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ABSTRACT: Results of the inhibition otx-lytic proteinase by two standard mechanism serine proteinase
inhibitors, turkey ovomucoid third domain (OMTKY3) and eglin C, and many of their variants are presented.
Despite similarities, including an identical Residue (Leu) in their primary contact regions, OMTKY3
and eglin C have vastly different association equilibrium constants towdytic proteinase, withK,
values of 1.8x 10° and 1.2x 10° M~%, respectively. Although 12 of the 13 serine proteinases tested in
our laboratory for inhibition by OMTKY3 and eglin C are more strongly inhibited by the latter, the million-
fold difference observed here witklytic proteinase is the largest we have seen. The million-fold stronger
inhibition by eglin C is retained when th€, values of the PGly, Ala, Ser, and lle variants of OMTKY3

and eglin C are compared. Despite the small size of theo8ket ino-lytic proteinase, interscaffolding
additivity for OMTKY3 and eglin C holds well for the four;Residues tested here. To better understand
this difference, we measurd(, values for other OMTKY3 variants, including some that had residues
elsewhere in their contact region that corresponded to those of eglin C. Assuming intrascaffolding additivity
and using theK, values obtained for OMTKY3 variants, we designed an OMTKY3-based inhibitor of
o-lytic proteinase that was predicted to inhibit 20000-fold more strongly than wild-type OMTKY3. This
variant (KFBA/PYME/LBA/R?IT/ND OMTKY3) was prepared, and it&, value was measured against
o-lytic proteinase. The measuréd value was in excellent agreement with the predicted one %110’

and 2.0x 10’ M1, respectively). Computational protein docking results are consistent with the view that
the backbone conformation of eglin C is not significantly altered in the complexowittic proteinase.

They also show that the strong binding for eglin C correlates well with more favorable atomic contact
energy and desolvation energy contributions as compared to OMTKY 3.

Standard mechanism inhibitors bind to their cognate serine graphic structure of ovomucoid third domain from turkey in
proteinases like a substrate except for being hydrolyzed complex with five enzymes, SGPBCHYM, HLE, CARL,
extremely slowly 1). At present, 18 families of standard and PPE, has been determin&d-9; M. N. G. James and
mechanism serine proteinase inhibitors are kno2)nThe M. Laskowski, Jr., unpublished results). X-ray structure
three-dimensional structure of at least one representative ofdeterminations have provided us with a consensus set of 12
16 of the 18 families has been determined. They all have ainhibitor residues that contact the enzyme in the inhibitor
canonical conformation in the reactive site binding l108p (  enzyme complex (see Figure 1). Two of these, a Cys at posi-
and they generally exhibit a high degree of superposition of tion 16 (B) and an Asn at position 33 {§), are structural

all of the backbone atoms fromz o Ps' in this region 4, and are nearly unvaried in Kazal inhibitors. In developing a
5). Other parts of the structures of these inhibitor families sequence-to-reactivity algorithm, our laboratory has mutated
are very different. all contact positions, except these two, to the other 19 amino

We have focused our studies on the Kazal family of stand- acid residues1(0, 11). This provided us with a set of 190
ard mechanism serine proteinase inhibitors, more specifically single-change variants in addition to wild-type OMTKY3.
on a subset of this family, namely, the third domain of an Measurements of association equilibrium constants of all of
avian egg white protein, ovomucoid. The X-ray crystallo- these variants with our six selected enzymes produced a
complete database of specificity variation at 10 of the 12
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OMTKY 3 VDCSEYPKPACTLEYRPLCGSDNKTYGNKCNFCNAVVESNGTLTLSHFGKC
OMGUI3 VDCSEYPKPACTMEYRPLCGSDNKTYDNKCNFCNAVVESNGTLTLSHFGKC
OMHPA3 VDCSEYPKPACTMEYRPLCGSDNKTYGNKCDFCNAVVESNGTLTLNHFGKC
OMLKD3 VDCSDYPKPACTMEYMPLCGSDNKTY GNKCNFCNAVVDSNGTLTLSHFGKC
OMCNG3 VDCSDYPKPACTVEYMPLCGSDNKTYGNKCNFCNAVVDSNGTLTLSHFGKC

