
Research Article

Pre-equilibrium competitive library screening for
tuning inhibitor association rate and specificity
toward serine proteases
Itay Cohen1, Si Naftaly1, Efrat Ben-Zeev2, Alexandra Hockla3, Evette S. Radisky3 and Niv Papo1
1Department of Biotechnology Engineering and the National Institute of Biotechnology in the Negev, Ben-Gurion University of the Negev, Beer-Sheva, Israel; 2The Nancy and
Stephen Grand Israel National Center for Personalized Medicine, Weizmann Institute of Science, Rehovot, Israel; 3Department of Cancer Biology, Mayo Clinic Comprehensive
Cancer Center, Jacksonville, FL, U.S.A.

Correspondence: Niv Papo (papo@bgu.ac.il)

High structural and sequence similarity within protein families can pose significant chal-
lenges to the development of selective inhibitors, especially toward proteolytic enzymes.
Such enzymes usually belong to large families of closely similar proteases and may also
hydrolyze, with different rates, protein- or peptide-based inhibitors. To address this chal-
lenge, we employed a combinatorial yeast surface display library approach complemen-
ted with a novel pre-equilibrium, competitive screening strategy for facile assessment of
the effects of multiple mutations on inhibitor association rates and binding specificity. As
a proof of principle for this combined approach, we utilized this strategy to alter inhibitor/
protease association rates and to tailor the selectivity of the amyloid β-protein precursor
Kunitz protease inhibitor domain (APPI) for inhibition of the oncogenic protease meso-
trypsin, in the presence of three competing serine proteases, anionic trypsin, cationic
trypsin and kallikrein-6. We generated a variant, designated APPIP13W/M17G/I18F/F34V, with
up to 30-fold greater specificity relative to the parental APPIM17G/I18F/F34V protein, and
6500- to 230 000-fold improved specificity relative to the wild-type APPI protein in the
presence of the other proteases tested. A series of molecular docking simulations sug-
gested a mechanism of interaction that supported the biochemical results. These simula-
tions predicted that the selectivity and specificity are affected by the interaction of the
mutated APPI residues with nonconserved enzyme residues located in or near the
binding site. Our strategy will facilitate a better understanding of the binding landscape of
multispecific proteins and will pave the way for design of new drugs and diagnostic tools
targeting proteases and other proteins.

Introduction
Extracellular proteases that are aberrantly expressed in the tumor microenvironment are key contribu-
tors to cancer growth, progression and metastasis [1–3] and hence constitute a promising category of
drug targets [4,5]. Although the potential of targeting these extracellular proteases was recognized
some years ago, it remains unrealized, whereas for other extracellular drug targets, including cell
surface receptors and soluble signaling factors, the past two decades have seen the emergence of many
successful protein-based therapeutics. Most of these therapeutics are based on monoclonal antibodies
[6,7], which exert their biological activities either through immune-related effector functions or by
inhibiting dysregulated ligand–receptor interactions. A key advantage of this type of targeting through
protein–protein interactions is that the selectivity of the targeting agents is far narrower than that of
small molecule drugs, resulting in low off-target toxicity. This selectivity advantage of protein
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therapeutics (namely, enzyme inhibitors) is particularly critical for the development of drugs targeting onco-
genic proteases, since the target enzymes belong to large families of closely related molecules, some of which
perform key biological functions or serve protective roles in the context of cancer [8].
As an integral part of inhibitor-/protease-binding affinity and specificity, the concentrations of both the

inhibitor and the protease — as reflected by the second-order rate constant of target association (kon, see
below) — are crucial for effective targeting in vivo, since they control the rate of the interaction. The biological
effect of the inhibitor is, in turn, strongly influenced by the rate of the interaction, since many in vivo processes
are not in equilibrium. Indeed, it has been shown that fast target association can increase the local (e.g. tumor)
concentration of the drug, which impedes the rate of decline in target occupancy [9]. In the case of cancers,
increased inhibitor concentration near the tumor as a result of rapid association with the target may also lead
to better local specificity, that is, less drug will be available to other regions/organs of the patient, and thus,
there will be a reduction in off-target toxicity. Thus, to achieve effective selectivity in vivo, not only high affinity
but also rapid association to cancer-related proteases, in preference to other competing proteases, is required.
In this study, we used combinatorial methods, guided by structure-based insights obtained from our recently

solved prototype inhibitor/protease complex [10], to develop a new class of nonimmunoglobulin-based protein
scaffolds that rapidly (high kon rates) and selectively target mesotrypsin, an oncogenic protease that plays key
roles in cancer progression and metastasis. Human mesotrypsin, which is encoded by the PRSS3 gene, belongs
to the chymotrypsin superfamily of serine endopeptidases. This enzyme, which cleaves peptide bonds of spe-
cific substrates on the carboxyl side of Arg or Lys at pH ∼8.0 [11], is normally expressed in low levels in the
pancreas, as a digestive trypsin, and in the brain, where it has no known function. Many studies have shown
that up-regulation of mesotrypsin by cancer cells and tumors is associated with increased malignancy and that
mesotrypsin functionally drives multiple aspects of the malignant progression of lung, pancreas, prostate and
breast cancers [12–15]. In pancreatic cancer, mesotrypsin expression was correlated with metastasis and the
associated poor patient survival [15]. In cell culture and xenograft models of pancreatic cancer, overexpression
of mesotrypsin promoted invasion, proliferation and growth of larger tumors, while suppression of mesotrypsin
expression reduced cell growth and invasion and delayed progression to metastasis [15]. Hockla et al. [13]
found high expression of mesotrypsin in primary prostate tumors to be prognostic for early cancer recurrence
following prostatectomy. Using an orthotopic model of metastatic prostate cancer, we demonstrated that silen-
cing of mesotrypsin in cancer cells led to slower tumor growth and greatly reduced metastasis, while in cell
culture models, mesotrypsin silencing reduced invasion and anchorage-independent growth [13]. Notably,
while treatment with the active form of recombinant mesotrypsin directly promoted an invasive cellular pheno-
type in prostate cancer cells, neither cationic trypsin nor a noncatalytic mesotrypsin variant could similarly
drive this invasive phenotype, suggesting that these effects were dependent on the specific proteolytic activity of
mesotrypsin [13]. The above studies suggest that mesotrypsin may constitute a promising target for antimeta-
static therapy if selective inhibitors can be identified.
To date, no specific inhibitors against mesotrypsin, either natural or synthetic, have been reported, probably

because targeting mesotrypsin presents two distinct challenges: (i) not only is mesotrypsin resistant to inhib-
ition by many polypeptide serine protease inhibitors [11,16,17], but it also possesses enhanced catalytic capabil-
ity for their hydrolysis [18–22] and (ii) mesotrypsin has a close structural relationship with other trypsin-like
proteases, making it difficult to achieve specific targeting. However, X-ray crystallography studies by our group
and others have identified four unique active-site features that distinguish mesotrypsin from other serine pro-
teases [16,19,22]. Most notable are two adaptive mutations that are absent from other serine proteases, namely,
G193R, which clashes sterically with trypsin inhibitors, and Y39S, which prevents the formation of hydrogen
bonds within mesotrypsin/inhibitor complexes. Although it has been found that these mutations confer on
mesotrypsin low affinity for polypeptide trypsin inhibitors and that they contribute to the ability of mesotryp-
sin to cleave canonical trypsin inhibitors at an accelerated rate [19,22,23], similar and even greater effects were
observed for these two mutations working together with the other two unique mesotrypsin residues, namely,
Lys-74 with Arg-193 and Asp-97 with Ser-39 [22]. The overall effect of these four residues is the weakening of
favorable (strong) interactions, the promotion of unfavorable (weak) interactions and the enhancement of
protein dynamics at the mesotrypsin-/inhibitor-binding interface. By taking advantage of such unique features
that distinguish mesotrypsin from related enzymes, we aimed to develop novel selective inhibitors that would
overcome the resistance of mesotrypsin to inhibition.
Our approach to developing rapidly associating, selective mesotrypsin inhibitors employed combinatorial

