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Cooperative Catalytic Networks: The Chemistry of Enzymes Relies on

Romas Kazlauskas, Professor, University of Minnesota

Physical Steps

1. Enantioselectivity Stems from a Physical Step — Binding

My research group has long studied how the a/B-hydrolase fold achieves selectivity and catalytic efficiency. In the
early 1990s, we established an empirical rule predicting which enantiomer of a secondary alcohol reacts faster with
lipases and esterases.™ The rule, based on the relative sizes of substituents at the stereocenter, correctly predicted
enantiopreference for the vast majority of substrates across multiple lipases. X-ray crystallography later provided a
structural explanation: the alcohol-binding site contains a large and a medium pocket, and the fast-reacting enantiomer
places its large substituent in the large pocket.” This work established that the binding of the substrate, a physical step,
governs enzyme enantioselectivity.

2. Does Catalytic Promiscuity Also Stem from Physical Steps?

Catalytic promiscuity—the ability of a single enzyme to catalyze mechanistically distinct reac-tions—is widespread in
the a/B-hydrolase family.” For example, some esterases also catalyze C-C bond cleavage, albeit inefficiently. Using
ancestral sequence reconstruction, we resurrected en-zymes at the evolutionary junction between esterases and
hydroxynitrile lyases (HNLs) and found that these ancestors showed enhanced promiscuity.” Because both reaction
types use the same catalytic triad (Ser-His-Asp), these results raised a deeper question: what else must change to con-
vert the modest promiscuous esterase activity of a HNL into efficient catalysis? The answer, as pre-sented in this talk,
lies in the cooperative catalytic network—the full set of residues, both chemical and physical, required for efficient
catalysis.

3. Chemically and Physically Essential Residues

Bioinformatic analysis reliably identifies chemically essential residues—those that participate in bond-making and bond-
breaking. However, catalysis involves multiple serial steps: substrate bind-ing, chemical transformation, and product
release. We propose that efficient catalysis requires a cooperative catalytic network comprising two classes of residues.
The chemically essential residues perform the chemistry. The physically essential residues create the conditions under
which chem-istry can occur: they bury the active site, preorganize catalytic geometry, and control substrate ac-cess and
product release. Neither class is sufficient alone.

The a/B-hydrolase fold offers an ideal system in which to test this hypothesis. HNLs and esteras-es share the same fold
and catalytic triad (Ser-His-Asp), yet catalyze fundamentally different reac-tions: C-C bond cleavage with release of HCN
versus ester hydrolysis. Because the chemically es-sential residues—the triad and the oxyanion hole—are already
present in both enzyme types, comparing an HNL with an esterase isolates the contribution of the physically essential
residues.

4. Converting a HNL into an Esterase

Using an ancestral HNL (HNL1) as starting point, we found that replacing all active-site residues (within 7 A) with those
of a homologous esterase did not improve kcat. Active-site identity alone is not enough.®® Using activity-weighted
sequence comparison across enzymes with measured es-terase activities, we identified 15 first- and second-shell
substitutions that increased kcat "60-fold and kcat/KM ~400-fold. All 15 substitutions are essential: removing any one
substantially reduces activity.
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5. Three Coordinated Structural Changes

Comparing the X-ray structures of HNL1 and HNL1-15 revealed three categories of structural change addressing
distinct catalytic steps.(1) Restoration of the oxyanion hole stabilizes the tetra-hedral intermediate.(2) Reshaping the
substrate-binding pocket correctly orients the ester for nu-cleophilic attack.(3) Formation of product-release tunnels
enables departure of the alcohol leaving group and entry of the catalytic water. These structural changes arise from
shifts in main-chain po-sitions and flexibility, as well as changes in side-chain sizes and interactions — many of them far
from the active site — rather than from the substitutions themselves acting directly on the sub-strate.

6. Multi-Step Enzyme Catalysis Creates Cooperativity between Residues

Enzyme catalysis involves a minimum of three steps—substrate binding, chemical transformation, and product release—
and often many more. Any one of these steps can be the slow step that lim-its the overall rate. Optimizing chemistry
has little effect on the overall rate when a physical step limits the rate. All 15 substitutions act cooperatively in HNL1-15
to fix different bottlenecks, and the full rate enhancement emerges only when all are relieved simultaneously.

7. Implications for Enzyme Engineering

We admire the catalytic power of enzymes so much that we focus on the chemical step and ig-nore the supporting
steps. Physical steps orient the substrate correctly; they exclude water from the active site, which requires controlling
substrate access and product release. One reason we have ignored these physically essential residues is that they are
invisible to conservation-based bioinformatic searches — their identity is loosely constrained because many amino acid
combina-tions can fulfill the same physical role. Another reason is that we incorrectly imagine physical steps to be fast,
faster than catalysis. In reality, physical steps can and do limit the speed of catalysis. Ef-fective enzyme design must
target the full catalytic cycle — substrate access, product egress, and conformational dynamics — not just the chemical
transformation.
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