Eglin ¢ TEFGSELKSFPEVVGKTVDQAREYFTLHYPQYDVYFLPEGSPVTLDLRYNRVEVFYNPGTHNVVNHVPHVG

Ficure 1: (A) Amino acid sequences of the five avian ovomucoid third domains and eglin C. The sequence of eglin C is aligned with
respect to its reactive site binding loop only (residugsi®’). Consensus contact residues are colored red. For avian ovomucoid third
domains, changes from the OMTKY3 sequence are highlighted in yellow. The reactive site residue is denoted with an arrow. (B) Covalent
structures of turkey ovomucoid third domain, OMTKY 3 (left) and eglin C (right). The recombinant OMTKY 3 variants Wheakies are

utilized in this paper start at residue 6. The four NErminal residues in eglin C markeg4 to —1 are a result of recombinant DNA
operations18). The arrows indicate the reactive site peptide bonds, which serve as origins of the Schechter an@8d?geP{ notation.

In each inhibitor, the consensus sets of residues that come in contact with the cognate enzyme are colored red. The disulfide linkages are
represented as thick lines between cysteines. There are no disulfide bridges in eglin C.

the binding constant of any Kazal inhibitor against all of teinases more strongly than OMTKY 3, we also tried eglin C
our six selected enzymes. This is the basis of our sequenceas an inhibitor ofo-lytic proteinase. The switch to eglin C
to-reactivity algorithm €0, 11). With only a few restrictions, as an inhibitor proved to be highly successful. Here, we
it holds very well (L0, 12). Our set of 190 variants is an  describe our results for the inhibition oflytic proteinase
ideal set for determining the complete specificity profile of by OMTKY3, eglin C, and a number of their variants. The
hitherto uninvestigated serine proteinases, providing only thatresults of this study also enabled us to design an OMTKY 3-
they can be inhibited by OMTKY3 and its variants. based inhibitor that is a 2Qtimes more powerful as an
a-Lytic proteinase is a serine proteinase that is secretedinhibitor than wild-type OMTKY3. Models of thex-lytic
extracellularly by the soil bacteriurhysobacter enzymo-  proteinase complexes with OMTKY3 and with eglin C were
genes X-ray crystallographic structures have been deter- also compared using a computational protginotein dock-
mined for this enzyme alond @), in complex with peptide  ing procedure, and a potentially useful working model of
boronic acid inhibitors14, 15), and in complex with its pro-  the eglin C complex was obtained.
peptide region16) and a number of mutants in which the
primary specificity pocket is potentially affectetiq). Such EXPERIMENTAL PROCEDURES
structural studies together with measurements of the kinetic  Expression of OMTKY3 and Eglin C Varian@MTKY3
parameters ofi-lytic proteinase with substrates differing in  variants were expressed Escherichia colias a fusion pro-
P. residues provide a molecular basis for interpreting the tein with the modified B domain (Z domain) of protein A.
role of the primary specificity pocket (Bin this enzyme.  The procedure has been described in detail previodsly (
However, little is known about the inhibition of this enzyme Briefly, the transformed cells were grown ix¥ T medium
by protein inhibitors or about the specificity due to sites other for 24 h at 3¢°C. The cells were collected by centrifugation
than S. and subjected to osmotic shock to release the expressed
Our initial inhibition studies ofo-lytic proteinase with protein in solution from periplasmic space. The supernatant
wild-type OMTKY3 ended in disappointment when OMT- was passed through an affinity column of IgG-Sepharose,
KY3 proved to be so weak as an inhibitor that the association and bound protein was released by washing with pH 3.3
equilibrium constant was barely measurable. Because previ-buffer. The fusion protein contains two potential cleavage
ous studies from our laborator§®) have shown that eglin  sites: one specific for the Glu-specific enzyr8taphylo-
C (a potato family I inhibitor) generally inhibits serine pro- coccus aureusgrotease V8 and the other for cyanogen
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bromide. With the exception of inhibitor variants that have emission wavelengths of 370 and 440 nm, respectively, were
an internal Cys or Met residue, the cleavage method of choiceused. TheK, values were obtained by fitting the data to a
in our laboratory is cyanogen bromide. Both of the cleavage two-parameter (folK, values of <107) or three-parameter
methods cut the fusion protein and produce two unequal sized(for K, values of>10") nonlinear equation2g).