engineering based on the scaffold of the human amyloid β-protein precursor Kunitz protease inhibitor domain
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(APPI), which is a member of the human Kunitz domain family of serine protease inhibitors. This protein
attracted our interest as a scaffold for engineering tumor-targeting proteins for several reasons: (i) APPI is a
small, compact protein (58 amino acids) that is stabilized by a hydrophobic core and by three disulfide bonds
[24], resulting in high thermal stability [10]. (ii) We anticipate that APPI will be nonimmunogenic due to its
human source. (iii) There is marked sequence diversity among Kunitz family members, and the canonical
binding loops are highly tolerant to substitution or incorporation of additional amino acids [25]. These attri-
butes offer a substantial opportunity to optimize target affinity and selectivity without compromising stability.
Work from the Radisky laboratory showed that native APPI possesses a relatively low affinity [inhibition

constant (Ki) of 140 nM] for mesotrypsin and is susceptible to cleavage and inactivation by this enzyme [20].
It was also found that mesotrypsin affinity and specificity are largely directed by the sequence of the canonical
binding loop, while proteolytic stability is influenced by both binding loop residues and residues that are
buried within the inhibitor scaffold [10,24,26,27]. In light of these results, we have previously attempted to sim-
ultaneously optimize the affinity and proteolytic stability of APPI by using combinatorial screening methods as
a means to generate selective APPI-based mesotrypsin inhibitors with increased proteolytic stability and stron-
ger binding affinity [10]. In that study, we demonstrated that the APPI protein scaffold is indeed suitable for
optimization using the yeast surface display (YSD) platform [10], a powerful directed evolution technology for
engineering proteins [28–33]. With that strategy, we generated a triple APPI mutant with enhanced affinity for
mesotrypsin and superior resistance to cleavage versus wild-type APPI [10], thereby overcoming the resistance
of mesotrypsin to inhibition. We found that the triple mutant inhibited mesotrypsin-dependent cancer cell
growth, invasion and migration of PC3-M prostate cancer cells, although these inhibitory effects were not as
pronounced as those for mesotrypsin knockdown, presumably as a result of the limited selectivity of this
inhibitor. The need for a major enhancement of the selectivity of the APPI triple mutant was therefore the
rationale for conducting the current study.
Here, we constructed a combinatorial library of APPI mutants that was rich in mutations enhancing stability,

affinity, specificity and rapid association. By using this YSD APPI library to conduct selective screens under
pre-equilibrium conditions of mesotrypsin competition versus other human serine proteases, we identified
high-affinity, highly resistant and highly selective mesotrypsin-targeting protein inhibitors with an improved
association rate with potential for clinical translation as imaging and therapeutic agents. These novel inhibitors
will serve as extremely valuable laboratory reagents for deciphering the specific mechanisms by which meso-
trypsin drives cancer progression and for understanding the basis of target specificity and proteolytic resistance
of inhibitors to proteolytic enzymes in general and serine proteases in particular.

Materials and methods
Reagents and additional methods are described in Supplementary Materials and Methods.

Generation of a combinatorial APPI library
An APPI library, which was constructed on the basis of our previously published APPIM17G/I18F/F34V sequence
[10], was cloned into the YSD vector as described in detail in Supplementary Materials and Methods. In brief,
the APPI library was generated by error-prone PCR and PCR-assembly protocols using a total of 10 overlap-
ping oligonucleotides. To generate a more focused library, seven of these oligonucleotides were individually ran-
domized by using NNS degenerate codons at specific positions within the APPI inhibitory-binding loop region
(positions 11–18, excluding Cys at position 14; Supplementary Figure S1). The resulting gene was amplified
and transformed into yeast through homologous recombination, as previously described [34]. The combined
mutagenesis strategies (NNS and error prone) generated an average mutagenesis rate of 1–2 amino acid muta-
tions per overall 56 residues of APPI, yielding an experimental library of ∼3.5 × 106 clones.

Flow cytometry analysis and cell sorting
Yeast cells displaying the APPI library or individual APPI clones were grown in an SDCAA selective medium
(as for SDCAA plates, but without agar; see Supplementary Materials and Methods) and induced for APPI
protein expression with a galactose-containing medium (as for SDCAA, but with galactose instead of dextrose),
as recently described [10]. In light of the potential for trypsin autoproteolytic degradation and the potential for
degradation of APPI by mesotrypsin, catalytically inactive forms of human anionic trypsin, cationic trypsin
and mesotrypsin (each having an S195A mutation) — all fluorescently labeled — were used to detect binding
to displayed APPI in flow cytometry and FACS (fluorescence-activated cell sorting) experiments. Owing to low
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protein yields of recombinant catalytically inactive kallikrein-6S195A, fluorescently labeled active kallikrein-6
(hK6) was used in YSD experiments. APPI expression and binding to individual proteases were detected by
incubating ∼1 × 106 yeast cells with a 1 : 50 dilution of mouse anti-c-Myc antibody and different concentrations
(0.1–1000 nM, Figure 1) of the respective fluorescently labeled enzyme in trypsin buffer (TB; 100 mM Tris–
HCl, pH 8.0, 1 mM CaCl2) supplemented with 1% bovine serum albumin (BSA) for 1 h at room temperature.
Thereafter, cells were washed with ice-cold TB, followed by incubation with a 1 : 50 dilution of phycoerythrin-
conjugated antimouse secondary antibody for 30 min on ice. Finally, the cells were washed with ice-cold TB,
and the fluorescence intensity was analyzed by dual-color flow cytometry (Accuri C6; BD Biosciences). All pro-
teases were labeled with DyLight 650 fluorophore, except mesotrypsin, which was labeled with DyLight 488
dye.
For the selective yeast cell assays (including sorts), ∼1 × 106 of yeast cells were labeled with a mixture of the

fluorescently labeled proteases in TB supplemented with 1% BSA for 1 h at room temperature. Then, the cells
were washed with ice-cold TB, and cells were analyzed by dual-color flow cytometry (Accuri C6; BD
Biosciences) or sorted by FACSAria [Ilse Katz Institute for Nanoscale Science and Technology (IKI),
Ben-Gurion University of the Negev (BGU)] as described in Figure 2A,B. In the first sort round (S0 to get S1),
the cells were sorted (in a step termed ‘c-Myc clear’) for high APPI expression (mainly by removing clones that
had stop codons or frame shifts) as described in Supplementary Materials and Methods. Sorted cells were then
grown in a selective medium, and several colonies were sequenced [DNA Microarray and Sequencing Unit
(DMSU), NIBN (National Institute for Biotechnology in the Negev) and BGU]. The approximate percentage of
the selective populations that were sorted was 3.4, 0.6, 0.7 and 0.5 to obtain sorts S2 to S5, respectively.
Following each sort, the number of yeast cells used for the subsequent sorts was at least 10-fold in excess of the
number of post-sorted cells. At least 20 clones from each round of sorting were sequenced (Supplementary
Figure S2). The concentrations of anionic trypsin, cationic trypsin and hK6 in all the selective assays (including
sorts) were 12.5, 4.7 and 7 nM, respectively. The concentrations of mesotrypsin in each sort are shown in
Figure 2C.

Production of recombinant enzymes
Recombinant human anionic trypsinogen, human cationic trypsinogen and human mesotrypsinogen and their
catalytically inactive forms (S195A mutants) were expressed in Escherichia coli, extracted from inclusion bodies,
refolded, purified and activated with bovine enteropeptidase, as described in previous work [19,26].
Recombinant pro-hK6 [a gift from the laboratory of Aubry Miller; German Cancer Research Center (DKFZ)]
was expressed in a virus/insect Sf21 cell line system, purified by nickel affinity chromatography followed by
ion-exchange chromatography and activated with bovine enterokinase. Catalytically inactive mesotrypsin was
labeled with a DyLight 488 fluorophore, while hK6, cationic trypsin and anionic trypsin were labeled with a
DyLight 650 fluorophore. Labeling was carried out via NHS ester chemistry with 1 : 5 enzyme : dye ratio,
according to the manufacturer’s instructions. Concentrations of active human trypsins were quantified by
active-site titration using a pNPGB substrate [35]. Concentrations of hK6 and inactive S195A mutants of meso-
trypsin, cationic trypsin and anionic trypsin were determined by UV–Vis absorbance at 280 nm, with extinc-
tion coefficients (ε280) of 34 670, 37 525, 38 890 and 41 535 M−1 cm−1, respectively.

