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Ever since its discovery at the University of Penn-
sylvania! and the University of Cambridge? more than
60 years ago, the zinc enzyme carbonic anhydrase has
occupied a prominent position at the frontiers of
biochemistry, medicinal chemistry, and protein engi-
neering. Seven genetically-distinct forms of this en-
zyme (known as isozymes I—VII} have evolved in
numerous tissues and cellular locations, and each
contains a catalytically-obligatory zinc ion.>* This
diversity reflects the ubiquitous biological requirement
for rapid hydration of carbon dioxide to yield bicarbon-
ate ion plus a proton.>™® Although a deceptively
simple reaction, the chemical and structural aspects
of this mechanism have only recently been delineated
for an isozyme found in the red blood cell, carbonic
anhydrase II (CAII) (Figure 1). The three-dimensional
structure of CAII!® has stimulated research probing
the determinants of the substrate association site and
the pathway the product proton traverses through the
enzyme active site. On the basis of phylogenetic
comparisons,>* the substrate and zinc binding sites
are mainly conserved among all catalytic carbonic
anhydrase isozymes found in mammals. However, the
trajectory of catalytic proton transfer to bulk solvent
has diverged during the evolution of the seven
isozymes.

We begin this Account with a brief review of the
CAII mechanism, emphasizing recent developments
(see previous Accounts for additional information®”).
Notably, more X-ray crystallographic and enzymologi-
cal studies have been performed on CAII and its site-
specific variants than any other metalloenzyme, and
these studies uniquely illuminate the molecular de-
tails of catalysis. Importantly, this work provides an
elegant example of how the complementary methods
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of molecular biology and structural biology can be used
to probe the structure, function, and stability of a zinc
binding site in a metalloenzyme. Additionally, these
studies set a useful foundation for understanding the
evolution of carbonic anhydrase into noncatalytic
biological roles, such as signal transduction. For
example, in the nervous system an extracellular, CAII-
like domain of receptor protein tyrosine phosphatase
p binds an axonal cell recognition molecule (contactin)
important for neuronal development and differ-
entiation.!’™!® Intriguingly, the putative zinc binding
site of this domain has partially evolved away from
that found in CAII.

We then review recent progress in the “directed
evolution”—i.e., the structure-based redesign—of the
CAII zinc binding site, following Nature’s example. We
describe novel structural determinants of protein—
metal affinity and the chemical reactivity of zinc-
bound solvent. Not only does this work represent the
first molecular dissection of structure—function rela-
tionships in a protein—zinc binding site (and therefore
serves as a paradigm for the design of de novo metal
sites in other proteins), it also sets the foundation for
the development and optimization of CAII as a metal
ion biosensor. Remarkably, this ubiquitous metallo-
protein can be engineered and exploited as a sensitive
tool for analytical chemistry and biotechnology.
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ics simulations that point to the hydrophobic pocket
as a substrate association site.?4726  Experimental
evidence supporting the catalytic role of the hydro-
phobic pocket comes from a variety of spectroscopic
studies,?”?® including Fourier transform infrared spec-
troscopy.??2% The shift of the asymmetric stretching
vibration of CO; to a lower wavenumber upon associa-
tion with CAII is consistent with the transfer of CO,
from aqueous solution to a hydrophobic environment.
These experiments also indicate that the affinity of
CAII for CO; is low (~0.1 M), as required by the high
turnover number of the enzyme which necessitates a
rapid product dissociation rate constant. Finally,
although the precatalytic enzyme—substrate complex
is too short-lived to be observed by traditional X-ray
crystallographic methods, the structure of the only
known competitive inhibitor of CAll-catalyzed CO;
hydration, phenol,*®® has been solved in complex with
the enzyme:?! phenol binds in the hydrophobic pocket
and makes van der Waals contacts with Val-121, Val-
143, Leu-198, and Trp-209 while its hydroxyl group
hydrogen bonds with zinc-bound hydroxide (Figure 2).
Since a competitive inhibitor must bind in the same
location as the substrate, CO, must therefore bind in
the hydrophobic pocket prior to catalysis. Impor-
tantly, CO; binding does not displace zinc-bound
hydroxide, although long-range (i.e., >3 A) weakly-
polar interactions with zinc may Contrlbute to sub-
strate orientation.

Product bicarbonate ion is formed by the nucleo-
philic attack of zinc-bound hydroxide at CO, im-
mobilized in the hydrophobic pocket, and the binding
mode of bicarbonate ion to zinc has been the subject
of some controversy. Central to this controversy is the
possible role of Thr-199 as a “doorkeeper”.3273% That
is to say, the side chain hydroxyl group of this residue
is proposed to allow only anions capable of donating
a hydrogen bond to Thr-199 access to zinc binding.
X-ray crystallographic structures of Co?-substituted
and Thr-199 — Ala CAlls in complex with bicarbonate
are consistent with this interpretation.’>3® However,
the binding of azide anion, a competitive inhibitor of
bicarbonate dehydration, demonstrates that Thr-199
is not a doorkeeper all the time:®"38 azide anion binds
to zinc but does not hydrogen bond with Thr-199.
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trated in Figure 1. Although such an interaction does
not contribute to enzyme-product affinity, it is never-
theless likely to contribute to efficient catalysis by
facilitating rapid product dissociation. Consistent
with this interpretation are studies of Thr-199 vari-
ants showing that deletion of the Thr-199 hydroxyl
group stabilizes bicarbonate binding?®*° and alters the
structure of the bound bicarbonate ion.*® Therefore,
the Thr-199 side chain promotes maximum catalytic
efficiency by destabilizing the product complex to
provide for rapid dissociation and by selecting for a
catalytically competent bicarbonate—zinc complex (Fig-
ure 1). Thus, it is clear that the zinc binding site and
its environment have evolved for optimal catalytic
activity.

Following bicarbonate dissociation is the rate-
determining step of proton transfer to regenerate the
active catalyst, zinc-bound hydroxide (Figure 1).579
The product proton is not transferred from zinc-bound
water directly to bulk solvent; instead, it is first
transferred to an intermediate “shuttle” residue, and
then transferred to bulk solvent. Because of its
greater exposure to solvent, the shuttle residue can
more efficiently transfer a proton to a variety of
acceptors with pK, values higher than that of water.”
Interestingly, the proton transfer pathway has diver-
gently evolved among the carbonic anhydrase isozymes.
In isozyme II, His-64 is the catalytic proton shuttle,*-4?
and it exhibits significant conformational mobility
which accompanies its function.*3=%® This residue is
too far from zinc-bound solvent to allow for direct
proton transfer; instead, proton transfer is achieved
across two intervening, hydrogen-bonded solvent mol-
ecules in the native enzyme (Figure 3). Isozymes IV,
VI, and VII also contain His-64, which may similarly
function as a proton shuttle (isozyme I contains His-
64, but His-200 is the major proton shuttle group in
this isozyme?*® ). However, isozyme III contains Lys-
64, and the main proton transfer pathway is direct
transfer to bulk solvent.*” Intriguingly, isozyme V
contains Tyr-64, which plays no major role in proton
transfer*® due in part to steric effects arising from the
bulky adjacent side chain of Phe-65.4° The three-
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