fragments. The smaller of the two is the inhibitor. These Computationa| Protein Protein Docking Computationa|
fragments were separated on a P-10 size exclusion columngrotein-protein docking studies were conducted using an
The inhibitor was further purified by ion exchange chroma- initial-stage rigid-body docking algorithm, ZDOCR%), and
tography on S-Sepharose and Q-Sepharose columns. Thg refinement procedure, RDOCR®). ZDOCK is based on
identity of the inhibitor variants was confirmed by amino the fast Fourier transform (FFTRTY) technique that ef-
acid analysis and by ion spray mass spectrometry that yieldedficiently explores the entire six degrees of freedom in the
a mass that was within 0.5 amu of the calculated molecular translational and rotational space. RDOCK refinement is

weight of the variant. based on CHARMmM energy minimization, and a reranking
Preparation of the RRA/PME/LA/RFT/ND OMTKY3  of the predicted poses using a free energy scoring function
Variant. The variant was prepared by site-directed mutagen- composed of the electrostatic energy and the desolvation
esis using the pEZZ318tky plasmld as the Starting templateenergy calculated by the atomic contact energy (ACE)
(19). The variant was obtained in two steps. The first step method £8). We performed proteinprotein docking of
involved the use of the ¥D variant of OMTKY3 and  g-Iytic proteinase with eglin C and OMTKY3, using the
introduction of the K?A/PE double mutation. The plasmid  zDOCKpro module in Insight I1. In both studies, the structure
of this variant was then used to introduce the other two of the proteinase was taken from PDB entry 1GBK. The
changes, A and R'T. The PCR product was treated with  structure of eglin C was taken from PDB entry 1ACB and
Dpnl to digest the original plasmid, and then the product the structure for OMTKY3 from PDB entry 1CHO.
was transformed intd&. coli strain XL-1 (Stratagene) for ZDOCK was run with a 6 rotational sampling grid and

screening and selection. The plasmid was sequenced by thgne qetault 1.2 A grid step size. A total of 54 000 poses were
standard dideoxy chain termination method to confirm the sampled, and the top 1000 poses were saved. Since we ex-
mutation, anq then it was transformgd iEtocoll str'am .RV' pected the catalytic site of-lytic proteinase and the exposed
308_f0r protein expression. Expressmn and purification were loop region of the inhibitor to be involved in the binding
carried out as described previoushg). interface, we filtered the ZDOCK run results. In thdytic

Eglin C &/arliants_(\j/veri produced B}acillufs Ey USil'f‘g an  proteinase-eglin C docking, the catalytic histidine (His57)
engineered plasmid, where expression of the eglin C geneyt , \viic proteinase and the;Pesidue (Leu45) were speci-

was driven by théacillus amyloliquefaciensubitilisin gene g tor filtering. In theo-lytic proteinase-OMTKY3 dock-
regu_lgt_ory _elementsle). The expression system uses _the ing, the same catalytic histidine and therBsidue (Leul8)
subtilisin signal sequence to direct the secretion of eglin C were specified for filtering. In each case & A cutoff dis-

into the culture medium. The purification of eglin C involves tance was used. The RIjOCK refinement procedure per-

a few simple steps starting with the removal of cells by ¢4 cHARMM minimization on the top 50 poses of the
centrifugation and acidification of the supernatant to pH 3.0. gjiared ZDOCK output, and the poses were reranked on the