Production of APPI variants
All APPI variants were cloned into a pPIC9K vector, transformed, expressed in Pichia pastoris (GS115 strain)
and purified by nickel affinity chromatography, followed by size-exclusion chromatography, as described in our
recent work [10]. Protein purity was validated by SDS–PAGE on a 20% polyacrylamide gel (Supplementary
Figure S3), and the mass was determined with a MALDI-TOF REFLEX-IV (Bruker) mass spectrometer (IKI,
BGU; data not shown). Purification yields for all APPI variants were 4–6 mg/1 l of medium.

Generation of inhibition progress curves
The concentrations of human and bovine trypsins were quantified by active-site titration using the pNPGB sub-
strate [35]. Concentrations of hK6 and FXIa were determined by UV–Vis absorbance at 280 nm, with ε280 of
34 670 and 214.4 × 103 M−1 cm−1, respectively. The concentrations of the chromogenic substrates Z-GPR-pNA
and S-2366 were determined in an end-point assay from the change in the absorbance caused by the release of
p-nitroaniline (ε410 = 8480 M−1 cm−1). The concentration of the fluorogenic substrate BOC-Phe–Ser–Arg-AMC
was determined by reconstitution of pre-weighed substrate powder in DMSO. The concentrations of APPI
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variants were determined by titration with pre-titrated bovine trypsin and the substrate L-BAPA, as previously
described [19].
Progress curves for human trypsins were generated as we have recently described, with minor changes [10].

Briefly, stock solutions of enzyme, substrate and APPI proteins were prepared at 40× the desired final concen-
trations (Supplementary Table S1). Assays were performed in 96-well microplates at 37°C as follows: TB buffer
(296 ml), Z-GPR-pNA substrate (8 ml) and APPI (8 ml) were mixed and incubated at 37°C for 10 min.
Reactions were then initiated by dilution of the enzyme (8 ml) into the pre-equilibrated mixture; the reactions
were followed spectroscopically (as the increase in absorbance at 410 nm) in a Synergy2 microplate spectropho-
tometer (BioTek) for 1–4 h (Supplementary Table S1). Progress curves of human hK6 were generated in the
same way, but with kallikrein buffer (KB; 50 mM Tris–HCl, pH 7.3, 100 mM NaCl and 0.2% BSA) instead of
TB buffer and with BOC-Phe–Ser–Arg-AMC as the substrate; the reaction was followed by the change in the
fluorescent signal (microplate reader set at 355 nm for excitation and 460 nm for emission). Progress curves for
FXIa with APPIP13W/M17G/I18F/F34V were obtained in FXIa buffer (FB; 50 mM Tris–HCl, pH 7.6, 150 mM NaCl,
5 mM CaCl2 and 0.1% BSA) with S-2366 as the substrate, as previously described (see Supplementary Materials
and Methods).
Progress curves of hK6 for independent determination of koff were obtained in 96-well microplates at 37°C

as follows: APPI and hK6, 60 nM each, were mixed and incubated at 37°C for 2 h. The substrate (BOC-Phe–
Ser–Arg-AMC) was prepared in KB buffer at a final concentration of 1 mM and incubated at 37°C for 10 min.
Reactions were then initiated by dilution of the enzyme–inhibitor mixture (5 ml) by 60× into the pre-
equilibrated substrate (295 ml) and followed by the change in the fluorescence signal.

Progress curve analysis
Values of the equilibrium inhibition constant (Keq

i ) were calculated using eqn (1) from the steady-state portions
of the progress curves (Figure 4A,4B), as described recently [10]. Eqn (1) describes an equilibrium state of
reversible competitive inhibition with slow, tight binding behavior, where Vs and V0 are the steady-state rates
in the presence and absence of inhibitor (Figure 4A,4B), KM is the Michaelis constant for substrate cleavage,
and [S]0 and [I]0 are the initial concentrations of substrate and inhibitor, respectively.

(V0 � Vs)
Vs

¼ [I]0
Keq
i (1þ [S]0=KM)

(1)

Association (kon) and dissociation (koff ) constants for slow inhibition of mesotrypsin, anionic trypsin and cat-
ionic trypsin were obtained using eqns (2–5) [36]. Data from the generated curves were first globally fitted by
multiple regression to eqn (2), with the integrated rate equation describing slow binding inhibition:

[P] ¼ V0 � Vs

kobs

� �
1� e�kobs�t� �þ Vs � t (2)

where kobs is the observed first-order rate constant that describes the transition from V0 to Vs (Figure 4A), and
[P] is the concentration of product formed at any time, t.
Slow, tight binding inhibition can be described by two alternative general mechanisms [36]. In brief, one

mechanism is a two-step process involving the formation/accumulation of an initial inhibitor–enzyme complex,
followed by slow kinetics to form a tighter complex. In this mechanism, kon and koff are both first-order kinetic
constants that are characterized by a nonlinear relationship between kobs and the inhibitor concentration. In
contrast, the second mechanism is a direct, single-step process in which the final complex is formed slowly. In
this mechanism, kon and koff are second- and first-order kinetic constants, respectively, that are characterized
by a linear dependence between kobs and the inhibitor concentration [I], as shown in eqn (3). While previous
studies of some Kunitz domain inhibitors have found evidence for two-step binding for some inhibitor–prote-
ase pairs [37,38], our data were well-fitted by the simpler model, as for all trypsins, a plot of kobs versus inhibi-
tor concentration displayed a linear dependence, consistent with the single-step mechanism (Figure 4C).

kobs ¼ koff þ kon � [I]
1þ [S]0=KM

(3)
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kon and koff were calculated from the linear curve generated by eqn (3) and by using the following relation-
ships:

kon ¼ slope � 1þ [S]0=KMð Þ (4)

koff ¼ kobsj[I]¼0 (5)

To validate the correlation between the equilibrium and the kinetic values in our assays, the calculated inhib-
ition constant (Kcalc

i ) was then obtained using eqn (6) and compared with the measuredKeq
i . The results of

Kcalc
i and Keq

i were very similar, with an average deviation error of 15% (Supplementary Tables S2–S4):

Kcalc
i ¼ koff

kon
(6)

Although APPI inhibitors bound tightly to hK6, the inhibition kinetics was relatively fast; thus, estimation of
koff from eqn (3) would be inaccurate. Therefore, koff was calculated independently of the inhibitor concentra-
tion by using a multiple regression curve-fit to eqn (7) [36] (Figure 4D).

[P] ¼ Vs � t � Vs

koff
(1� e�koff �t) (7)

The calculated association rate constant (kcalcon ) was then obtained from the measured Keq
i by using the following

relationship:

kcalcon ¼ koff
Keq
i

(8)

Calculations were performed using KM values of 24.66 ± 1.3 mM for mesotrypsin, 22.84 ± 1.9 mM for cationic
trypsin, 10.69 ± 0.65 mM for anionic trypsin and 329.3 ± 2.5 mM for hK6 as determined from at least three
Michaelis–Menten kinetic experiments that were recently performed in our laboratory [10]. All curve fittings
were done using Prism (GraphPad Software, San Diego, CA). Affinity values (kon, koff and Ki) were used to
evaluate improvements in specificity for mesotrypsin vis-à-vis each enzyme by using the following relation-
ships:

kspecificityon ¼ kon for APPIM17G=I18F=F34V with Protease X

kon for APPIVARIANT with Protease X

� �

� kon for APPIM17G=I18F=F34V with Mesotrypsin

kon for APPIVARIANT with Mesotrypsin

� ��1

(9)

kspecificity ¼ k for APPIM17G=I18F=F34V with Protease X

k for APPIVARIANT with Protease X

� ��1

� k for APPIM17G=I18F=F34Vwith Mesotrypsin

k for APPIVARIANT with Mesotrypsin

� �
(10)

where k in eqn (10) can be used for koff, or Ki; kspecificityreflects the fold affinity changes in mesotrypsin com-
pared with the fold affinity changes in the enzyme of interest (Protease X) upon specific mutation in the APPI
sequence. Thus,kspecificity . 1 means a specificity improvement for mesotrypsin.
The analysis of curves for FXIa with APPIP13W/M17G/I18F/F34V was performed as previously described using

Supplementary eqn (S1) from Supplementary Materials and Methods.

