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Abstract

Staphylococcus aureus secretes a family of potent, non-covalent inhibitory proteins that selectively
target the neutrophil serine proteases neutrophil elastase, cathepsin-G, and proteinase-3. A
majority of our understanding of these so-called EAP domain proteins has come from structure/
function studies on EapH1 and its effects on human neutrophil elastase (hNE). Inspection of the
EapH1/hNE co-crystal structure suggested that EapH1 residues R89, E94, and K95 are positioned
near the EapH1/hNE interface and might contribute to the potent inhibition of hNE by EapH1. In
this study, we used site directed mutagenesis, kinetic evaluation, and surface plasmon resonance to
probe the individual contributions of R89, E94, and K95 to EapH1 function. We found that the
wild-type EapH1/hNE complex is characterized by a fast association rate (2.0x108 M~1s71) and a
very slow dissociation rate (4.3x107° s71), yielding an apparent inhibition constant of 21 pM. The
slow dissociation rate of EapH1 from hNE resulted in a time-dependent inhibition pattern.
Although conservative mutants E94Q and K95M, as well as the E94Q/K95M double mutant, had
on- and off-rates comparable to wild-type EapH1, mutation of R89 to methionine resulted in a
15,000-fold decrease in inhibition (321 nM) and loss of the time-dependent inhibition
characteristic. The double mutants R89M/E94Q and R8IM/KI5M, as well as the triple mutant
R89IM/E94Q/K95M were similarly perturbed. Mutation of R89 to lysine restored a portion of the
inhibition of hNE (27 nM). Given these observations, we conclude that R89 is a primary
contributor to EapH1 function vis-a-vis time-dependent inhibition of hNE.
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Introduction

Neutrophils are the sentries of the immune system, and comprise ~ 60 percent of the
leukocytes in normal human blood.2 A primary role of neutrophils lies in the initial innate
immune response against invading bacteria.3: 4 Neutrophils are characterized by a
preponderance of granules within their cytosol. Perhaps the best studied among these are the
azurophilic granules, which contain high levels of myeloperoxidase® and other bactericidal
enzymes including the neutrophil serine proteases neutrophil elastase®, Cathepsin-G’, and
proteinase-3.8 Neutrophils respond to biochemical gradients of various chemotactic signals
to arrive at the site of potential bacterial infection. Thereafter, they ultimately engulf
opsonized bacteria through the process of phagocytosis. The newly created phagosome fuses
rapidly with azurophilic granules, whereby the antimicrobial components of these granules
are solubilized and affect the eventual destruction of the bacterial cell.?
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Staphylococcus aureus is a prominent human pathogen that causes a wide variety of
diseases, ranging from superficial infections of the skin and minor wounds to potentially
life-threatening infections such as sepsis, endocarditis, and necrotizing pneumonia. It has
been estimated that ~30 percent of the human population is commensally colonized by this
bacterium.19: 11 The relative contribution of various innate immune components to the
overall response against S. aureus remains a topic or investigation and debate. However,
recent discoveries reporting numerous staphylococcal innate immune evasion proteins that
inhibit prominent constituents of the neutrophil’s anti-bacterial arsenal strongly suggest that
neutrophils play an essential role in our defense against S. aureus.1 12. 13

Stapels et al. reported the identification of a family of three secreted proteins from S. aureus
that inhibit activity of the neutrophil serine proteases.? These so-called “EAP domain
proteins” consist of the founding member, the 50-70 kDa Extracellular Adherence Protein
(i.e. Eap), as well as its two homologs EapH1 (~12 kDa) and EapH2 (~13 kDa).14 They are
highly selective for the proteases found in azurophilic granules (i.e. neutrophil elastase,
cathepsin-G, and proteinase-3), and appear to have no inhibitory activity against related
chymotrypsin-like molecules found in the bloodstream.> EAP domain proteins are defined
by an eponymous motif of approximately ~110 residues that adopts a p-grasp fold.14 Their
overall structure consists of a prominent a-helix superimposed on a five-stranded mixed (-
sheet, and has been extensively characterized by both X-ray crystallography# and solution
NMR spectroscopy.1® 16 Since the amino and carboxy-termini lay on opposite sides of the
fold4, the structure of the EAP domain allows for tandem repeats of this motif to occur
within the same molecule. Such an arrangement is seen in the multi-domain Eap

proteinl”: 18 and appears to impart additional innate immune evasion properties to this
molecule aside from inhibition of neutrophil serine proteases.19-21

