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Abstract

The molecular determinants of substrate specificity and selectivity in the proprotein convertase 

(PC) family of proteases are poorly understood. Here we demonstrate that the natural serpin 

family inhibitor, serpin B8, is a specific and selective inhibitor of furin relative to the other PCs of 

the constitutive secretion pathway, PC4, PC5, PACE4, and PC7 (PCs 4–7), and identify reactive-

site (P6-P5’ residues) and exosite elements of the serpin that contribute to this specificity/

selectivity through studies of chimeras of serpin B8 and α1PDX, an engineered serpin inhibitor of 

furin. Kinetic studies revealed that the specificity and selectivity of the serpin chimeras for 

inhibiting PCs was determined by P6-P5 and P3-P2 residue-dependent recognition of the P4Arg-

X-X-P1Arg PC consensus sequence and exosite-dependent recognition of the reactive loop P2’ 

residue of the chimeras by the PCs. Both productive and non-productive binding of the chimeras to 

PCs 4–7 but not to furin contributed to a decreased specificity for inhibiting PCs 4–7 and an 

increased selectivity for inhibiting furin. MDS simulations suggested that non-productive binding 

of the chimeras to the PCs was correlated with a greater conformational variability of the catalytic 

sites of PCs 4–7 relative to furin. Our findings suggest a new approach for designing selective 

inhibitors of PCs using α1PDX as a scaffold, as evidenced by our ability to engineer highly 

specific and selective inhibitors of furin and PCs 4–7.

Introduction

Proprotein convertases (PCs) are ubiquitous calcium dependent serine proteases of the 

subtilisin fold. In mammals, PCs are complex multi-domain proteins that carry out the 

proteolytic posttranslational modification of many secreted peptides and proteins, and 

regulate central cellular processes like growth and proliferation (1, 2). The PCs of the Kexin-

like subtype, furin, PC4, PC5, PACE4 and PC7, localize to the trans-Golgi network and 

endosomes of the constitutive protein secretion pathway and cleave precursors of a large 
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diversity of proteins at polybasic sites consisting of the general P4Arg-X-X-P1Arg PC 

substrate specificity motif. Many important viral and bacterial pathogens exploit these PCs 

to promote and regulate their own growth. For this reason, specific PC inhibitors are sought 

as potential therapeutic agents (3).

Furin reactivity is regulated by changes of pH and calcium concentrations to impact 

enzymatic activity and autocatalytic activation (4, 5). Protein crystallography and molecular 

dynamic simulations (MDS) revealed that the furin catalytic site is in equilibrium between 

active and inactive conformations (6, 7). Given the similarities at the catalytic site among 

PCs (8), it is predictable that furin shares with PC4, PC5, PACE4 (PC6) and PC7 (PCs 4–7) 

similar mechanisms to regulate reactivity.

The assignment of natural substrates to individual PCs has been speculative due to the great 

deal of cross-reactivity among these proteases, and substrate preferences have been assumed 

to depend mainly on differences of expression and cell type distribution among PCs. Efforts 

to identify amino acid residue preferences at the substrate cleavage site by individual PCs 

have been attempted with the use of peptide libraries with limited success (9). We developed 

a more robust approach in which the serpin-type protease inhibitor, α1-antitrypsin, was used 

as a model PC substrate to engineer changes in its reactive center loop (RCL) site of 

cleavage (10). The validity of this approach is supported by the fact that serpin B8 is the 

only mammalian natural furin inhibitor known so far, and PCs from a variety of organisms 

are regulated by serpins (10–14). Here, we found that serpin B8 is a selective furin inhibitor 

and used the serpin α1-Antitrypsin as a scaffold to graft serpin B8 RCL and exosite amino 

acid residues to elucidate the basis for this selectivity. α1-Antitrypsin is known to inhibit 

furin efficiently when arginine residues are engineered at its RCL P4 and P1 positions 

(α1PDX) (15, 16). This approach is supported by our previous study showing that RCL and 

exosite determinants of serpin B8 reactivity, when substituted into their homologous regions 

in α1-antitrypsin, regulate reactivity with furin (10). The same approach was here extended 

to the other PCs of the constitutive secretion pathway to identify the serpin B8 determinants 

responsible for the specific and selective inhibition of furin compared to PCs 4–7. 

Knowledge of these determinants enabled us to engineer α1-PDX derivatives that were 

highly specific and selective inhibitors of furin and PCs 4–7.

Materials and Methods

Production of PCs.