Molecular modeling and docking
The mutation of APPI Pro-13 to Trp (P13W) was performed using the Schrödinger Maestro Suite 2017-1
Mutate Residue module (Schrödinger, LLC, New York, NY). The template structure of APPIM17G/I18F/F34V was
the crystal structure of this protein in a complex with human mesotrypsin [Protein Data Bank (PDB) ID:
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5C67]. The P13W mutation was performed on the mesotrypsin protein complex to avoid intermolecular
clashes.
APPIP13W/M17G/I18F/F34V and APPIM17G/I18F/F34V were docked to human mesotrypsin and hK6 by using

Discovery Studio 4.5 (Biovia, Dassault Systemes, San Diego, CA, U.S.A.) with ZDOCK, which is a rigid-body
docking program that is based on fast Fourier transform correlation techniques and that searches all possible
binding positions of the two proteins. The ZRANK method was used for quickly and accurately re-ranking
the docked protein complexes predicted by ZDOCK. The ZRANK scoring function is a linear combination
of van der Waals attractive and repulsive energies, short- and long-range repulsive and attractive energies,
and desolvation [39]. The final top 2000 docking solution orientations were clustered into groups according to
their spatial proximity by using an RMSD cutoff of 6 and an interface cutoff of 9 to assist in the selection for
further analysis of the most promising docking solutions resembling the native protease–inhibitor interaction
[40,41].
The proteins human mesotrypsin (5C67 and 3L33) and human hK6 (PDB ID: 5NX1) were prepared prior to

docking using the Prepare Protein module, which can correct the enumeration of hydrogens by using standard
pKa or predicted pK values, resulting in preferred hydrogen representation and protonation states of chain
termini and side chains.

Results
The yeast-displayed triple-mutant APPIM17G/I18F/F34V binds unselectively to
human serine proteases
In our recent study, we identified a triple-mutant APPIM17G/I18F/F34V that exhibited high proteolytic stability
and high binding affinity to mesotrypsin [10], but lacked adequate specificity for in vivo preclinical studies
[10]. To improve the binding specificity of the APPI triple mutant while preserving its superior affinity and sta-
bility for mesotrypsin — and thereby to identify second-generation highly selective APPI clones — in the
current study, we used APPIM17G/I18F/F34V as the starting scaffold to generate a potent library for directed evolu-
tion (selective screens by YSD). To direct the evolutionary pressure on the APPI library for mesotrypsin specifi-
city, we used human hK6 and human cationic and anionic trypsins as off-targets that bind tightly to APPI and
therefore serve as competitors for in vivo mesotrypsin binding [10,42]. For the human trypsins, catalytically
inactive S195A mutant enzymes were employed to eliminate the potential for autoproteolytic degradation and,
in the case of mesotrypsin, to eliminate potential cleavage of APPI, thereby allowing us to exert a precise selec-
tion pressure for binding independent of proteolytic stability.
To test the ability of the yeast-displayed APPIM17G/I18F/F34V to detect and bind the enzymes unselectively, we

first assembled the APPIM17G/I18F/F34V gene (and the APPI library, see below) using PCR and cloned it into the
YSD vector (pCTCON) via transformation of EBY100 yeast cells. To enable us to perform binding titration
experiments for each enzyme, the yeast cells were then induced for APPI protein expression by incubating
yeast-displayed APPIM17G/I18F/F34V with different concentrations of the appropriate fluorescently labeled
enzyme (0.1–1000 nM). After a washing step, the cells were monitored by flow cytometry for the detection of
bound fluorescently labeled enzymes (Figure 1A). We found that the apparent affinities of the yeast-displayed
APPI triple mutant for the different enzymes were similar (between 26 and 55 nM; Figure 1A), thus showing
that the system was not selective.
To perform an unbiased competition assay in which the enzymes bind evenly to the yeast-displayed

APPIM17G/I18F/F34V, we determined the enzyme concentrations for which similar fluorescence signals for
binding to each enzyme were observed (Figure 1A). As expected, using these enzyme concentrations for double
staining of the yeast-displayed APPIM17G/I18F/F34V with mesotrypsin together with each enzyme competitor
(separately), we were able to achieve similar enzyme-binding distributions, as detected by flow cytometry
(Figure 1B).

Selective sorting of the APPI library
In light of the above results, we assumed that by conducting our binding competition assays with the ‘unbiased’
concentrations of the enzymes, which confer similar binding signals, we would be able to achieve uniform
binding for simultaneous competition of the enzymes for the APPI library. It is known that APPI, being a
member of the Kunitz family of inhibitors, is characterized by a canonical binding loop that determines the
binding specificity [10,21,24,26] (Supplementary Figure S1). Thus, to increase our chances of improving
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specificity using the combinatorial library, we focused the randomization mainly within the APPIM17G/I18F/F34V

binding loop region (positions 11–18, excluding Cys at position 14; Supplementary Figure S1) using NNS
degenerate codons (where N indicates A, C, G or T, while S represents G or C). Since we had recently shown
that mutations that are in close proximity to the binding interface may also promote changes in the inhibitor
affinity [10], additional mutations were introduced randomly throughout the whole APPI sequence to generate
another level of diversity, especially around the inhibitor-/enzyme-binding site (Supplementary Figure S1). The
frequency of mutations in the APPI library was 1–2 amino acids per clone, yielding an experimental library of
3.5 × 106 independent variants.
Our strategy to engineer mesotrypsin specificity in the APPI scaffold consisted of two steps (Figure 2A).

First, a mixture of fluorescently labeled enzymes in unbiased concentrations was incubated with the yeast-

Figure 1. Determination of enzyme concentrations for selective maturation screenings.

(A) Binding titration curves of yeast-displayed APPIM17G/I18F/F34V with fluorescently labeled enzymes and corresponding Kd

values are shown in the top panel. The zoom-in in the bottom panel was used to determine enzyme concentrations that

produced similar binding signals (dashed green line). Calculated Kd values for cationic trypsin, anionic trypsin, hK6 and

mesotrypsin were 31, 42, 55, and 26 nM, respectively. Data were analyzed using Prism, GraphPad Software, fitted to a one-site

binding model. *Normalized fluorescence is the mean fluorescence value obtained by flow cytometry analysis normalized to the

yeast autofluorescence. (B) Flow cytometry analysis of enzyme competition for the yeast-displayed APPIM17G/I18F/F34V.

