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Abstract

Some trypsin-like proteases are endowed with Na*-dependent allosteric enhancement of catalytic
activity, but this important mechanism has been difficult to engineer in other members of the family.
Replacement of nineteen amino acids in Streptomyces griseus trypsin targeting the active site and
the Na* binding site were found necessary to generate efficient Na* activation. Remarkably, this
property was linked to the acquisition of a new substrate selectivity profile similar to that of factor
Xa, a Na*-activated protease involved in blood coagulation. The X-ray crystal structure of the mutant
trypsin solved to 1.05 A resolution defines the engineered Na™ site and active site loops in
unprecedented detail. The results demonstrate that trypsin can be engineered into an efficient
allosteric protease and that Na* activation is interwoven with substrate selectivity in the trypsin

scaffold.
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Introduction

Serine proteases of the S1 family are responsible for critical physiological functions such as
digestion, salt homeostasis, fibrinolysis, immunity, fertilization, development, and blood
coagulation 12 of these, several members of the complement system and blood coagulation
cascade belong to the large family of monovalent cation activated enzymes 34 and their
catalytic activity is enhanced by Na* binding in an allosteric manner °. A remarkable
dichotomy in the distribution of residue 225 (chymotrypsinogen numbering) acts as a predictor
of allosteric behavior 2 6; 7. Serine proteases of the S1 family carry either Pro or Tyr at this
position with very few outliers 5, 6, Dichotomous codon choice at residue 225 is noteworthy
because the amino acid codons of Pro and Tyr do not interconvert by a single nucleotide
substitution.

Composition of residue 225 impacts the architecture of the primary specificity pocket of
trypsin-like proteases. Pro is found in nearly all digestive and degradative proteases, but Tyr
is found in proteases of the complement system and blood coagulation 5,6 presence of Pro-225
restricts the carbonyl O atom of residue 224, one Na* ligand 89 to point toward the
carboxylate of Asp-189. The ensuing H-bond stabilizes the side chain of Asp-189 to define the
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bottom of a cavity connecting the primary specificity pocket to the active site 10 1n contrast,
Na*-activated proteases carry a Tyr (or Phe) residue at position 225 relieving the constraint on
the carbonyl O atom of residue 224 and enabling direct coordination of Na*> 910, The H-
bond between that carbonyl O atom and the carboxylate of Asp-189 in Pro-225 bearing
proteases is replaced by an intervening water molecule connecting the bound Na* to Asp-189.
Stabilization of Asp-189 becomes a function of the Ii%ation state of the Na* site and generates
a powerful mechanism controlling substrate binding ?: 1,1

Mutagenesis of Y225P thrombin, factor Xa, factor Vlla and activated protein C abrogates
Na* binding % 13: 14 15 byt the reverse substitution P225Y in proteases devoid of Na*
binding is not sufficient to enable Na* activation 16; 17, Engineering allostery 18,19 and
documenting its structural signatures 20; 21522 ap¢ currently topics of substantial general
interest. Because the majority of serine proteases are devoid of Na*-dependent allosteric
regulation 5,6 studies aimed at introducing this property in the trypsin scaffold are both timely
and important.