Recombinant proprotein convertases were produced in truncated form as described for furin 

(10). They included the first 579 residues of furin (UniProtKB P09958), 584 of PC4 

(UniProtKB Q6UW60), 605 of PC5 (UniProtKB Q92824), 638 of PACE4 (UniProtKB 

P29122) and 621 of PC7 (UniProtKB Q16549), up to the end of their P-domains. The gene 

constructs were synthesized (Integrated DNA Technologies) with a 10×His tag extension at 

the C-terminus. The proteins were expressed for 24 h in 1L Hi5 or sf9 insect cells using the 

baculovirus expression system. The PCs were purified from secreted proteins to 

homogeneity using Nickel-affinity and size exclusion chromatography as shown previously 

for furin (10). Protein yields were between 100 μg and 1 mg of purified protein. PCs 4–7 

were expressed less abundantly than furin, especially PC7.
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Production and Engineering of α1-Antitrypsin Mutants.

The serpin α1-antitrypsin (UniProtKB P01009) was expressed in bacteria, refolded from 

inclusion bodies, and purified by ion exchange chromatography as described (10). 

Mutagenesis of the serpin was done by PCR using specifically designed oligonucleotides 

(Integrated DNA Technologies) and Pfu Ultra II HF DNA polymerases (Agilent 

Technologies).

Production of Serpin B8.

Recombinant serpin B8 (UniProtKB P50452) was produced in insect cells using the 

baculovirus system as described before (10). Five of its cysteine residues were mutated into 

serine and five into alanine (serpin B8–5S5A) in order to improve stability.

Protease Activity Assay.

Protease activity assays and determinations of Michaelis-Menten enzyme kinetic parameters 

(Km and kcat) with the fluorogenic substrates, Boc-Arg-Val-Arg-Arg-7-amido-

methylcoumarin and pyr-Arg-Thr-Lys-Arg-amido-methylcoumarin (Bachem) were 

performed in 100 mM Hepes pH 7.5, 1 mM CaCl2, 1 mM β-mercaptoethanol, 0.5 % Triton 

X-100, and 0.1 % polyethylene glycol 8000 at 25 °C employing the same methodology as 

described previously for furin (10). The same conditions were used with all PCs in order to 

compare their activities.

Protease Active-site Titrations.

Concentration of active enzymes and turnover number values were determined from 

titrations of fixed enzyme concentrations with the inhibitor dec-Arg-Val-Lys-Arg-

chloromethyl ketone (Bachem) to reach end points of zero activity at pH 5.5, as described 

(10). The stoichiometric inhibition of PCs can only be achieved at acidic conditions. At the 

commonly used neutral pH of the enzyme activity assay, the competing hydrolysis of the 

inhibitor results in curved instead of straight line, stoichiometric titrations, due to depletion 

of the inhibitor. Specific activity values of 6.4, 1.9, 1.8, 1.3 and 1.5 ΔF/min/nM PC were 

measured for furin, PC4, PC5, PACE4 and PC7, respectively, with 10 μM pyr-Arg-Thr-Lys-

Arg-amido-methylcoumarin at protease activity assay conditions and used to calculate the 

concentration of the enzyme from linear changes in fluorescence.

Protease Inhibition Assays.

The second order association rate constant (ka) values for the reaction of PCs with serpin B8 

and α1-antitrypsin variants were determined from the kinetics of protease inhibition by the 

serpins as described previously (10). All reactions were performed in protease activity assay 

conditions and at pseudo-first order reaction conditions in which the inhibitor concentrations 

exceeded that of the enzyme at least 10-fold. Measurements of fast reactions (ka in the range 

105 to 107 M−1s−1) were obtained from the continuous exponential loss of enzyme activity 

observed in protease assay conditions that consumed minimal amounts of the 10 μM 

fluorogenic substrate pyr-Arg-Thr-Lys-Arg-amido-methylcoumarin present in the assay. The 

observed first order rate constants (kobs) were obtained by fitting the time-dependent 

increase in observed fluorescence (ΔFobs) in reaction progress curves to the exponential rise 
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equation : ΔF = ΔFmax × (1−exp(−kobs × t)) where ΔFmax is the maximum fluorescence 

change at the endpoint. Apparent association rate constant values were derived from slopes 

of the linear dependency of the kobs values against inhibitor concentrations that were 

corrected for the competitive effect of the substrate by dividing by the factor, 1+([S]o/Km). 

For slower reactions (ka values under 105 M−1s−1), longer time assays of discontinuous 

protease inhibition were performed and residual activities determined from aliquots removed 

from the inhibition reactions. Plots of time dependent residual protease activity (Aobs) were 

fitted to an exponential decay equation, Aobs = Ao × exp(−kobs × t) to obtain kobs values. 

Apparent association rate constant values were derived from slopes of the linear dependency 

of the kobs values against inhibitor concentrations. For those reactions in which the initial 

Michaelis encounter complex was formed rapidly and the subsequent chemical step was 

comparatively slow, association rate constant (ka) values were determined from kcat/Kd 

ratios (equal to kcat/Km) where kcat = kobs/(fractional occupation of the Michaelis complex). 