After the insoluble material is removed by centrifugation, basis of the RDOCK empirical free energy scoring function.
the inhibitor is purified by ion exchange chromatography

on an S-Sepharose column at pH 4.0. The identity of variantSResyULTS AND DISCUSSION
was confirmed by ion spray mass spectrometry.

o-Lytic protease was expressed frarysobacter enzymo- Inhibition of a-Lytic Proteinase by OMTKY3 and Eglin
genesand purified to homogeneity as described previously C. Association equilibrium constants for inhibition @flytic
(20). proteinase by OMTKY3 and eglin C and several of thair P

Ka MeasurementsThe procedure involved foK, mea- variants were measured at 22 and are listed in Table 1
surements has been described in earlier publications from(Table 1 of ref29). The third and fifth columns in this table
this laboratory 19, 21). More detailed aspects can be found list free energies of associatiodG® = —RT In Kj) in
in some of the Ph.D. theses completed at Purdue Universitykilocalories per mole. The inhibiterproteinase association
(22—24). The principle ofK, determination is based on mix-  involves approximately a dozen residues of the inhibitor that
ing the enzyme and inhibitor at appropriate concentrations are in contact with enzyme residues in the complex. A set
and determining the unbound enzyme concentration by usingof consensus contact residues has been defined on the basis
a suitable chromogenic or fluorogenic substrate. Generally, of X-ray crystallographic structures of OMTKY3 and eglin
an enzyme at a fixed concentration is incubated in a set of C with several serine proteinases. These are shown in red
cuvettes with increasing inhibitor concentrations such that letters in Figure 1 (Figure 1 of reé30). The two inhibitors
the molar concentration of the inhibitor varies from 20 to share three identical residues in their primary contact region
200% of the enzyme concentration. After the attainment of (P,T, PiL, and R'R) and chemically similar residues af P
equilibrium (incubation timex 10t;;), a suitable substrate  (E and D). Despite these similarities, thg values of the
was added. In the case of chromogenic substrates, the kineticswo inhibitors with a-lytic proteinase are vastly different.
of release ofp-nitroanilide was followed between 380 and Eglin C is a 16-fold stronger inhibitor ofx-lytic proteinase
410 nm on an HP8453 diode array spectrophotometer. Simul-than is OMTKY3 (Table 1). Indeed, a comparison of e
taneously, any disturbances due to light scattering were cor-values of 14 different serine proteinases with OMTKY3 and
rected by continuously subtracting the absorption contribution eglin C shows that with the exception of PPE all the other
at 650-700 nm. This subtraction considerably improves the enzymes are inhibited more strongly by eglin C than by
quality of the data. For fluorogenic substrates, excitation and OMTKY3. The million-fold difference observed far-lytic
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Table 1: Association Equilibrium Constants aA@° Values for the Association of;P/ariants of OMTKY3 and Eglin C

with a-Lytic Proteinase

inhibitor substrate
OMTKY3 eglin C Suc-AAPX-pn& Ac-AAPX-NH:*

inhibitor variant Ka(M™Y) AG° (kcal/mol) Ka(M™Y) AG® (kcal/mol) kealKm (M~1s71) KealKm (M~1s71)
P Gly 2.0x 10° —4.46 2.5x 10° —12.69 295 2.9
P; Ala 6.3x 10¢ —6.48 7.5x 101 —14.68 26800 48
P; Val 2.2x 10 —5.86 1060 15
P, Ser 1.5x 10 —5.64 1.2x 10w —13.61
P; Leu (wild type) 1.8x 10° —4.39 1.2x 10° —12.26 10.8
P; Met 1.2x 10* —5.51 1520
P: lle 9.2x 17 —4.00 5.7x 10° —11.82 2.1
P, Asp 9.0x 10° —6.69
P, Glu 4.4x 10 —6.27
P, Pro 8.3x 10° —7.99

aData taken from refl7. ® Succinyl-Ala-Ala-Pro-Xxxp-nitroanilide.¢ Data taken from ref9.