Simultaneous competition reactions of mesotrypsin against cationic trypsin (top plot), anionic trypsin (middle plot) or hK6

(bottom plot) are shown. X and Y axes are fluorescence intensity signals of yeast-displayed APPI (represented by each point on

the graph) for mesotrypsin binding (labeled with a DyLight 488 fluorophore) and competitor binding (labeled with a DyLight 650

fluorophore). Enzyme concentrations were as determined from (A) and are specified on each axis. Flow cytometry signals from

each competition plot showed similar cell distributions and demonstrated an unbiased system at the enzyme concentrations

used. Non-induced cells are located in the bottom left quadrant of each plot.
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displayed APPI library, and the enzymes were allowed to compete for binding. Second, unbound enzymes were
washed out, and the bound cells exhibiting higher mesotrypsin binding were collected by FACS. In addition to
using different enzymes, we increased the evolutionary pressure by using: (i) decreasing concentrations of
mesotrypsin in successive sorting cycles and (ii) incubation times that were shorter than the expected or esti-
mated times to achieve equilibrium binding based on solution studies (Supplementary Figure S4). It was thus
evident that performing selection under pre-equilibrium conditions would facilitate the identification of the
most selective APPI inhibitor with emphasis on improvement in the association rate constant.
Prior to specificity enrichment, the initial library (termed S0) was sorted both for sequences that were in

frame and for high APPI expression levels, based on C-terminal c-Myc epitope tag detection, using fluorescent
labeling of anti-c-Myc and anti-Fc antibodies. The S1 library so obtained (data not shown) was then subjected
to four subsequent rounds of specificity maturation steps, each performed with unbiased concentrations of
hK6, cationic trypsin and anionic trypsin, and decreasing concentrations of mesotrypsin (red columns in
Figure 2B,C). The diffuse distribution of the fluorescence signals on both axes of the flow cytometry plot sug-
gested that there was substantial heterogeneity in enzyme-binding specificity in the S1 pool (Figure 2B). We
thus used diagonal sorting gates to select cell populations having high-affinity levels for mesotrypsin but com-
parably lower affinity for the other enzymes (Figure 2B). This sorting strategy ensured that only those cells for

Figure 2. Selective maturation of yeast-displayed APPI.

The APPI library was sorted for preference for mesotrypsin binding over cationic trypsin, anionic trypsin and hK6. (A) General

scheme of the selective maturation procedure: (I) fluorescently labeled mesotrypsin (488 fluorophore) and competitor enzymes

(labeled with 650 fluorophore) were allowed to compete for APPI binding; (II) APPI clones that favored mesotrypsin binding

were selected by FACS [e.g. as S2 population in (B)]. (B) FACS of the initial selectivity sort (S1). X and Y axes are fluorescence

intensity signals of the yeast-displayed APPI library (represented by each point on the graph) (S1) for mesotrypsin binding

(labeled with a DyLight 488 fluorophore) and competitors binding (labeled with a DyLight 650 fluorophore), respectively.

Fluorescence signals from the YSD APPI library showed several populations with high heterogeneity for enzyme binding,

suggesting that APPI variants in the library had different enzyme specificities. Non-induced cells are located in the bottom left

quadrant of each plot. A diagonal sorting gate (green) was used to select the S2 population (having a high affinity to

mesotrypsin but relatively low affinity to the other competitor enzymes). (C) 3D bar plot of mesotrypsin-/competitor-binding

ratios obtained by flow cytometry analysis. Ratios of mesotrypsin binding relative to the competitor binding (competition ratio)

are shown for sorting rounds S1–S5. Higher ratios indicate higher mesotrypsin binding relative to the binding of competitors.

Concentrations of mesotrypsin were 25, 12, 6 and 3 nM for sorts S1, S2, S3 and S4, respectively. The concentrations of anionic

trypsin, cationic trypsin and hK6 in all sorts were 12.5, 4.7 and 7 nM, respectively. Red columns indicate values obtained upon

sorting.
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which mesotrypsin binding outcompeted binding to the competitor, as demonstrated by greater signal on the
488 Dylight channel compared with the 650 Dylight channel, would be captured and enriched. Flow cytometry
analysis of mesotrypsin binding — in the presence of a mixture of enzyme competitors — to cell populations
from the library maturation cycles (S1 to S5) showed that the more mature the sort, the higher the specificity
(competition ratio) of the mutant library for mesotrypsin (Figure 2C). Remarkably, the S5 pool showed high
enhancement in mesotrypsin specificity, being ∼8× greater than that of the initial S1 library at all mesotrypsin
concentrations used (Figure 2C).

The P3 residue in APPI is of substantial importance in mesotrypsin specificity
To identify yeast-displayed APPI clones with improved mesotrypsin specificity, we sequenced at least 20 differ-
ent APPI clones after each round of sorting and analyzed their sequences (Supplementary Figure S2). Sequence
analysis showed a broad distribution of nonrepeating multiple mutations (throughout the entire protein
sequence, not only in the binding loop) in the early sorts, which converged to a few mutations with a high fre-
quency in the later sorting stages, namely, six, five and two variants in sorts S3, S4 and S5, respectively. Not sur-
prisingly, most of the mutations were detected within the APPI-binding loop, notably with a marked
preference for the inhibitor P3 position. This finding suggests that the P3 position in the APPI sequence plays a
unique role in mesotrypsin specificity. Clones that were identified by sequencing of sorts S3–S5 were then
analyzed by flow cytometry to estimate their specificity enhancement for mesotrypsin relative to clone
APPIM17G/I18F/F34V (Figure 3). The results obtained from testing the affinity of the YSD individual clones
for mesotrypsin and the other proteases confirmed that the APPI library was, for the most part, enriched for
improvement in mesotrypsin specificity, but to different degrees.
We were aware that the specificity assessed using our YSD methodology may differ from that in vivo for two

reasons: first, the APPI variants, being bound to the yeast, suffer from restricted solubility and mobility.
Second, the enzymes are either chemically modified (fluorescently labeled) or unable to hydrolyze peptides
(genetically mutated to form an inactive variant), which may affect their ability to bind APPI due to steric hin-
drance or to small structural changes. Thus, to assess enzyme specificity in a more accurate manner, we
expressed and purified active forms of human mesotrypsin, cationic trypsin, anionic trypsin and hK6, and also
the soluble forms of APPIM17G/I18F/F34V and the five other APPI mutants shown in Table 1, all of which
showed improvements in mesotrypsin specificity, based on the YSD analysis. The soluble forms of the APPI

Figure 3. Selectivity-matured APPI variants show improved mesotrypsin specificity in the yeast surface display format.

The affinity of yeast-displayed APPI variants that had been sorted for mesotrypsin-binding specificity was determined by flow

cytometry analysis for mesotrypsin (10 nM) relative to the competitor proteins (in concentrations of 12.5, 4.7 and 7 nM

for anionic trypsin, cationic trypsin and hK6, respectively). Specificity enhancement is the value obtained relative to

APPIM17G/I18F/F34V; therefore, numbers greater than 1 indicate that specificity was improved. Results (means ± SD) were

obtained from three independent experiments.
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variants were obtained by cloning their sequences into a pPIC9K vector following transformation, expression
(in P. pastoris) and purification, as described in our recent work [10]. We then obtained equilibrium (Ki) and
kinetic (kon and koff ) constants for each enzyme–inhibitor combination by conducting competitive inhibition
experiments using a spectrophotometric assay to detect enzyme activity in the reaction mixture. In these assays,
progress curves were generated by monitoring the cleavage of a competitive substrate (the chromogenic sub-
strate for the trypsins was Z-GPR-pNA and the fluorogenic substrate for hK6 was BOC-FSR-AMC) by the
appropriate enzyme in the presence of various concentrations of each inhibitor (Figure 4A,B). The data gener-
ated from the progress curves were used to calculate the affinity constants (i.e. Ki, kon and koff ) using eqns (1–
8) as described in Materials and Methods and Figure 4B–D (results are summarized in Supplementary Tables
S2–S5). The affinity constants Ki, kon and koff (Supplementary Tables S2–S5) were then used to calculate
improvements in APPI specificity to mesotrypsin relative to each enzyme by using eqns (9 and 10), which are
given in the Materials and Methods section (Table 1).
Comparison of specificity values from the equilibrium inhibition constants (Ki) of APPI variants shows that

for all APPI variants, the binding specificity for mesotrypsin was largely improved over hK6, only slightly
improved over anionic trypsin and remained unchanged for cationic trypsin (Table 1). Nevertheless, in most
cases, the APPI variants showed improved specificity in terms of the association constant (kon) vis-à-vis cat-
ionic trypsin (Table 1). Additionally, specificity values from the association constant were improved in 80% of
the cases (Table 1). A comparison of the total improvement in kon specificity for all the variants (the average of
kon specificity values for any enzyme–inhibitor combination) with total improvement in koff specificity shows
that improvement in total kon specificity was ∼1.5× greater than total koff specificity, which validates our pre-
equilibrium sorting strategy. Most importantly, we identified a quadruple mutant APPI variant, namely
APPIP13W/M17G/I18F/F34V, with improved mesotrypsin specificity values in all parameters (ki, kon and koff )
vis-à-vis all enzymes, with 3-fold improvement in total specificity compared with APPIM17G/I18F/F34V (Table 1).
This mutant also showed the highest kon value for mesotrypsin binding in comparison with the other APPI
variants (Supplementary Table S2). Additionally, the kon value of APPIP13W/M17G/I18F/F34V for mesotrypsin
(8.0 × 106 M−1 s−1) was greater than its kon values for cationic trypsin (3.0 × 106 M−1 s−1) and hK6 (4.0 × 105