Although Eap, EapH1 (UniProtKB: AOAOH3K0M1) and EapH2 are all potent inhibitors of
the canonical neutrophil serine proteases! 22, a majority of the structure/function
investigations thus far have come from studies on EapH1 and its effects on human neutrophil
elastase (hereafter hNE, UniProtkKB: P08246). A 1.85 A resolution co-crystal structure of
EapH1 bound to hNE has been solved (Fig. 1A).1 This structure shows that EapH1 binds
non-covalently across the hNE active site channel, thereby preventing substrate access.
EapH1 residues 156 — R61 contribute 628 A2 of the 830 AZ interface area buried in this
complex, with the backbone carbonyl of L59 coming within 3.5 A distance of the hNE
catalytic serine.22

Remarkably, the effect on EapH1 affinity for hNE was minimal when these six residues
were collectively mutated to alanine.22 By contrast, EapH1 residues R89, E94, and K95 are
some distance from the hNE active site in the co-crystal structurel, but appear to contribute
potentially important interactions (Fig. 1B). When R89, E94 and K95 of EapH1 were
collectively mutated to alanine, the binding affinity for hNE decreased by ~74,000-fold?2,
while the 1C5 of this mutant could not be determined due to its low activity.

In this study, we explored the steady-state kinetics of elastase inhibition by wild-type EapH1
and determined the individual contributions of R89, E94, and K95. Each residue was
interrogated by conservative mutation (R89M, E94Q, K95M) in an effort maintain the
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overall residue volume. Double and triple mutants were also generated to examine whether
any functional coupling exists between the residues (e.g. synergy, antagonism, etc.). We then
conducted kinetic evaluation by activity assays and surface plasmon resonance to ascertain
residue-specific quantitative contributions to binding and inhibition of hNE. Collectively,
these experiments have identified R89 as a major contributor to EapH1 function as a time-
dependent, picomolar-affinity inhibitor of hNE.

Materials and Methods

Materials

Mutagenic oligonucleotides were purchased from Integrated DNA Technologies. Phusion
High-Fidelity DNA Polymerase, dNTPs and Dpn | were purchased from New England
Biolabs. Kanamycin Monosulfate, isopropyl-p-D-thiogalactopyranoside (IPTG),
tris(hydroxymethyl)aminomethane (TRIS) and Nickel-IDA agarose were purchased from
Gold Biotechnology. Human neutrophil elastase was purchased from Elastin Products
Company. Methoxysuccinyl-Ala-Ala-Pro-Val-P-nitroanilide (MSA,PV-pNA), Triton X-100,
dimethylsulfoxide (DMSO), succinic acid and Luria Broth powder were purchased from
Sigma-Aldrich. Imidazole was purchased from Alfa Aesar. Nickel (1) Chloride-hexahydrate
was purchased from Acros Organics. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) was purchased from MP Biomedical, LLC. Plasmid DNA was purified using the
Wizard Plus SV Miniprep DNA Purification System (Promega).

Mutagenesis, protein expression and purification

A full-circle site-directed PCR strategy was utilized to generate the desired mutations. The
integrity of the coding sequence and the presence of the mutation was verified by DNA
sequencing (GENEWIZ). The double mutants were made using the single mutant (R89M) as
a template in the PCR. The triple mutant was made using the R8IM/K95M plasmid as the
template.

The wild-type and mutant EapH1 proteins were expressed in £. coliBL21 (ADE3). Briefly,
2 L LB was inoculated with 10 mL/L of an overnight culture. The cultures were incubated,
shaking at 37°C to an optical density of ~ 0.7, then induced with 1 mM IPTG and incubated,
shaking overnight at 18°C. The bacterial cells were harvested by centrifugation and the
pellet was re-suspended in 80 mL of buffer A (20 mM TRIS-CI, 500 mM NaCl, 5 mM
Imidazole (pH:8.0 (RT))). The cells were lysed by passing the suspension through a
microfluidizer (Microfluidics) at a 17 kpsi chamber pressure. The lysate was clarified by
centrifugation (~27,000xg). The cell-free extract was loaded onto 4 mL Nickel-IDA agarose.
The column was washed with ~200 mL buffer A, 100 mL of buffer B (20 mM TRIS, 1 M
NaCl, 10 mM Imidazole (pH: 8.0(RT))), followed by 100 mL buffer A. Protein was eluted
with buffer A supplemented with 150 mM Imidazole. The eluted protein was applied to a
HiPrep 26/10 Desalting column (Akta pure Chromatography System, GE Healthcare Life
Sciences) to exchange the protein into buffer A. The N-terminal hexa-Histidine tag was
cleaved using the Tobacco Etch Virus (TEV) protease; p-mercaptoethanol (B—ME) was
added to a final concentration of 1 mM prior to the cleavage reaction. The cleavage reaction
was allowed to proceed overnight at RT. The cleaved protein was applied to the Nickel-IDA
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column and the flow-through collected. The concentrations of wild-type/mutant EapH1
proteins were determined spectrophotometrically (DS-11 Spectrophotometer, DeNovix)
using an extinction coefficient calculated from the deduced protein composition (EapH1:
e2g0 = 7,450 ML cm™D),

Preparation of human neutrophil elastase

Lyophilized human neutrophil elastase (2 mg) was dissolved in 200 L 20 mM Sodium
Acetate/50 % (v/v) glycerol (pH: 5.0, RT). The concentration of the dissolved elastase was
determined using the deduced protein composition (epgg = 20,230 M~1 cm™1). The enzyme
was separated into 10 uL aliquots and stored at —20°C until use.