proteinase, however, is the largest among these. The twois any interscaffolding additivity involving other primary

inhibitors also have different residues at four primary contact
positions (Figure 1). To see if any of these residuas- R
and RB') could account for the large difference between eglin
C and OMTKY3, we screened OMTKY3 variants that had
the same residues that were found in eglin C for their inhibi-
tion of a-lytic proteinase. No significant improvement in
inhibition was observed. Because inhibitors belonging to
different families use an entirely different set of secondary

contact residues, it is not possible to evaluate their contribu-

tion by interscaffold residue substitutions.
The importance of the ;Presidue is also seen in studies

contact residues, but it is highly unlikely that there is for

secondary contact residues, since inhibitors belonging to
different families have very different sets of secondary

contact residues.

We often make a simple assumption that scaffolding does
not matter in inhibitor-enzyme association. Although this
is true for many cases, there are some clear exceptions. For
instance, BPTI shows easily measuraHBlgvalues (range
from 10 to 16 M1 for CHYM, SGPA, and SGPB, but it
does not inhibit CARL at all (M. A. Qasim and M.
Laskowski, Jr., unpublished results). X-ray crystallographic

of the kinetics of hydrolysis of substrates that possessand modeling studies show serious clashes between the

different residues at the scissile peptide bond. For compari-

son, thek../Ku values obtained by two research groupg, (
29) using slightly different substrates are also listed in Table
1. Qualitatively, thek.ofKy values agree with thi, values
of the R variants of OMTKY3 and eglin C. For instance,
among the five comparisons that are possible, the Alg at P
is best both for substrate hydrolysis and for inhibitor binding,
while lle is the worst. A plot of lodk, of OMTKY3 or eglin
C versus lodka/Km for these substrates yields a correlation
coefficient of 0.93 and a slope of 1.92.

Table 1 also showK, results obtained with Gly, Ala, and
Ser at R of OMTKY3 and eglin C. These three Rariants
of eglin C were also approximately &€bld stronger inhibi-
tors for a-lytic proteinase than were the corresponding
OMTKY3 variants. This is consistent with earlier results
showing extensive free energy additivity betwegw&iants
of OMTKY3 and eglin C for six serine proteinase%s].
Since OMTKY3 and eglin C belong to different inhibitor
families @) and have a very different scaffold, we often refer
to this additivity as interscaffolding additivity. For example,
the difference in the free energy of association ofAfa
and R Gly variants (see Table 1) of OMTKY3AAG®
—2.02 kcal/mol) is identical to the difference between the
P, Ala and R Gly variants of eglin CAAG® = —1.99 kcal/
mol). The AAG® values of other pairs of ;Pvariants were
also, within experimental error, very similar and demonstrate
interscaffolding additivity betweemnBf OMTKY3 and eglin
C in their interaction witho-lytic proteinase. Since inhibitors
belonging to different inhibitor families in general have a
canonical reactive site loop that involves residuesi®',
one might naively expect that interscaffolding additivity

enzyme residues and the scaffolding region of BF3).(
Unlike the majority of other standard mechanism inhibitors,
eglin C may have greater flexibility in its reactive site binding
loop (32—34). If so, the flexibility of the eglin C reactive
site might enable it to adapt to the active sites of a variety
of different serine proteinases. In this case, the demonstration
of interscaffolding additivity for interaction af-lytic protein-
ase with R variants of OMTKY3 and eglin C is an important
result in that it strongly implies the identical orientations of
P; residues of OMTKY3 and eglin C in the; Pocket of
o-lytic proteinase. Furthermore, it implies that the large dif-
ference in the association constant of the two inhibitors is
probably not due to a qualitative difference in their mode of
binding. Currently, only limited structural information is
available. The interactions of-lytic proteinase with peptide
boronic acid inhibitors and structure determinations of these
inhibitors with a-lytic proteinase have been examined by
Bone et al. {4). However, the complexity of the adduct
formed in the interaction of boronic acid with serine protein-
ases makes it difficult to compare those results with the ones
presented here. The only X-ray crystallographic structures
of the complex of OMTKY3 and eglin C with the same
serine proteinase are with bovine chymotrypsia # these
structures, all the backbone atoms of the two inhibitors from
P; to P5' and all the side chain atoms of Leu show complete
superimposibility {8).