Results & Discussion

Preliminary attempts to en%ineer Na*-dependent allostery into the trypsin scaffold illustrate
the complexity of this task 7, Streptomyces griseus trypsin (SGT) was recently converted into
a Na*-activated protease by swapping the 170-, 186- and 220- loops with those of clotting
factor Xa (FXa) 17, Unfortunately, the resulting mutant SGT (FX170) was a poorly active
protease (activity <1% compared to wild-type) and structural insight could not be garnered on
the spatial architecture of the engineered loops. Inclusion of five amino acid substitutions to
introduce the entire 99-loop of FXa into FX170 produces a construct, FX99, dramatically more
active than FX170 carrying a total of nineteen replacements and the entire structural
determinants for Na* binding and recognition of the S1-S3 positions of substrate found in FXa.
Selective activation of FX99 by Na* (Figure 1A) brings the ket/Ky, for hydrolysis of H-o-Arg-
Gly-Arg-p-nitroanilide within 6% of that of wild-type SGT with a significant (>50-fold)
improvement relative to the Na*-activated mutant of SGT, FX170 17, Affinity of FX99 for
Na* (K§:6'1i0'1 M™1) is almost 2-fold higher than that of FX170 17 and comparable to that
of FXa 23, Activity toward chromogenic substrates carrying substitutions at the P1, P2 and P3
positions 24 s significantly higher than that of FX170 and is at least as high as that of FXa
(Figure 1B). The gain in activity comes with a small but noteworthy gain in selectivity. FXa
differs from SGT in the ability to discriminate residues at the P1-P3 positions of substrate.
Both proteases prefer H-o-Arg vs. H-o-Phe at the P3 position and Arg vs. Lys at the P1 position,
though FXa shows >10-fold better discrimination. Furthermore, the Pro vs. Gly preference at
the P2 position in SGT is reversed in FXa (Figure 2). Comparison of FX170 with FX99 reveals
a resemblance of the former construct with SGT and of the latter construct with FXa (Figure
2). FX99 has successfully captured Na* activation, high activity and substrate selectivity of
FXa in the SGT scaffold.

Spatial arrangement of the substituted loops is clearly illustrated by the X-ray crystal structure
of FX99 solved at 1.05 A resolution in the presence of Na* and the active site inhibitor
benzamidine. Although crystallization conditions and cell dimensions are similar to those
reported for wild-type and mutants of SGT 17525726 the structure of FX99 bears two
molecules in the asymmetric unit with a space group of P2;21 24 that are nearly identical (rmsd
0.221 A). As expected from its kinetic properties, FX99 structurally resembles FXa in
substituted regions (Figure 3A). A notable exception is the conformation of the engineered 99-
loop, where relative positions of Glu-97 and Tyr-99 are flipped compared to FXa (Figure 3B).
As a result, hydrophobicity of the quaternary amine site in FXa 27 is reduced and may explain
why FX99 lacks inhibition by choline or tetramethylammonium salts like FXa (data not
shown). However, this structural alteration does not impact the Gly vs. Pro preference at the
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P2 position of substrate, which is the same for both FX99 and FXa (Figure 2). Architecture of
the active site and primary specificity pocket reveals the basis of the high catalytic activity of
FX99. Catalytic triad, oxyanion hole, substrate recognition strand involving residues 214-216,
and Asp-189 at the base of the S1 pocket are structurally identical to wild-type SGT and FXa.

Successful engineering of an allosteric Na* site is directly demonstrated by the bound cation,
which is engaged in octahedral coordination by four carbonyl O atoms from the polypeptide
backbone donated by Tyr-185, Asp-185a, Arg-222, and Lys-224, and two buried water
molecules (Figure 3C). The coordination shell is identical to that of FXa 28 and conflrms the
differing contribution of protein backbone to Na* binding between FXa and thrombin 2

29, Geometry of the Na* site of FX99 is notable in view of its atomic resolution, WhICh is
unmatched in the current structural database of monovalent cation binding sites in proteins 3,
The six Na*-O distances in the octahedral coordination shell are close to the ideal value of 2.46
A 4:30; 31 \which translates into an expected valence of 1.00 at the Na* peak 31; 32; 33,
Values of the valence at the assigned Na* peaks in the two molecules of the asymmetric unit
are 1.01 and 1.02. The carbonyl O atom of Lys-224 is correctly oriented to bind Na*, as
expected for proteases carrying Tyr-225 5,10 The critical change in the coordmatlon shell is
brought about by replacement of the entire environment around the Na* site provided by the
186- and 220- loops. Incidentally, these are the same loops altered in the conversion of the
primary selectivity of trypsin to chymotrypsin 34; 35; 36, Orientation of the carbonyl O atom
of residue 224 is a critical determinant of Na* binding in trypsin-like proteases . Additional
changes outside the coordination shell enable Na*-dependent activation in trypsin. Rotation of
the carbonyl O atom of residue 224 induced by Tyr-225 has long-range impact on catalytic
activity of the enzyme through a network of buried water molecules connecting the primary
specificity site to the 170-loop and the 214-216 B-strand responsible for substrate recognition.