M−1 s−1), and comparable to that of anionic trypsin (9.6 × 106 M−1 s−1) (Supplementary Tables S2–S5). These
results are consistent with our pre-equilibrium sorting approach and the library sequencing analysis in which
APPIP13W/M17G/I18F/F34V was found in 80% of the sequences of the last sort (S5).
Since we had previously shown that the triple-mutant APPIM17G/I18F/F34V possessed improved proteolytic sta-

bility to mesotrypsin catalytic activity in comparison with wild-type APPI (APPIWT) [10,27], in the current
study we used it as a starting scaffold to generate a proteolytically resistant APPI library. Nevertheless, because
the evolutionary pressure in our new screening strategy did not involve active enzymes (especially mesotrypsin),
it was possible that the inherent resistance of the matured APPI variants could have been lost during the affin-
ity maturation process. To verify that the proteolytic stability of our new APPIP13W/M17G/I18F/F34V mutant was
indeed preserved, we evaluated its hydrolysis rate kcat by using time course incubations with mesotrypsin in

Table 1 Specificity improvement of APPI quadruple variants for mesotrypsin inhibition versus the triple-mutant
scaffold

Keq
i specificity Koff specificity Kon specificity

Total
specificity†hK6 Cationic Anionic hK6 Cationic Anionic hK6* Cationic Anionic

APPI_3Mut‡ 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

APPI_3MutP13R 2.3 0.5 2.0 1.5 1.2 2.0 1.7 0.7 1.2 1.4

APPI_3MutP13H 4.9 0.6 2.9 1.2 0.6 1.3 4.5 1.1 2.2 1.8

APPI_3MutP13W 29.9 1.2 2.4 3.8 1.1 1.7 8.3 1.4 2.1 3.1

APPI_3MutP13V 1.7 0.5 1.7 0.8 0.9 1.5 2.5 0.6 1.5 1.3

APPI_3MutT11V 1.6 0.9 2.5 1.0 1.1 2.1 1.6 1.1 1.0 1.3

Bold numbers represent specificity improvements (numbers greater than 1).
*Kon specificity values for hK6 were calculated from Kcalc

on .
†Total specificity is the average of Kon and Koff specificity improvement values in each row.
‡APPI_3Mut = APPIM17G/I18F/F34V.
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which the intact protein was monitored by HPLC, as described recently [10] (Supplementary Figure S5).
Hydrolysis studies for the cleavage of APPIP13W/M17G/I18F/F34V by mesotrypsin showed that its proteolytic stabil-
ity [kcat = (4.9 ± 0.3) × 10−4 s−1] was comparable to that of APPIM17G/I18F/F34V [kcat = (4.3 ± 0.3) × 10−4 s−1] [10],
which confirmed the suitability of using the proteolytically stable triple mutant as a starting point for our
second-generation library. In addition, since we had previously shown that the specificity of APPIM17G/I18F/F34V

to mesotrypsin was superior by five orders of magnitude to the specificity to factor XIa (FXIa), the most
important physiological target of APPI [43,44], in the current study we did not use FXIa as a competitor for
directed evolution. Nevertheless, to confirm that the low specificity to FXIa was conserved in our new
APPIP13W/M17G/I18F/F34V protein, we performed competitive inhibition experiments to measure the quadruple
mutant’s affinity to FXIa by using different concentrations of inhibitor and S-2366 as the substrate, as described
in detail in Supplementary Materials and Methods (Table 2). To determine the full spectrum of APPIP13W/

M17G/I18F/F34V specificity improvement, we evaluated the specificity improvements versus APPIWT for all
enzymes according to eqn (10) (Table 2).
The results confirm that the low specificity of APPIP13W/M17G/I18F/F34V for FXIa was indeed preserved, thereby

conferring a five-orders-of-magnitude specificity preference for mesotrypsin inhibition (Table 2). Also notable
were the affinity switches of APPIP13W/M17G/I18F/F34V compared with APPIM17G/I18F/F34V that could be observed
from the fold change in their affinities toward hK6 and anionic trypsin: the affinity of APPIP13W/M17G/I18F/F34V

Figure 4. Kinetics of enzyme inhibition by APPI.

Representative examples of determination of the kinetic constants for enzyme inhibition by APPI. (A) Progress curves for the

inhibition of mesotrypsin by APPIM17G/I18F/F34V (designated APPI3MUT). Mesotrypsin cleavage of the peptide substrate

Z-GPR-pNAwas competitively inhibited by APPIM17G/I18F/F34V. Experimental values are shown in black, with the curve-fit to eqn

(2) shown as dashed red lines. APPIM17G/I18F/F34V concentrations are shown on the right. Vs and V0 are the steady-state rates in

the presence and absence of inhibitor, and kobs is the observed first-order rate constant, which describes the transition from V0

to Vs from which the kinetic constants were calculated. (B) Slow, tight binding inhibition of mesotrypsin by APPIM17G/I18F/F34V.

Values of the equilibrium inhibition constant (Keq
i ) were calculated from the steady-state portion of the progress curves in

(A) using eqn (1). (C) Determination of kinetic constants (kon and koff ) for mesotrypsin inhibition by APPIM17G/I18F/F34V. A plot with

linear dependence of kobs on the inhibitor concentration [according to eqn (3)] facilitated the calculation of kon and koff.

(D) Progress curves for hK6 inhibition by APPIM17G/I18F/F34V. hK6 cleavage of the peptide substrate BOC-Phe–Ser–Arg-AMC was

competitively inhibited by APPIM17G/I18F/F34V. Experimental values are shown in black, with the curve-fit to eqn (7) shown as a

dashed red line. koff is the first-order off-rate constant, which describes the transition from complete inhibition to a steady-state

rate of partial inhibition. Concentrations of enzymes, inhibitors and substrates and the reaction time for each inhibition

experiment are summarized in Supplementary Table S1. Results are the averages of at least three independent experiments.

© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society1346

Biochemical Journal (2018) 475 1335–1352
https://doi.org/10.1042/BCJ20180070

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/475/7/1335/694517/bcj-2018-0070.pdf by Ben-G

urion U
niversity of the N

egev user on 23 August 2021



for mesotrypsin was improved 1.4×, whereas the affinity of hK6 and anionic trypsin was reduced by ∼20× and
∼2×, respectively, versus APPIM17G/I18F/F34V. When compared with the affinity of APPIWT, the affinity of
APPIP13W/M17G/I18F/F34V for mesotrypsin was improved 1900×, whereas affinities for hK6, cationic trypsin,
anionic trypsin and FXIa were reduced by 5×, 5×, 3× and 120×, respectively. This affinity switch results in
remarkable specificity shifts, ranging from 6 500-fold up to 230 000-fold improvement in mesotrypsin inhibition.