Computational Modeling of the Complex the absence
of a crystal structure of a complex aflytic proteinase with
eglin C that would reveal detailed contact residues, we
utilized a computational docking procedure to compare the
two inhibitors. The protein complex structures that resulted

should hold for these residues as well. However, except for from the docking studies were analyzed in the Insight Il
Py, this has not yet been demonstrated. It is unclear if there environment. In each case, the top-ranked poses form clusters
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Ficure 2: (A) Top-rankeda-lytic protease-eglin C complex (ZDOCK pose 43q-Lytic protease is rendered as a solvent accessible
surface and colored according to electrostatic potential. For eglin C, loop residues Val43, Thr44, Leu45 (yellow), Asp46, and Leu47 are in
ball-and-stick format and the remainder is rendered as a tube. (B) Top-rankeid protease-OMTKY complex (ZDOCK pose 5).

o-Lytic protease is rendered as a solvent accessible surface. For OMTKY3, loop residues Cys16, Thrl7, Leul8 (yellow), Glul9, and Tyr20
are in ball-and-stick format and the rest is rendered as a tube.

that reveal the expected binding mode (Figure 2). Among cies of 20 amino acids in the database of protein structures.
the docked poses in the cluster, the residues in the bindingln this approach, the desolvation energy calculated with the
loop region of the inhibitor tend to exhibit much smaller ACE method would include both the polar (electrostatic) and
backbone rmsd values than regions in the rest of the mol- nonpolar (hydrophobic) contributions. However, the direct
ecule. Although protein side chain movements among the pairwise electrostatic interactions are not included in the ACE
binding interface residues are observed after the RDOCK calculation. Therefore, we use the ACE energy plus the
refinement, the backbone conformation changes are minor. CHARMmMm electrostatic interaction energy with a distance-
Several intermolecular hydrogen bonds consistently form dependent dielectric constant as the RDOCK scoring function
between the binding loop region and the active site region to rank the final docking poses. This scoring function can
of the proteinase in both complexes. be considered as a complete free energy function except for
Remarkably, for thex-lytic proteinase-eglin C complex, an entropy term.
the top 25 ranked poses of the 50 RDOCK predicted poses The docking studies indicated that the RDOCK scoring
are clustered around the common binding mode. For thefunction successfully discriminated the expected enzyme
o-lytic proteinase-OMTKY3 complex, such clustering is  inhibitor binding mode with PLeu as the leading anchor
only observed with the top eight ranked poses of the 50 residue in both systems. This correct binding mode is
RDOCK predicted poses (data not shown). For all the top- identified as the top-ranked predicted pose in both systems.
ranking RDOCK predicted poses, the desolvation energy Moreover, for theo-lytic proteinase-eglin C complex, the
scores calculated by the ACE method for thelytic top-ranked poses formed a very large cluster all with the
proteinase-eglin C complexes were consistently more favor- correct binding mode and all with favorable ACE and
able (by approximately 68 kcal/mol) than those of the electrostatic energy scores. Importantly, the docking study
a-lytic proteinase-OMTKY3 complexes. The electrostatic  predictions provide a quantitative energetic measure that
energy was comparable in magnitude in both systems (seesupports the experimentally determined much stronger bind-
the tables of the Supporting Information). This finding for ing of eglin C versus OMTKY3 foro-lytic proteinase.
o-lytic protease complexes is consistent with computational Moreover, these docking results suggest that the backbone
free energy calculations conducted farchymotrypsin- geometry is not significantly changed in the complex.
inhibitor complexes, where it was found that desolvation Although the docking results must be regarded as suggestive
interactions were the major contributors to the overall inthe absence of a specific high-resolution crystal structure,
stability of the complexes36). they appear to be fully consistent with the results of Camacho
The ACE method determines the desolvation free energy and colleagues, who have stressed the role of anchor residues
by estimating the effective energy changes for the transferand latch residues, acting in conjunction with a weakly
of protein atoms of different types from water to a protein bound, nativelike conformation, in the formation of high-
environment. The approach is based on knowledge-basedaffinity complexes 86).
potentials for residueresidue contact energies, derived from Influence of Other Contact Positions onLytic Protease
the structural information for molecular packing in the known Binding We have prepared all 190 single variants of
protein crystal structures. All protein heavy atoms are OMTKY3 at the 10 consensus contact positiof, (11).
classified into 18 atom types on the basis of considerations The measurement of association equilibrium constants with
of chemical properties and cooperative side chain inter- six serine proteinases and the assumption of complete intra-
actions, and the coordination numbers and contact energiescaffolding additivity at each of the 10 contact position are
for the protein atoms are determined by considering statisticalthe bases of our sequence-to-reactivity algorithm. Measure-
information on atom packing and observed pairing frequen- ments of association equilibrium constants of these variants
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Table 2: Association Equilibrium Constants aAG° Values for
the Association of Different Variants of OMTKY3 with-Lytic
Proteinase