High resolution structures of FXa 28 and FX99 present an identical constellation of buried
water molecules, which is brokered by replacement of critical loops in SGT with those of FXa
(Figure 4). The network of water molecules overlays the position of Tyr-172 in SGT and other
digestive trypsins and illustrates the importance of the side-chain of this residue towards
specificity and activity 34; 35,36, previous work highlighted the flexibility of the 170-loo
when similar active site mutations were introduced into bovine or rat trypsin 37; 38; 39; 40;

4 1n particular, the crystal structure of one active site mutant in the presence of benzamidine
presented the engineered Phe-174 side-chain buried in the position of the water network. In
turn, the intermediate helix at the base of the 170-loop adopts an unnatural conformation and
the S, pocket is not suitable for substrate discrimination 20 The structure of FX99 similarly
contains benzamidine, yet the 170-loop and intermediate helix is correctly oriented as observed
in FXa. Na*-dependent allostery therefore imparts an organizing influence on the extended
substrate binding site, including the intermediate helix, through water mediated interactions.
Both structural and kinetic analyses demonstrate that replacement of active site and Na* site
introduce Na*-binding, allosteric activation, high activity and substrate selectivity of FXa in
SGT.

Previous engineering studies on t_/ypsm like proteases have shown that active site mutations
fail to alter substrate select|V|ty 38; 39; 40; 41 Results from the FX99 mutant of SGT
demonstrate that, when mutations in the 99-loop are combined with those necessary to generate
aNa*-activated protease, the resulting construct acquires both Na* activation and new substrate
specificity profile. Linkage therefore exists among different protein domains participating in
substrate recognition, allosteric regulation and catalytic activity, and explains the difficulties
encountered when engineering new properties in the trypsin scaffold utilizing only “local”
substitutions. Recent spectroscopic studies of thrombin demonstrate that Na* binding
influences the structure of the enzyme globally 42 ReC|prOC|ty of linkage demands many
functions of the protease to be influenced by Na* binding 43 Not surprisingly, then, engineered
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Na* activation in the trypsin scaffold is interwoven with high catalytic activity and also
substrate selectivity. A new paradigm is therefore defined whereby monovalent cation
dependent activation and allostery are critical ingredients in the general strategy to engineer
catalytic properties in enzymes.

Materials & Methods

Recombinant Protein Production, Purification and Characterization

The FX99 mutant was constructed using nineteen replacements in wild-type SGT with residues
present in FXa, i.e., N95T/G96K/T97E/+T98/+Y99 in the 99-loop (+ = insertion), A171S/
Y172S/G173S/N174F/E1751/E180M in the 170-loop, AP185/G186K/G187Q/V188E (A =
deletion) in the 186-loop and Y217E/P222K/Y224K/P225Y in the 220-loop. This construct
corresponds to the Na*-activated mutant of SGT reported previously 17 Ex170, with five
additional substitutions in the 99-loop. The FX99 construct was expressed as soluble, active
form in B. subtilis and secreted directly into the extracellular environment by recombinant
bacteria. Yields were 20-fold lower than typically observed with wild-type SGT 25, yet
sufficient for purification to homogeneity followed by kinetic and structural analyses. Protein
purity was >98% by active site titration using PPACK. Oligopeptide chromogenic peptides
used for kinetic analysis were synthesized by Midwest Biotech.