Docking analysis
To better understand the role played by the P13W mutation in APPI in mesotrypsin affinity and specificity, a
series of molecular docking simulations were performed to predict the binding mode of APPIM17G/I18F/F34V

(PDB ID: 5C67 [10]) and of the most specific APPIP13W/M17G/I18F/F34V variant with human mesotrypsin (PDB
ID: 5C67 [10] and 3L33 [24]) and human hK6 (PDB ID: 5NX1), the two proteases that showed the largest dif-
ferences in binding to APPIP13W/M17G/I18F/F34V. An analysis of the molecular interactions within each modeled
complex can be used to predict the role that the P13W mutation may play in the improvement of APPIP13W/

M17G/I18F/F34V binding specificity (and affinity) for mesotrypsin relative to hK6, as described in Table 1 and
Supplementary Tables S2–S5.
Molecular docking of the APPIP13W/M17G/I18F/F34V mutant with mesotrypsin revealed that compared with

Pro-13, Trp-13 occupies a groove within the mesotrypsin-binding site and therefore better geometrical shape
complementarity is gained by mutating Pro-13 to Trp-13 (Figure 5A). Additionally, the Trp-13 aromatic ring is
predicted to form a new π-cation interaction with the ɛ-amino group of mesotrypsin Lys-175 and a new π–π
interaction with mesotrypsin Trp-215, while APPI-Tyr-35 may form a π-cation interaction with Arg-96 of
mesotrypsin (Figure 5B). The side chain of mesotrypsin Asp-97 is predicted to rotate away from APPI Trp-13
and toward mesotrypsin Arg-96, thereby avoiding electrostatic repulsion. These stabilizing interactions in the
APPIP13W/M17G/I18F/F34V/mesotrypsin complex are consistent with the better ZRANK score for docking
APPIP13W/M17G/I18F/F34V (versus APPIM17G/I18F/F34V) with mesotrypsin (−115.0 and −108.4, respectively). The
ZRANK method was used here for accurately re-ranking the docked protein complexes predicted by ZDOCK
(a rigid-body docking algorithm designed to predict the complex structures). Unlike ZDOCK, the ZRANK
scoring function is a linear combination of van der Waals attractive and repulsive energies, short- and long-
range repulsive and attractive energies, and desolvation [39], providing improved accuracy. The predicted
APPIP13W/M17G/I18F/F34V/mesotrypsin interaction described above supports the preference of mesotrypsin for
binding to APPIP13W/M17G/I18F/F34V over APPIM17G/I18F/F34V, as found by our experimental binding studies
(Supplementary Table S2).
Inhibition studies showed that APPIP13W/M17G/I18F/F34V has a much stronger affinity for mesotrypsin than for

hK6 (>100-fold; Supplementary Tables S2, S5 and S6). This observation is also supported by the docked

Table 2 Binding specificity of APPIP13W/M17G/I18F/F34V toward a range of human serine proteases

Inhibitor

Ki (M)

Mesotrypsin Kallikrein-6 Cationic trypsin Anionic trypsin FXIa

APPI-WT* (1.3 ± 0.2) × 10−7 † (1.6 ± 0.1) × 10−9 (4.1 ± 0.1) × 10−12 (1.1 ± 0.1) × 10−12 (4.1 ± 0.1) × 10−10 †

APPI-3M*,‡ (9.8 ± 0.1) × 10−11 (3.6 ± 0.1) × 10−10 (2.3 ± 0.1) × 10−11 (2.3 ± 0.1) × 10−12 (9.8 ± 0.3) × 10−8

APPI-4M*,§ (6.9 ± 0.1) × 10−11 (7.6 ± 0.1) × 10−9 (1.9 ± 0.1) × 10−11 (3.8 ± 0.1) × 10−12 (5.0 ± 0.1) × 10−8

APPI-3M versus APPI-4M

Fold change 1.4 0.047 1.2 0.6 1.9

Specificity 1 29.9 1.2 2.3 0.7

APPI-WT versus APPI-4M

Fold change 1884 0.21 0.22 0.29 8.2 × 10−3

Specificity 1 8950 8730 6510 229 760

*Values are means ± SD of at least three independent experiments.
†Affinity constants reported recently in ref. [10].
‡APPIM17G/I18F/F34V.
§APPIP13W/M17G/I18F/F34V.
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complex of hK6 with APPIP13W/M17G/I18F/F34V, mainly by the loss of important interactions that stabilize the
complex, as shown in Figure 5C. In addition to the possible clash of hK6 His-99 with APPI Trp-13, the electro-
static π-cation interaction, which is observed between APPI Trp-13 and mesotrypsin Lys-175, is not present in
hK6 since Gln-175 (hK6) replaces the Lys-175 (in mesotrypsin) (Figure 5C). The destabilizing interactions in
the APPIP13W/M17G/I18F/F34V/ hK6 complex are consistent with the inferior ZRANK score for docking
APPIP13W/M17G/I18F/F34V with hK6 and mesotrypsin (−95.4 and −115.0, respectively).
Overall, better affinity to mesotrypsin due to new favorable interactions (Figure 5B) and lower affinity to hK6

due to deleterious interactions (Figure 5C) may explain the specificity switch in APPIP13W/M17G/I18F/F34V

(versus APPIM17G/I18F/F34V) toward mesotrypsin inhibition (Table 2 and Supplementary Tables S2, S5 and S6);
this result is the outcome of our selective screening strategy.

Discussion
In the present study, utilization of the YSD system, together with a novel pre-equilibrium, competitive screen-
ing strategy of an APPI library, enabled us to identify a combination of mutations in the APPI sequence that
improves the association rate and binding specificity of APPI toward mesotrypsin in preference to other serine
proteases. Evaluating the binding specificity of the identified APPI variants (by inhibition studies and flow
cytometry analysis; Supplementary Tables S2–S5, Table 1 and Figure 3), together with sequencing analyses
(Supplementary Figure S2), showed that residue 13, the P3 position in the APPI-binding loop, is uniquely toler-
ant to mutation and can therefore be manipulated to enhance specificity. The use of degenerate codons, par-
ticularly at mutation-tolerant positions, allowed for the incorporation of multiple mutations in these positions
that did indeed enhance specificity to different degrees. Our results suggest that APPI residue 13 can be consid-
ered as a binding ‘cold spot,’ i.e. a position exhibiting suboptimal interactions where mutation is likely to
improve binding affinity, as others have recently proposed in various studies of protein–protein interactions
[45]. An important novel finding here was that in our system, the mutation-tolerant position complied with the
cold-spot definition but for specificity (selective binding to mesotrypsin) rather than for affinity (increased
binding to mesotrypsin). As shown by our experimental findings, most of the selected mutations at the P3 pos-
ition did not exhibit improved mesotrypsin affinity (except one, namely, P13W, Supplementary Table S2).
Nonetheless, all of them did improve mesotrypsin specificity, yielding an overall improvement that ranged from
∼1.3-fold to ∼3.1-fold, versus the other proteases (Table 1). These results are anticipated to derive directly
from our specificity maturation approach.
The specificity improvement of our best quadruple mutant (namely, APPIP13W/M17G/I18F/F34V) relative to the

parental APPIM17G/I18F/F34V protein derives primarily from improvements in selectivity for mesotrypsin versus
hK6 (∼30-fold). When comparing the APPIP13W/M17G/I18F/F34V quadruple mutant with APPIWT, for which
there were pre-existing differences in binding affinity between mesotrypsin and other serine proteases ranging

Figure 5. Docked models of APPIP13W/M17G/I18F/F34V complexed with human mesotrypsin and hK6.

(A) Mesotrypsin is depicted as a green surface and APPI as a purple ribbon, with Trp-13 shown by an orange stick

representation. (B) Detail of predicted interactions between Trp-13 (orange) of APPI (purple) with mesotrypsin (green).