Apparent association rate constant values were corrected by factoring the stoichiometry of 

protease inhibition (SI) to yield the true association rate constant (ka) value. The 

stoichiometry for protease inhibition was determined under protease assay conditions as the 

serpin to protease molar ratio that yielded zero enzyme activity and was obtained from the 

linear decrease of enzyme activity as a function of increasing inhibitor concentrations.

PC-serpin Binding Affinity.

The reaction of some of the α1-antitrypsin variants with PCs yielded fast enzyme activity 

drops that were dependent on the concentration of the inhibitor in a manner that reflected 

equilibrium formation of the Michaelis complex. The rapid loss of reactivity was followed 

by a slower loss of the remaining activity that reflected acylation of the Michaelis complex 

to form the conformationally trapped covalent serpin-enzyme complex. Equilibrium binding 

dissociation constants for the Michaelis complex (Kd) were determined from nonlinear least 

squares computer fits of plots of the dependency of residual PC activity, calculated from the 

initial linear segment of residual activity, on inhibitor concentrations to the tight binding 

quadratic equation by Morrison, [E]/[E]o = 1 – (([E]o + [I]o + Kd) - (([E]o + [I]o + Kd)^2 – 4 

× [E]o × [I]o)^0.5 / (2 × [E]o) where [E] and [E]o are the residual active and total PC 

concentrations, respectively, and [I]o is the total inhibitor concentration (21). Inhibitor 

concentrations were corrected for the competitive effect of the substrate by dividing by the 

factor, 1+([S]o/Km).

Molecular Dynamic Simulations.

Principal component analyses on two furin crystal structures and models of the catalytic 

domain of PCs 4–7 were carried out as described (7). MD simulations were performed using 

the GROMACS (v5.0.3) molecular simulation package as described (7). Models of the 

catalytic domain of PC4, PC5, PACE4 and PC7 were obtained using the SWISS-MODEL 

tool for protein homology modeling, and based on the x-ray crystal structures of the ligand-

free form (PDB code 5JXG) and the ligand-bound form (PDB code 5JXH) of human furin as 

templates.
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Results

Furin Hydrolyzes Two Small Peptide Substrates at a Faster Chemical Conversion Rate than 
PC4, PC5, PACE4 and PC7.

Recombinant furin, PC4, PC5, PACE4 and PC7, consisting of only their catalytic and P-

domains, were produced in a fully active and highly purified form (10). To determine the 

relative specificity and selectivity of these PCs for two of the most commonly used PC 

substrates, we measured the Michaelis-Menten kinetic parameters for the PC-catalyzed 

hydrolysis of the substrates. (Table 1). This comparative study showed that furin is 2 to 20-

fold more reactive than PCs 4–7 primarily due to the faster chemical conversion step (kcat).

Serpin B8 is a Specific and Selective Furin Inhibitor.

We have previously determined that serpin B8 inhibits furin at a physiologically relevant rate 

(10). If serpin B8 is a specific and selective natural furin inhibitor, then it should react much 

more rapidly with furin than with PCs 4–7. In order to test this hypothesis, the rate of 

inhibition of PC4, PC5, PACE4 and PC7 by serpin B8 was measured using our stabilized 

recombinant form of serpin B8 that we previously described (10), in which five external and 

internal cysteine residues were mutated to serine or alanine, respectively (Table 2). Serpin 

B8 reacted about 20-fold slower with PCs 4–7 (ka 1 × 104 M−1s−1) than with furin (ka 2 × 

105 M−1s−1). Serpin B8 is thus significantly more selective for inhibiting furin over PCs 4–7.

The serpin B8 P6-P5’ RCL Segment Confers Greater Furin Selectivity in α1PDX than in 
Serpin B8.

We previously determined that the primed and non-primed regions of the serpin B8 RCL, 

when grafted onto the RCL of the serpin α1PDX, play critical roles in influencing reactivity 

with furin (10). The same analysis was applied here to investigate the role that these two 

serpin B8 RCL regions play in determining the differential reactivity between furin and PCs 

4–7. Serpins share the same general structure and a suicide substrate mechanism of 

inhibition of proteases that results in the formation of a conformationally trapped serpin-

protease covalent complex (Fig. S1) (17). α1PDX is a derivative of the serpin α1-antitrypsin 

that was developed as a specific furin inhibitor by grafting the P4Arg-X-X-P1Arg PC 

recognition sequence onto the RCL (18). We found that α1PDX is equally reactive with 

furin, PC4, PC5, PACE4 and PC7, all the PCs being inhibited efficiently by α1PDX at 

similar rates (106 M−1s−1) and with stoichiometries of inhibition of 1:1 (Table 2). A previous 

report (16) found differences in α1PDX reactivity with some of these PCs based on an 

erroneous characterization of serpin reactivity by Ki values instead of ka (19). The serpin B8 