AAG® (kcal/mol)

Ka(M™1) AG® (kcal/mol)  (AG°mut — AG°w)
wild type 1.8x 10° —4.39 0.00
Ps Gly 3.5x 17 —3.43 0.96
Ps Ala 7.0x 10° —5.19 —0.80
Ps Ser 5.5x 10° —5.05 —0.66
Ps Ala 2.7x 10 —4.63 —0.24
Ps Asp 6.8x 10° —-5.17 —-0.78
Ps Glu 6.9x 1C° —5.18 —-0.79
Ps Phe 6.7x 10° —5.17 —0.78
Ps Tyr 7.2x 10° —-5.21 —0.82
Py’ Gly 1.7x 1¢° —4.36 0.07
Py’ Ala 1.7x 10 —4.36 0.07
Py’ Thr 45x 10¢° —4.93 —0.54
Ps' Met 4.4%x 10° —4.92 —0.53
Py’ Phe 3.7x 10° —4.82 —0.43
P14 Asp 1.1x 16 —-4.11 0.28
Pig Asp 1.5x 10 —5.64 —-1.25

Table 3: Measured and Predicted Free Energies of Association of
Different Ovomucoid Third Domains withi-Lytic Proteinase

measured predictéd

AG° AG° change from
Ka (M~ (kcal/mol) K, (M~Y) (kcal/mol) OMTKY3P

OMTKY3 1.8 x 10° —4.39

OMGUI3 1.0x 10* —5.40 7.3x 1® -5.22 LRM, GPy,D
OMHPA3 2.1x 10° —7.18 1.0x 1® —6.75 LRM, NPigD
OMLKD3 2.9 x 10* —6.02 3.9x 10* -6.20 LRM, RRP'M
OMCNG3 7.3x 10* —6.57 5.4x 10* —-6.39 LRV,RP/M

a2 These values were calculated as described in the text and in earlier
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of third domains by~9 °C (as measured by, determina-
tions). The association equilibrium constants were also
measured for four additional ovomucoid third domains which
have a favorable residue af @ee Figure 1). The measured
values are listed in the second and third columns of Table
3. The fourth and fifth columns of this table list the predicted
values. The predicted values were calculated by using the
following equation {0)

i=10
AGopredicted: AGth + AAGO(thix)

whereAAG°(XwiX) is the free energy increment as a result
of mutation at one of the 10 consensus contact positions.
Predicted free energies of association for the four ovomucoid
third domains listed in Table 3 were calculated by using the
data from Table 2. The agreement between the predicted and
measured values is very good, suggesting that changes in
these ovomucoid third domains produce additive intra-
scaffolding effects in the free energy of interaction with
o-lytic proteinase. These results are consistent with the
observation that-90% of the 450 cases we have studied
for the six enzymes are either fully or partially additivi@®,