Crystallization

Hanging-drop crystallization was used to prepare diffraction quality crystals of the FX99
mutant of SGT. Protein (1.5 pL of 8 mg/mL in 10 mM calcium acetate, 50 mM NaCl, 10 mM
benzamidine, pH 6.0) was mixed with an equal volume of reservoir buffer containing 1.6 M
ammonium sulphate. Diffraction quality crystals appeared within three days at 25 °C. Crystals
were soaked briefly in artificial mother liquor containing 20% glycerol and flash frozen in
liquid nitrogen prior to data collection. X-ray diffraction data were recorded on an ADSC
Quantum 315 CCD at Beamline 14-BM-C at BIOCARS (Argonne, IL). Two passes were made
at the same wavelength; the first pass was 200° with steps of 1° processed to 1.6 A resolution,
and the second pass was 200° with steps of 0.5° processed to 1.05 A resolution. Integration
and scaling of diffraction data were carried out with HKL-2000 44 The structure of FX99 was
solved by molecular replacement using the CCP4 suite 45 Initial positional and isotropic
temperature factor refinement was done in REFMAC 46, Alternating cycles of anisotropic
temperature factor refinement with SHELXL 47 and model-building with COOT 48 \were
performed until the final model was produced. Statistics of the final model are summarized in
Table 1. Valence of the two Na* ions was calculated from the distances of nearest bonding
partners as described previously 30, The six interaction distances yield valence values of 1.01
and 1.02 for the two coordinated Na* ions near the expected value of 1.00.

Accession Numbers

Atomic coordinates and structure factors have been deposited in the Protein Data Bank (PDB
ID 3BEU).
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Abbreviations used

RGR, H->-Arg-Gly-Arg-p-nitroanilide; FPR, H-0-Phe-Pro-Arg-p-nitroanilide; RPR, H-0-Arg-
Pro-Arg-p-nitroanilide; FGR, H-o-Phe-Gly-Arg-p-nitroanilide; FPK, H-o-Phe-Pro-Lys-p-
nitroanilide; PPACK, H-o-Phe-Pro-Arg-CHCI.
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Figure 1.
(A) Monovalent cation specificity profile of FX99 reveals the specific Na* effect on the
hydrolysis of the chromogenic substrate RGR. Values of s=k.;/Kn, in the presence of 200 mM
salt as indicated are expressed relative to the value measured in the presence of 200 mM choline
(Ch) chloride. (B) Na* activation of FX99 (m) improves the value of s=k¢4/K, for the
hydrolysis of RGR. Even in the absence of Na*, FX99 is more active than the Na*-activated
mutant of SGT (o), FX170, reported previously 17 Continuous lines were drawn using the
_ So + SlKA[NaJrJ

linkage equation I+ K,[Na*] 9;11 where sy ands; are the values of s at [Na*]=0 and
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[Na*]=o0, and K is the apparent Na* affinity, with best-fit parameter values: (m) Ko=6.1+0.1
M1, 55=0.19+0.01 uM 1571 and $7=3.020.1 pM~1s7L; (0) Kp=3.6+0.3 M1, 55=0.0036
+0.0002 pM 1571 and 51=0.073+0.003 uM1s~1. Experimental conditions are: 25 mM Tris,
10 mM CaCly, 0.1 % PEG 8000, pH 8.0 at 25 ° C.
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Figure 2.

Substrate selectivity profile of SGT and its mutants FX170 and FX99, compared to that of FXa.
The bottom panel shows the values of s=k¢4/Kp, for the hydrolysis of FPR (black bar), RPR
(white bar), FGR (gray bar) and FPK (hatched bar) under experimental conditions of 25 mM
Tris, 200 mM NaCl, 10 mM CaCls, 0.1 % PEG 8000, pH 8.0 at 25 °C. The top panel illustrates
the relative specificity of RPR, FGR and FPK compared to the reference substrate FPR, and
directly shows the H-o-Phe vs. H-o-Arg preference at P3 (black bar), the Pro vs. Gly preference
at P2 (white bar) and the Arg vs. Lys preference at P1 (gray bar). Note how Na* activation in
FX99 results in a construct as active as FXa, and significantly more active than FX170 (bottom
panel). Furthermore, FX99 features a substrate selectivity profile almost identical to that of
FXa, as opposed to FX170 that retains the selectivity of wild-type SGT (top panel).
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Figure 3.