RCL P6-P5’ segment (Fig. 1), when placed at its homologous location in the RCL of 

α1PDX resulted in a chimera that reacted with furin 10-fold slower (105 M−1s−1) than 

α1PDX, similar to serpin B8 (Table 3). However, the P6-P5’ chimera reacted with PCs 4–7 

much slower than serpin B8 and in a biphasic manner distinct from the monophasic reaction 

with furin (Fig. 2A). The P6-P5’ chimera thus caused an immediate inhibition of a fraction 

of the protease activity followed by a slower exponential inhibition of the remaining activity 

(Fig. 2C). This behavior suggested that an initial rapid equilibrium binding of the serpin and 

protease to form a Michaelis complex was kinetically separated from the slower acylation of 

the Michaelis complex to form the conformationally trapped serpin-protease covalent 
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complex. Indeed, the serpin concentration dependence of the initial rapid inhibition phase 

was consistent with Kd values of about 1 μΜ for formation of the Michaelis complex (Fig. 

2B, Table 4), whereas the subsequent exponential reaction phase indicated first-order rates 

of acylation of the Michaelis complex (kobs ~ 10−4 s−1) that were about 100-fold slower than 

kcat values measured for the hydrolysis of the tetrapeptide fluorogenic substrates by PCs 4–7 

(Table 5). Because of the kinetic separation, the contributions to overall reactivity (ka = 

kcat/Km) by the binding (Km) and the chemical (kcat) steps can be calculated separately. The 

Km equals the Kd for the rapid equilibrium formation of the Michaelis complex, and the kcat 

can be calculated by dividing kobs for formation of the covalent complex by the fractional 

saturation of the Michaelis complex (Fig. 2C, Table 5). Values of ka calculated from kcat/Kd 

ratios (102 M−1s−1) were several 1,000-fold lower than ka values for reactions of α1PDX 

with PCs 4–7 (Table 3). The serpin B8 P6-P5’ segment when grafted onto α1PDX thus 

amplified the differences in reactivity observed for serpin B8 with furin and PCs 4–7.

The Serpin B8 P6-P1 RCL Segment Determines PC Selectivity.

In order to define the origin of the large difference in reactivity between furin and PCs 4–7 

observed with the P6-P5’ chimera, the serpin B8 P6-P1 segment was alone grafted onto the 

RCL of α1PDX. In contrast to the P6-P5’ segment, the P6-P1 segment resulted in a two-fold 

increase in reactivity with furin (2 × 106 M−1s−1) (Table 3). However, the P6-P1 chimera 

reacted with PCs 4–7 similar to the P6-P5’ chimera, i.e., with a greatly reduced overall 

reactivity relative to α1PDX and biphasic kinetics of inhibition (Fig. 3A). Surprisingly, the 

chimera formed Michaelis complexes in an initial rapid equilibrium binding step that 

exhibited about 100-fold stronger affinities than those of the P6-P5’ chimera (Kd values of 

7–15 nM) (Fig. 3B, Table 4). Moreover, the subsequent slower exponential phase reflecting 

conversion of the non-covalent Michaelis complex to the covalent inhibitory complex (Fig. 

3C), exhibited kcat values minimally 10-fold slower than those observed with the P6-P5’ 

chimera (10−5 s−1 or less) (Table 5). This slow reactivity was confirmed by electrophoresis 

analysis of the serpin chimera-PC reaction which showed minimal reaction of the serpin to 

form a covalent complex or to be cleaved as a substrate over the timeframe in which 

covalent complexes formed with the P6-P5’ chimera. Calculated ka values for PACE4 and 

PC7, for which kcat values were measurable, were determined from the kcat/Kd ratios (103 

M_1s_1) to be 100 to 1000-fold lower than those for the reaction of α1PDX with PCs 4–7 

(Table 3).

Further reducing the size of the grafted serpin B8 RCL to only the P6-P5 segment produced 

a chimera with PC reactivity that resembled that of the P6-P1 chimera. This chimera thus 

increased reactivity with furin 2-fold and reduced reactivity with PCs 4–7 relative to α1PDX 

(Fig. 4A). Moreover, the kinetics of PC inhibition was monophasic for furin and biphasic for 

PCs 4–7. However, unlike the immediate equilibrium formation of the Michaelis complex 

observed for the P6-P1 chimera reaction, the P6-P5 chimera showed a slower approach to 

the Michaelis complex binding equilibrium (Fig. 4A). Notably, Michaelis complex affinities 

for the P6-P5 chimera interaction with PC 4–7 were 10–30-fold greater than those for the 

P6-P1 chimera (Kd values of 0.4–1 nM) (Fig. 4B, Table 4). Moreover, the conversion of the 

Michaelis complex to the covalent complex in the subsequent slow exponential phase 

indicated that kcat values were 3–12-fold faster for the P6-P5 chimera than the P6-P1 
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chimera reactions (1–3 × 10−4 s−1) (Fig. 4C, Table 5). As a result, ka values calculated from 

kcat/Kd ratios were larger for the P6-P5 chimera than the P6-P1 chimera reactions (105 to 

106 M−1s−1) and approached those for the reactions of α1PDX with PCs 4–7 (Table 3). Like 

the P6-P5’ and P6-P1 chimeras, the serpin B8 P6-P5 substitution in α1PDX thus resulted in 

the formation of stable high-affinity Michaelis complexes with PCs 4–7 that were poorly 

reactive in forming a conformationally trapped covalent complex.