APPI-Tyr-35 exhibits a potential π-cation interaction with Arg-96 of mesotrypsin, while APPI Trp-13 forms a similar interaction

with mesotrypsin Lys-175. (C) Detail of predicted interactions between APPI Trp-13 and hK6. hK6 is represented by orange

ribbons and APPIP13W/M17G/I18F/F34V is shown in purple. hK6 His-99 may potentially clash with APPI Trp-13 (residues shown by

the space-filling model). hK6 residues Gln-175, Ala-96 and Ala-97 (shown by stick representations) do not form the potentially

stabilizing interactions observed for the alternative residues found in these positions in mesotrypsin, as described in (B).
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from 100-fold to 100 000-fold (in favor of the other proteases, Supplementary Table S6), the best quadruple
mutant exhibited a significant affinity shift of 1900-fold for mesotrypsin and a reduced affinity (by 5- to
120-fold) for the other proteases (Table 2). The improvements in affinity to mesotrypsin but not to the other
proteases conferred net specificity shifts on the quadruple mutant (relative to APPIWT) ranging from 6500-fold
to 230 000-fold versus the competitors tested. The best quadruple mutant obtained in the present work is there-
fore a more potent mesotrypsin binder than any other naturally occurring or experimentally designed inhibitor
yet reported [10,21,24,26].
In addition to the improvement in the mesotrypsin Ki of our quadruple mutant relative to the other pro-

teases, the association rate kon of our quadruple mutant to mesotrypsin was also enhanced, while its association
rates to the other proteases were reduced (Supplementary Tables S2–S5). The improvements in binding specifi-
city of the quadruple mutant, in terms of both Ki and kon values for mesotrypsin versus other proteases, may
also provide improved specificity under in vivo conditions in which mesotrypsin is present together with other
human serine proteases that can compete for binding to APPI.
Because we labeled both the target and the competitor enzymes, we were able to perform the selection strat-

egy in such a way that, in each round of selection, we chose only those mutants that specifically bound meso-
trypsin, i.e. mutants that exhibited both high affinity to mesotrypsin and a low preference for binding to the
competitor proteases, and in essence this is the innovative design element in our set-up. For example, if, in
each round, we had selected mutants that showed high binding for the target enzyme (mesotrypsin) in the
presence of competitor enzymes that were not fluorescently labeled (as has been done previously, [46]), we may
have obtained mutants that bind mesotrypsin with high affinity but also exhibit higher affinity for the other
serine proteases.
Our selection strategy also aimed to improve the association rate kon in light of the role played by the con-

centrations of the inhibitor and the protease in effective competition in vivo: since the time required to reach
inhibitor–enzyme equilibrium is greater at low concentrations (as frequently occurs in vivo), we used short
incubation times in which competition between targets takes place in the pre-equilibrium state. This selection
under kinetic conditions is analogous to the rapid in vivo maturation of antibodies in the body for which both
rapid and specific binding are essential [47]. Interestingly, this new methodology of pre-equilibrium library
selection for selecting fast-associating protein complexes has also been used very recently by another group
(unbeknown to us at the time) [48] for generating faster association of TEM1 β-lactamase proteins to their
inhibitor protein BLIP, but our approach offers the additional advantage of screening for selectivity and for
rapid association. Thus, our approach provides an innovative strategy for engineering other targets for which
rapid and selective association is required.
Since previous site-directed mutagenesis approaches were able to assess only the effects of single mutations,

studies using these approaches may have overlooked mutations at the binding interface that are enhanced solely
in the presence of neighboring mutations. This problem is, to some degree, circumvented in the use of DNA
libraries, since multiple mutations can be engineered at particular neighboring positions by means of rational
mutagenesis or by random mutagenesis throughout the binding interface, followed by selection for those com-
binations of mutations that possess the desired effects. In the current work, we used a combination of two ran-
domization techniques for generating a potent APPI library: the first strategy was a predesigned focused loop
library with single mutations only at particular canonical binding loop positions on APPI, and the second strat-
egy was a completely random library containing 1–2 mutations throughout the entire APPI sequence.
Importantly, in the mesotrypsin selection, we obtained APPI mutations mostly in the binding loop. Mutants
having a combination of mutations outside and inside the binding loop or mutants with mutations only
outside the loop were also obtained but at very low frequencies (Supplementary Figure S2). These low-
frequency mutants were not analyzed further, mostly because they exhibited low specificity in flow cytometry
analyses (Figure 3) or because they were identified at the first sort stages and were therefore not fully matured
(Supplementary Figure S2).
As noted above, APPI selection failed to identify potent mutations generated from the random library (muta-

tions outside the binding loop). Many possible reasons can be proposed for this failure: first, it is very likely
that the mutations within the binding loop, which are in closer contact with the enzyme, facilitate a more dom-
inant interaction, thereby masking the interactions of mutations outside the binding loop. Second, sequencing
of the library (prior to selection) revealed that most of the mutants — 75% — carry the mutation within the
binding loop, with the remainder having an additional mutation outside the binding loop (data not shown).
Third, for the error-prone PCR used for generation of our random library, there is a substantial likelihood that
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mutations will be synonymous or that some amino acid mutations will be very rare, since they may require two
or three nucleotide mutations in the same codon. Thus, the use of focused libraries — as opposed to random
libraries — increases the chances of successful design, since the rational design of focused libraries facilitates
the incorporation of mutations or positions that are known a priori to be beneficial.
Analysis of the libraries after sorting was limited by the number of sequences that could be obtained from

single colonies. Nonetheless, we judged it to be unnecessary to sequence additional clones, because the library
size had decreased significantly by the fourth round of selection in the case of the selective/competitive screens;
further sequencing would probably not have identified greater mutational diversity at the final sorting stages.
Using computationally generated models of inhibitor/enzyme complexes, we were able to identify distinct pat-

terns that appear to be important for APPI-binding specificity for mesotrypsin relative to hK6. Our analysis
revealed that the replacement of Pro-13 with Trp in the P3 position in the APPI sequence (P13W) probably facili-
tated improved steric interactions with mesotrypsin in that new favorable π-cation interactions between the
ɛ-amino group of mesotrypsin Lys-175 and the indole aromatic ring of APPI Trp-13 were predicted. Similarly,
the replacement of Pro with Trp at P13W probably introduced an electrostatic π-cation interaction between APPI
Trp-13 and mesotrypsin Lys-175 but not between APPI and hK6, since hK6 has Gln but not Lys at position 175.
As potential contributors to the improved Ki and kon of APPI_3MutP13W, we also identified a possible π–π

interaction between W13 of APPI_3MutP13W and W215 of mesotrypsin. Other substitutions of APPI Pro-13
were also able to improve kon and affect Ki. We note that the second-most improved variant in terms of kon for
association with mesotrypsin was actually APPI_3MutP13H. We have examined by docking the expected inter-
action between APPI_3MutP13H and mesotrypsin, and found that His can make some of the same interactions
as the Trp (i.e. with Trp-215 and His-217 in mesotrypsin). Nevertheless, Lys-175 in mesotrypsin adopts a dif-
ferent rotamer, far from APPI_3MutP13H facing the solvent, which might plausibly contribute to the slightly
slower binding of APPI_3MutP13H mesotrypsin in comparison with APPI_3MutP13W.
In the future, the APPI mutants that preferentially bind human mesotrypsin could be further optimized by

using site-specific saturated mutagenesis within the entire binding interface (binding loop and neighboring resi-
dues, Supplementary Figure S1), thereby taking advantage of the long-range allosteric effects of interface muta-
tions that may have been missed in our randomization for the reasons mentioned above. In addition, we plan
to test the engineered APPI variants for their ability to inhibit cancer progression in cell cultures and animal
disease models, followed by further development as diagnostic and therapeutic tools. Furthermore, specificity
against other serine proteases could be achieved in a similar way and, consequently, APPI dimers could be
developed for stronger affinity or greater functionality by combining two different APPI variants, each exhibit-
ing specificity for a different serine protease target.
In summary, for the design of rapidly associating, high-affinity, selective mesotrypsin inhibitors, we have

established a methodology integrating a combination of focused and random combinatorial methods for library
design and a YSD technique for selective/competitive library screening under pre-equilibrium conditions. Such
a methodology can be applied for future design of other protease inhibitors. Therefore, this work can be a
model for future design projects for which data are available regarding the effects of mutation on binding affin-
ity. Such mutations can be successfully combined, as shown here, with the use of the YSD set-up to obtain
mutants possessing additional desirable characteristics.
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