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The amino acids aspartic acid-102, histidine-57, and serine-
195 in serine proteases constitute the catalytic triad. Disruption
of this catalytic-site triad inactivates these enzymes. We have
engineered loops containing histidine residues into trypsin, an
archetypal serine protease, so that successful chelation of a metal
ion at submicromolar concentrations reversibly inhibits pro-
teolytic activity by involving the catalytic histidine in the metal
complex. These engineered metal binding sites permit facile,
reversible regulation of the activity of a target protease.
Analysis of the efficiency of metal-dependent regulation on
enzyme activity allows rapid evaluation of the properties of the
designed metal—protein sites. In addition, the variant enzymes
provide insight regarding the role these sites may play in a class
of naturally-occurring metal-regulated serine proteases, the
kallikreins.!

While trypsin activity is not sensitive to low concentrations
of metal ions,? the existence of metal-binding signature se-
quences in the related family of kallikreins suggests that loops
containing these sites near the active site are responsible for
their metal-dependent activity. In our study, rat anionic trypsin
was used as a scaffold to test the metal-binding properties of
the histidine-containing kallikrein loops. Metal preference at
these sites was explored by variation of the loop size. Amino
acid substitutions were designed through computer modeling
using the program Insight II (Biosym Technologies, San Diego,
CA) in combination with the X-ray crystal structures of rat
trypsin® and the tonin—zinc(Il) complex.* Tonin, a kallikrein
homologous to trypsin, had previously been crystallized com-
plexed to zinc(IT) in an inactive conformation. The structure
suggests that the inactive conformation results from rotation of
His57 to form the metal chelate, as shown in Figure I.
Sequences of the trypsin variants examined are indicated in
Table 1, and were expressed in the methylotrophic yeast Pichia
pastoris.” (see supporting information for details.) K; deter-
minations of these metal-dependent enzymes in the presence
of various metal ions were made, and these results are shown
in Tables 2 and 3. Details of the kinetic experiments are given
in the supporting information.

As suggested by the modeling experiments, the addition of
histidine ligands increases the metal affinity for the designed
site, as indicated by inactivation of the protease without
significantly affecting k../Kn. Each histidine ligand increases
copper(Il) affinities for this site approximately 100-fold. That
this inhibition is not due to more drastic changes in the protein
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Figure 1. Modeled structure of the trypsin variants TnTol, TnTo2,
and TnTo2Q displayed by Insight II (Biosym Technologies, San Diego,
CA). The catalytic residues can be superimposed in the trypsin and
tonin X-ray crystal structures, with the exception of His57. In the active
conformation (red), this residue is in hydrogen-bonding distance with
Aspl02 and Ser195. while in the inactive confrrmation, His57 (yellow)
participates in the metal (blue) complex with His97 and His99. The
fourth metal site may be either a water or a buffer molecule. The surface
loops added to form the TnTo2 and TnTo2Q variants are represented
by the solid tube (loop 95A-K).

was shown through the reversibility of this process: EDTA
added to the variant—copper(Il) complex fully restores activity
(data not shown). This enhancement in metal affinity provides
a significant improvement over previous work® in the ability to
regulate proteases with metals. The metal site with three ligands
enables tighter regulation of the activity of trypsin than a mutant
having two ligands and demonstrates that we can create a high-
affinity site in a protease.

We also explored the metal preferences of these variants.
These results are presented in Table 3. While all the variants
examined were inhibited to the greatest extent by copper(Il),
the preference for other metal ions differed markedly. It appears
that metal-binding to the TnTol site is more sensitive to metal—
ligand geometry: Metal—ligand angles of 90° (Ni** and Co?")
are disfavored by this variant, while wider angles (Cu?* and
Zn>*) are more easily obtained.

Since the metal site is so sensitive to geometry, we explored
the effect of flexibility at this site by adding a loop to yield
TnTo2 and TnTo2Q. The TnTo2 loop is identical to the tonin
surface loop containing the chelating histidine residues, while
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