The grafting of the serpin B8 RCL P3-P2 segment led to losses of α1PDX reactivity of 

about 10-fold with furin (105 M−1s−1) and about 1000-fold with PCs 4–7 (~103 M−1s−1) 

(Table 3). Contrasting the reaction of the P6-P5 chimera, the reaction of the P3-P2 chimera 

with PCs 4–7 showed an initial equilibrium binding of low affinity that was not measurable 

over the inhibitor concentrations used. The serpin B8 P3-P2 segment thus decreased 

reactivity of α1PDX with all PCs, but especially with PCs 4–7.

Together, these results suggest that the RCL P6-P1 segment contributes to the enhanced 

substrate selectivity between furin and PCs 4–7 observed with the P6-P5’chimera.

The P2’ Residue Determines PC Reaction Specificity.

Contrasting the effect of the P6-P1 segment, the serpin B8 RCL P1’-P5’ segment decreased 

α1PDX reactivity with furin, 20-fold, and PCs 4–7, 40–80 fold (104 M−1s−1) (Table 3). No 

kinetic separation of the formation of the Michaelis and covalent complexes was observed 

for this chimera. Single residue substitutions within the P2’-P4’ region identified the P2’ 

substitution as the most detrimental to reactivity as it reduced α1PDX reactivity 17-fold with 

furin and 60–120 fold with PCs 4–7 (l04 M−1s−1), similar to the effect produced by 

substituting the full P1’-P5’ region (Table 3). The effect of the P3’ and P4’ serpin B8 residue 

substitutions on α1PDX reactivity with all PCs was comparatively modest (105 to l06 M−1s
−1). The lack of importance of the P1’ residue on PC substrate specificity and selectivity was 

shown by a serine to aspartic acid mutation that had less than 10-fold detrimental effect on 

α1PDX reactivity with all PCs (Table 6).

Exosites Selectively Regulate Reactivity with PCs.

We have previously shown that the homologous grafting of the serpin B8 strand 3C exosite 

residues onto α1PDX or the α1PDX-serpin B8 P6-P5’ chimera leads to losses of reactivity 

with furin of 5-fold (l05 M−1s−1) and 70-fold (l03 M−1s−1), respectively (10). In stark 

contrast, the serpin B8 exosite residues increased α1PDX reactivity with PCs 4–7 by 3 to 9-

fold (l06 to l07 M−1s−1), but reduced reactivity of the α1PDX-serpin B8 P6-P5’ chimera 

with PCs 4–7 by 8 to 30-fold (101 M−1s−1) (Table 7).

The Catalytic Site Conformations of Furin and PCs 4–7 Differ.

Protein crystallography and MDS studies have shown that the catalytic site of furin adopts 

active and inactive conformations and have suggested that substrates preferentially bind to 

the active conformation through conformational selection or induced-fit binding mechanisms 

(7, 8). The kinetic studies described above show that unlike furin, the catalytic site of PCs 4–

7 may adopt inactive conformations that preferentially bind substrate non-productively. To 

investigate the basis for such differences, we compared the catalytic site conformations of 
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furin and PCs 4–7 by MDS. Homology models of the whole catalytic domain for PCs 4–7 

were built based on the x-ray crystal structures of the ligand-free and ligand-bound forms of 

furin. Although the amino acid sequence is 50–65% conserved between furin and PCs 4–7, 

the structures are expected to be highly conserved (8). MDS were performed on ten 

simulated systems of five proteins and two different conditions: 1) ligand-free form 

associated with active and inactive configurations, and 2) ligand-bound form associated only 

with active configurations. A principal component analysis (PCA), constructed on a 

common structural core of 313 Cα atoms in the catalytic domain, was performed employing 

MDS trajectories for a global evaluation of the structures (Fig. 5A). The analysis showed 

well resolved and distinct active and inactive furin conformations in agreement with 

previous studies (7). PCs 4–7 showed the most pronounced differences in PACE4 and, 

especially, in PC7 for the ligand-free forms. The ligand-bound forms were more consistent 

with furin, except for PC7. A second PCA was performed on 5 Cα atoms located in the 

catalytic site. Again, furin produced two clearly distinguishable sets of conformations 

corresponding to active and inactive states (Fig. 5B). In agreement, all PCs 4–7 also 

produced clearly differentiated active and inactive conformations. Only the ligand-free 

conformations of PCs 4–7 showed more variability compared to furin, especially that of 

PC7.

