain is isosteric with that 
of the wild-type His-94 side chain, and the /3-sheet superstructure 
containing Asp-94 is not disrupted. However, because the 
His-*Asp substitution is not completely isosteric with respect to 
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zinc-coordinating atoms (the N, atom of His-94 coordinates to 
zinc in wild-type CAII, whereas the O4I of Asp-94 coordinates 
to zinc in the variant), the zinc ion moves nearly 1 A toward 
Asp-94. Consequently, His-96 and His-119 rotate slightly to 
maintain metal coordination, and the His-96 N1-Zn2+ separation 
increases from 2.1 to 2.4 A. These structural changes undoubtedly 
contribute to decreased protein-zinc affinity. Structural changes 
in the apoenzyme may also contribute, and these effects incur a 
net free energy cost of 4.8 kcal mob1. 

The electron density map of the H94D CAII active site reveals 
changes in the binding mode of the non-protein zinc ligand which 
is modeled and refined satisfactorily as a water molecule, although 
we cannot exclude the possibility of ammonia or disordered Tris 
binding.25 Although Tris does not coordinate to the zinc ion of 
wild-type CAII, other nitrogen ligands are known to coordinate 
by displacing the zinc-bound solvent molecule.26,27 

In H94D CAII, the non-protein zinc ligand forms a weak 
hydrogen bond with the side chain of Thr-199 (O-O separation 
= 3.3 A); this interaction normally orients the zinc-bound hydroxyl 
group for substrate attack and maintains the low pATa of zinc-
H2O. Based on a comparison between the properties of 
Xl 99Ai2,29 a n d H 9 4 D CAIIs, we conclude that a majority of the 
decrease in catalytic efficiency and a portion of the increase in 
pAf, arises from a weakened hydrogen bond between Thr-199 and 
zinc-bound water in H94D CAII. It is likely that the decreased 
electrostatic stabilization of both the ground-state zinc-hydroxide 
and the transition state, caused by substitution of a negatively 
charged aspartate for a neutral histidine ligand, also affects these 
properties. 

In summary, we have successfully replaced a naturally occurring 
histidine zinc ligand with an aspartate residue in the redesign of 
the CAII zinc binding site. The properties of H94D CAII 
demonstrate that: (1) the hydrogen bond network involving zinc-
bound solvent is crucial for catalysis; (2) the chemical nature of 
the protein zinc ligands dictates the pKa of zinc-bound solvent 
with little effect on its reactivity; and (3) the protein structure 
is sufficiently plastic to allow subtle rearrangements which 
accommodate metal binding with optimal stereochemistry. 
Furthermore, this work represents a first step toward conferring 
new catalytic functions on CAII as well as illuminating structure-
function relationships that will facilitate the design of de novo 
metalloproteins with specific catalytic functions.30,31 
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