
The determination of active site protonation states is critical for a full
mechanistic understanding of enzymatic transformations; however,
hydrogen atom positions are challenging to extract using the standard
tools of structural biology.

Here we make use of an integrated approach using high-magnetic-field
solid-state NMR, X-ray crystallography, and first-principles computation
that enables the investigation of enzyme catalysis at a fine level of
chemical detail. The X-ray crystal structure provides a coarse framework
upon which models of the active site are built using first-principles
computational chemistry and various active site chemistries are
explored. These competing computed models are differentiated based
on their agreement with experimental chemical shift restraints measured
at multiple magnetic fields of 9.4T, 14.1T, 21.1T, and 35.2T – the latter
being uniquely available at the MagLab.

A detailed three-dimensional picture of structure and reactivity emerges,
highlighting the fate of the substrate L-serine hydroxyl leaving group and
the reaction pathway back to the preceding transition state. Subsequent
characterization of the complex with the inhibitor benzimidazole shows it
bound in the active site and poised for, but unable to initiate, the
subsequent bond formation step. The chemically-rich structure from this
NMR-assisted crystallography is key to understanding why this inhibitor
does not react, while the natural substrate indole does.
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Top: The protein tryptophan
synthase showing the active
site (red) with hydrogen
atoms.

Left: The chemically-
detailed view of the
tryptophan synthase active
site showing the position of
hydrogen atoms (colored
white), including anisotropic
displacement parameters .
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