Discussion

Despite the large body of information regarding how PCs regulate the growth, proliferation 

and differentiation of cells in numerous physiological and pathological processes, a 

molecular understanding of how PCs perform their specific regulatory functions has 

remained elusive (22). Because PCs are co-expressed and overlap at their cellular location, 

significant cross-reactivity seems unavoidable, and the significance of the redundant 

targeting of substrates by PCs is unclear. However, examples of PCs with opposite 

regulatory effects imply that PCs should be able to target their substrates selectively (23). A 

recurrent theme is that of furin and PCs 4–7 playing opposite roles by targeting the same 

protein but in a selective manner involving different recognition sites (24, 25). The basis for 

this PC selectivity has not been well characterized. In this study, serpin B8 was 

demonstrated to react with furin selectively based on a 20-fold faster reactivity with furin 

than with PC4, PC5, PACE4 and PC7 (Table 2). In addition, it was shown that furin 

catalyzes the hydrolysis of two tetrapeptide substrates at a faster catalytic rate, especially 

with the substrate Boc-Arg-Val-Arg-Arg-AMC (20-fold), than PCs 4–7 (Table 1). These 

observations suggested that furin and PCs 4–7 differ in substrate specificity and selectivity. 

Following the same rationale that we used to study the reactive-site and exosite elements of 

serpin B8 that determine reactivity with furin (10), we used α1PDX as a model substrate to 

determine the basis for the differences in serpin B8 reactivity between furin and PCs 4–7 by 

the homologous transferring of RCL and exosite amino acid residues from serpin B8 to 

α1PDX.

Notably, the serpin B8 P6-P5’ RCL segment induced a difference in reactivity between furin 

and PCs 4–7 significantly larger within α1PDX (140 to 400-fold) than within serpin B8 (20-

fold) (Tables 2 & 3). This disparity argues that the conformation that the serpin B8 RCL P6-

P5’ segment adopts in the α1PDX context accentuates the difference of reactivity between 
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furin and PCs 4–7. Unexpectedly, the α1PDX-serpin B8 P6-P5’ chimera reacted with furin 

with monophasic kinetics, but reacted with PCs 4–7 with biphasic kinetics. The serpin thus 

bound rapidly to PCs 4–7 to form a Michaelis complex in the first kinetic phase and this 

complex then slowly underwent acylation to form the trapped covalent serpin-enzyme 

complex in the second phase. The marked reduction in the rate of the second catalytic step 

therefore accounted for the biphasic kinetics and large reduction in overall reactivity of the 

chimera with PCs 4–7. The chimera thus by binding to the more variable catalytic site of 

PCs 4–7 than furin, as shown by the MDS experiments (Fig. 5), may be favoring non-

productive conformations of the catalytic site.

The grafting of smaller segments of the RCL showed the P6-P1 segment, and in particular 

the P6-P5 residues, were responsible for the marked difference in reactivity between furin 

and PCs 4–7. By contrast, the serpin B8 P3-P2 residues did not produce biphasic reaction 

kinetics with PCs 4–7, but did result in marked reductions in reactivity with both furin (10-

fold) and PCs 4–7 (1000-fold). The effects of other mutations of the P3 and P2 residues in 

α1PDX are also consistent with such mutations affecting reactivity more with PCs 4–7 than 

with furin (Table 6).

The major effects of the P6-P5 and P3-P2 residues, which flank the P4 Arg residue, on the 

reactivity of the P1-P6 chimera with PCs 4–7 suggests that the conformation of the P6-P1 

segment plays a key role in regulating the productive insertion of the P4 arginine side chain 

into the S4 pocket of the enzyme catalytic site. Consistent with this idea, the level of PC 

reactivity of the P6-P1 chimera (l01 to l02 M−1s−1) is comparable to that of α1-antitrypsin 

Pittsburgh (l01 M−1s−1) (Table 6), a natural mutant of α1-antitrypsin (20), which has an 

arginine for methionine substitution at the P1 position, but lacks the P4 arginine (Fig. 1).

The P1’-P5’ chimera led to significant losses of reactivity with all PCs (Table 3). The 

finding that the P2’ chimera largely accounted for the losses in reactivity indicated that the 

P2’ residue was principally responsible for the detrimental effect of the serpin B8 primed 

region on α1PDX reactivity. Like α1PDX, the P1’-P5’ and P2’ α1PDX chimeras showed 

little selectivity in their reaction with furin and PCs 4–7. This region thus contributes to 

general PC specificity but not to selectivity.