12). The algorithm has also been successfully used to predict
the association equilibrium constant of nonclassical Kazal
inhibitors for subtilisin Carlsberg3(). We decided to test
this further by using our limited data set at each of the contact
positions for which we had, data. By selecting the best
residue at each of the contact positions, we prepared a variant

publications 10, 11). P See Figure 1 for the locations of these changes of OMTKY3 that involved five changes. These wer&’K,

in the sequence.

with other serine proteinases could in principle provide a
wealth of information about the specificity and ultimately

the design of a specific inhibitor for such serine proteinases.

There is, however, a caveat. If the wild-type inhibitor is as
weak as an inhibitor of the enzyme as it is for the inhibition
of a-lytic proteinase by OMTKY3, then the measurement

PYE, L8A, R?'T, and N®D (Figure 1 and Table 2). A simple
calculation predicts that such a variant should have an
association equilibrium constant value of 2010’ M~ at

pH 8.3. The actual measured value is .1.0" M~* which

is again in excellent agreement with the predicted number.
This represents arr10000-fold improvement over that of
OMTKY3. The aim in this design was not to make the
strongest possible OMTKY 3 inhibitor far-lytic proteinase.

of association equilibrium constants of variants weaker than That would requireK, data for all 10 consensus contact
the wild type becomes nearly impossible. However, variants positions and for all 19 amino acids at each of these positions.

which improve the binding over the wild type can still be
very useful for improving the inhibitory activity in inhibitor
design. In Table 2, we giv&, measurements for a few
selected variants at positions other than Fhe improved

The successful design of a moderately strong inhibitor based
on a limited data set serves to prove the point.

Three important points emerge from these results. First,
although OMTKY3 has served us as an ideal wild-type

binding of several such variants can be seen in the negativejnhibitor of the six enzymes on which we have focused over

AAG® values (Table 2). The cumulative effect of these
changes in OMTKY3 coupled with the bestriésidue should
produce a moderately strong inhibitor @flytic proteinase.

the last several years, it may not be ideal for other enzymes.
This is clearly true foro-lytic proteinase. We would have
been far better off to have selected OMHPAS as the wild

Conversely, the comparable set of mutations introduced intotype here. Second, the excellent agreement between the

eglin C can be predicted to yield an inhibitor withkg of
~1 x 10 M™%, a value that is approximately 2 orders of
magnitude beyond our limit of experimental measurement.
Interaction of Avian Ovomucoid Third Domains with
o-Lytic Proteinase The association equilibrium constants
for the interaction of recombinant OMTKY3 with-lytic
proteinase are listed in Tables 1 and 3. Natural OMTKY3
differs from recombinant OMTKY3 in having five extra
amino acids at the N-terminu&9). There is overwhelming

measured and predicted values clearly shows that the
substitutions in the contact region of OMTKY3 are intra-
scaffolding additive. Finally, the complete set of 190 variants
of OMTKY3 is a powerful tool for deciphering the specificity

of little known serine proteinases that are inhibited by Kazal
family inhibitors.
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SUPPORTING INFORMATION AVAILABLE

Tables 1 and 2 present desolvation and electrostatic energy 1g.
contributions for the 24 top-ranked ZDOCK poses obtained
in the docking ofa-lytic protease with eglin C and with
OMTKY3, respectively. Corresponding to each set, the struc-
ture of the highest-ranked docked complex is presented as a
PDB file (ALP_Eglinc_ RDOCK_1.pdb and ALP_OMTKY _
RDOCK _1.pdb, respectively). This material is available free
of charge via the Internet at http://pubs.acs.org.
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