(A) Surface representation the FX99 mutant. Mutagenesis of the 99- (wheat), 170- (yellow),
186- (blue), and 220- (red) loops remodels the active site to more closely resemble that of FXa
(shown on the right) than the wild-type scaffold (on left). (B) The 99-loop in the FX99 mutant
of SGT (shown in yellow) is flipped relative to FXa (shown in white, PDB 1D 2BOK). Weaker
electron density for this region suggests flexibility of the loop. However, the polypeptide
backbone and majority of side chains can be traced in the electron density (shown is the 2Fq-
F. map contoured at 2.0 6). (C) Excellent quality diffraction data (see also Table 1) resolves
the bound Na* in FX99 and reveals an identical geometry to that observed in FXa. Na*
coordination is mediated by four carbonyl O atoms from Tyr-185, Asp-185a, Arg-222, and
Lys-224 and two buried water molecules (present at full occupancy with B-factors of 16.54
A2 and 30.56 A2 in molecule A, 19.31 A2 and 30.56 A2 in molecule B). The electron density
2Fq-F¢: map is contoured at 1.75 . Na* ions are present at full occupancy with temperature
factors of 17.54 A2 and 20.47 AZ in molecules A and B, respectively.
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Figure 4.

The 170-loop defines the extended substrate binding site in trypsin-like proteases and is
identical in the FX99 trypsin mutant (shown in yellow) to that in FXa (shown in white, PDB
ID 2BOK). Three buried water molecules (red spheres = FXa, blue spheres = FX99) underneath
the substrate recognition ®-strand link the Na*-site to the active site via Glu-217 and the 170-
loop through Ser-171 (Na* shown in purple spheres). Such an H-bonding pattern is not satisfied
if the carbonyl O atom of Lys-224 is not displaced downward as in Tyr-224 of wild-type SGT
(shown in green). In wild-type SGT and many other digestive trypsins, the side chain of Tyr-172
occupies the identical position to the buried water network to place the OH atom in the exact
position of one of the three water molecules.
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Table 1
Crystallographic data for FX99 (PDB ID 3BEU). Values for the highest resolution shell are noted in parentheses.

Data collection:

Wavelength (A) 0.9
Z Space Group P2,2,2,
T Unit cell dimension (A) a=41.79, b=72.43, ¢=122.49
_'U 0=90.0°, =90.0°, y=90.0°
> Molecules/asymmetric unit 2
Resolution range (A) 50.0-1.05
> Observations 1509645
= Unique observations 173357
=5 Completeness (%) 99.6 (94.5)
S o 258 (30
(o] . B
<
Q Refinement:
g Resolution (A) 10.0-1.05
@ IFi(F) >0
0 Rerystr Riree 0.119, 0.146
S Reflections (working/test) 164162/8643
— Protein atoms 3345
Solvent molecules 605
Rmsd bond lengths® (&) 0.016
Rmsd angles (°)2 24
Rmsd AB (A9 gmm/ms/ss)b 17/26/52
<B> protein (AZ) 14.04
<B> solvent (A?) 28.62
Ramachandran plot:
= Most favored (%) 90.6
= Generously allowed (%) 9.4
II Disallowed (%) 0.0
>
> aRoot—mean—squared deviation (Rmsd) from ideal bond lengths and angles and Rmsd in B-factors of bonded atoms.
=
'-:r" bmm, main chain-main chain; ms, main chain-side chain; ss, side chain-side chain.
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