The contribution of the primed region of the RCL to PC reactivity was also shown to be 

influenced by exosite interactions. In our previous study on furin reactivity, we showed that 

of the four furin active-site loops, only the 298–300 loop is involved in exosite regulation of 

furin reactivity (10). We also demonstrated that the 298–300 furin loop, of which Arg298 

forms part of the S2’ pocket in the catalytic site (8), mediates the interactions of the exosite 

residues in strand 3C of the serpin with the primed region of the RCL (Fig. S2). In this 

study, we further advanced this notion by establishing that the exosite residues selectively 

affected PC reactivity depending on the RCL primed region amino acid sequence. While the 

serpin B8 exosite residues were detrimental to reactivity with all the PCs in the presence of 

the serpin B8 primed region, they negatively affected furin reactivity but promoted reactivity 

with PCs 4–7 in the context of the α1PDX primed region (Table 7). These observations 

strongly suggest that the exosite residues modulate the P2’ residue insertion into the S2’ 

pocket and can regulate substrate selectivity between furin and PCs 4–7. Thus, the P1’-P5’ 
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segment serves as a determinant of general PC substrate specificity that can be modulated by 

exosites (10, 25).

Our demonstration of differences in substrate specificity and selectivity between furin and 

PCs 4–7 significantly advances understanding of the molecular determinants of specificity 

and selectivity in the PC family of proteases. Our findings thus clearly establish the ability 

of PCs to differentiate target substrates based on the recognition of different preferred 

substrate cleavage sequences. Moreover, our findings underscore the importance of the 

structural context of such recognition sequences and the ability of exosites to influence this 

context. Finally, they establish that substrate recognition can be favored or disfavored by 

differential abilities of furin and PCs 4–7 to bind their substrates productively versus non-

productively, due to differences in catalytic site conformational states of PCs. Interestingly, 

such differences may be exploited to engineer selective inhibitors of PCs 4–7 as shown by 

the nanomolar Michaelis complex affinities observed for P1-P6 and P6-P5 chimera 

interactions with these PCs (Table 4).

Serpins are the only known natural PC inhibitors (10–14). Protein-based inhibitors have the 

advantage over small molecule inhibitors in that they can be expressed by the targeted cell 

and directed to specific subcellular locations (18, 27). We have demonstrated that serpin B8 

is a specific and selective furin inhibitor, and shown that introducing serpin B8 reactivity 

determinants into the engineered general PC inhibitor, α1PDX, results in added selectivity 

for furin or for PCs 4–7 (Fig. 1). The P6-P5’ chimera (now named α1ORD) achieves a 140 

to 400-fold higher reactivity with furin than with PCs 4–7 (Table 3). Although this chimera 

forms inhibitory Michaelis complexes with PCs 4–7, the binding affinity is weak (Kd 1 μΜ) 

and minimal inhibition is expected at concentrations below 1 μΜ. The α1PDX+YE 

derivative (now named α1MDW) is selective for PCs 4–7 with 20 to 60-fold higher 

reactivity with these PCs than with furin (Table 7). These inhibitors, and their future 

improved derivatives, should become useful tools in the search to understand the regulatory 

role of PCs, and to discover new therapeutic drugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Amino acid residue sequence at the RCL of α1-antitrypsin derivatives and serpin B8. The 

amino acid residue sequences from the RCL of α1-antitrypsin variants and of serpin B8 

were aligned based on the location of the protease cleavage site between the residues P1 and 

P1’. A natural mutant of α1-antitrypsin, the Pittsburgh variant, has an arginine substitution 

at the P1 residue that changes the serpin specificity to inhibit trypsin-type proteases (20). 

The α1-antitrypsin Portland variant (α1PDX) was engineered with arginine residues at the 

P4 and P1 positions to inhibit furin (15, 16). The serpin B8–5S5A variant is a stabilized 

form of serpin B8 in which cysteine residues were mutated, five to serine and five to alanine, 

including the one at the P1’ position (10). The α1PDX-serpin B8 Ρ6-Ρ5’ chimera is now 

designated the Chicago 1 derivative (α1ORD) due to its high furin selectivity. The α1PDX

+YE exosites variant, is now designated the Chicago 2 derivative (α1MDW) due to its high 

selectivity for PC4, PC5, PACE4 and PC7 over furin.
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Figure 2. 
Reaction of the α1PDX-serpin B8 P6-P5’ chimera with PACE4. (A) Shown are plots of 

PACE4 residual activity at increasing concentrations of the α1PDX-serpin B8 P6-P5’ 

chimera. Progressive reactions of 2 nM PACE4 activity with 10 μΜ of the fluorogenic 

substrate pyr-Arg-Thr-Lys-Arg-amido-methylcoumarin under protease activity assay 

conditions were run as described in the Materials and Methods section. (B) Shown is the 

fitted plot of the dependence of residual PACE4 activity on increasing concentrations of the 

serpin chimera that were corrected for the fluorogenic substrate concentration [S]. The plot 

was fitted to the quadratic tight binding equation by Morrison (21). Similar results were 

obtained with PC4, PC5 and PC7, and Kd values are listed in Table 4. (C) Shown is a plot of 

residual PACE4 activity for the inhibition of 50 nM PACE4 by 1.4 μΜ serpin chimera. The 

initial drop in activity reflects the fast equilibrium binding for the formation of the Michaelis 

complex that precedes slow covalent complex formation.
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Figure 3. 
Reaction of the α1PDX-serpin B8 P6-P1 chimera with PACE4. (A) Shown are plots of 

PACE4 residual activity at increasing concentrations of the α1PDX-serpin B8 P6-P1 

chimera. Progressive reactions of 5 nM PACE4 were run as described in legend to figure 2. 

(B) Shown is the fitted plot of the dependence of residual PACE4 activity on increasing 

concentrations of the serpin chimera as described in legend to figure 2. Similar results were 

obtained with PC4, PC5 and PC7, and Kd values are listed in Table 4. (C) Shown is a plot of 

residual PACE4 activity for the time course of inhibition of 50 nM PACE4 by 1.0 μΜ of the 

chimera. The large initial drop in activity reflects the fast equilibrium binding for the 

formation of the Michaelis complex that precedes slow covalent complex formation.
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Figure 4. 
Reaction of the α1PDX-serpin B8 P6-P5 chimera with PACE4. (A) Shown are plots of 

PACE4 residual activity at increasing concentrations of the α1PDX-serpin B8 P6-P5 

chimera. Progressive reactions of 3 nM PACE4 were run as described in legend to figure 2. 

(B) Shown is the fitted plot of the dependence of residual PACE4 activity on increasing 

concentrations of the serpin chimera as described in legend to figure 2. Similar results were 

obtained with PC4, PC5 and PC7, and Kd values are listed in Table 4. (C) Shown is a plot of 

residual PACE4 activity for the time course of inhibition of 2 nM PACE4 by 50 nM of the 

chimera. The large initial drop in activity reflects the fast equilibrium binding for the 

formation of the Michaelis complex that precedes slow covalent complex formation.
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Figure 5. 
Molecular dynamic simulation analysis of the structure of PCs. The configuration of amino 

acid residues in the catalytic domain of furin, PC4, PC5, PACE4 and PC7 was simulated 

employing furin crystal structures and molecular models of the catalytic domain of PCs 4–7 

based on the x-ray crystal structure of the ligand-free and ligand-bound furin, as described in 

the Materials and Methods section. Two different starting structure conditions were 

employed, i) ligand-free form, which is associated with inactive configurations, and ii) 

ligand-bound form, which is associated with active configurations. Shown are molecular 

dynamic trajectories from the simulated systems projected on the first two principal 

components (nm). These projections are presented as heat maps where blue represents 

highly populated states. The maps derived from (i) are labeled as APO, and the ones from 

(ii) as LIG. The arrows pointing down correspond to the starting frame, which is the furin 

crystal structure. The arrows pointing upward correspond to the last frame of the analysis. 

(A) Comparative MDS analysis of the PC catalytic domain. PCA performed over 313 Cα 
atoms of amino acid residues. (B) Comparative MDS analysis of the PC catalytic site. PCA 

performed over 5 Cα atoms of catalytic site amino acid residues (Aspl53, Hisl94, Gly255, 

Asn295 and Ser368).
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Table 2.

Rate Constant Values for the Reaction of PCs with Serpin B8 and αPDX

Serpin B8 α1PDX

ka(M−1s−1) SI ka(M−1s−1) SI

FURIN 2 3 ± 0.2 × 105 2.2 ± 0.1 1.l ± 0.1 × 106 1.1 ± 0.1

PC4 14 ± 0.2 × 104 1.2 ± 0.1 1.6 ± 03 × 106 1.2 ± 0.2

PC5 1.1 ± 0.2 × 104 0.9 ± 0.1 2.0 ± 0.1 × 106 1.3 ± 0.1

PACE4 1.1 ± 0.3 × 104 0.9 ± 0.1 1.2 ± 0.3 × 106 1.0 ± 0.2

PC7 1.2 ± 0.2 × 104 1.0 ± 0.1 2.3 ± 0.8 × 106 1.4 ± 0.2

Second order association rate constant (ka) values for the reaction of PCs with serpin B8 and α1PDX, and their stoichiometry of inhibition (SI) 

were measured in protease activity assay conditions as described in the Materials and Methods section. The SI measures the partition between the 
inhibitory and substrate pathways of the serpin mechanism of protease inhibition. A value of 1 corresponds to an efficient inhibition (figure S1). 
Errors represent S.E from linear regression fits of data. The ka and SI values for furin were taken from reference (10).
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