Steady-state kinetic analysis of human neutrophil elastase

The substrate, Methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanalide (MSA,PV-pNA), was
quantified by end-point assays (eagg =12.3 mM~1 cm™1). Initial velocities of the elastase
(4nM) reaction were measured spectrophotometrically at 400nm (Cary 50Bio UV-Vis,
Varian) at substrate concentrations ranging from 0.1 x K, to 5 x Ky,,. These data (n = 3)
were fit to a Michaelis-Menten equation to determine the A5t and K, (SigmaPlot 10.0/
Enzyme Kinetics Module 1.3, Systat Software, Inc.). The steady-state kinetic constants were
also determined by a plate-based assay using a \Versa, ;4 tunable microplate reader
(Molecular Devices). These data (n = 9) were fit to a Michaelis-Menten equation. The Ky,
determined from the plate assay was used in the script for progress curve analysis. The
reaction buffer contained 50 mM HEPES/140 mM NaCl/0.05 % (v/v) Triton X-100 (pH: 7.4,
RT).

Reversible behavior of EapH1 inhibition of human neutrophil elastase

To probe the reversible nature of EapH1 inhibition of hNE, 200 nM hNE was pre-incubated
with 400 nM EapH1 then diluted to a final concentration of 14.3 nM hNE, 28.5 nM EapH1
with 50 mM HEPES/140 mM NaCl/0.05 % (v/v) Triton X-100 (pH: 7.4, RT) containing 557
UM MSA,PV-pNA. The reaction was followed at 400 nm for 140 minutes. As a control, the
reaction was separately followed without the pre-incubation of enzyme and inhibitor. In this
scenario, the concentrations of enzyme and inhibitor were the same as the pre-incubation
concentrations post-dilution.

Steady-state inhibition kinetics of human neutrophil elastase by wild-type/mutant EapH1
proteins

Progress curves were collected for 30 minutes using a Versa,x tunable microplate reader
(Molecular Devices). A total of 57 progress curves were collected for each inhibitor (three
hNE concentrations (~4, 8, 12 nM), three substrate concentrations ((~Km, 2 X Kp, 3 x Kp)
per hNE concentration, five inhibitor concentrations per substrate concentration). To obtain a
more accurate estimate of the substrate on-rate, two hNE concentrations with 6 substrate
concentrations per hNE concentration were included in the global fitting. The data were fit
to a rapid-equilibrium competitive inhibition mechanism (Scheme 1, Fig. S2) using Dynafit
(Biokin Ltd).23
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To decrease the search space of fitting the progress curves, the substrate off-rate (k) was
linked to the on-rate by the estimated Michaelis constant (K,) as determined by steady-state
kinetic analysis using the plate-based assay (Fig. S2). The inhibition constant was calculated
from the on- and off-rate estimates determined from the fits. The values reported are the
average of three different sets of data, while the errors are the standard deviation.

The inhibition constants for RB9M-containing EapH1 mutants were determined using a
classical 5x5 assay. The initial velocity of hNE (~4 nM) was determined at five substrate
concentrations (~0.5 x K, — 4 x K,) using five inhibitor concentrations (0 — ~5 x K;j) per
substrate concentration. The data (n = 3) were globally fit to a competitive inhibition model
using SigmaPlot 10.0/Enzyme Kinetics Module 1.3 (Systat Software, Inc). Errors reported
are standard error of the global fits.

Determination of on- and off-rate estimates of the R89M EapH1 mutants

The association/dissociation rates for the R89-containing mutants could not be determined
by progress curve analysis. As a consequence, Surface Plasmon Resonance (SPR) was
utilized as an alternative approach to obtain these values. hNE, previously modified to
contain an N-linked glycan ethylenediamine moiety?2, was immobilized on a CMD-200M
sensor chip (Xantec Bioanalytics; Dusseldorf, Germany) via EDC/NHS coupling chemistry
to ~1000 RU. A reference flow cell was created by flowing the EDC/NHS solution over the
surface followed by quenching the activated carboxymethyldextran with 1 M ethanolamine
(pH: 9.0, RT).

All injections were carried out using a running buffer of 20 mM HEPES/140 mM NaCl/
0.05 % (v/v) Tween-20 (pH: 7.4, RT). The parameters for binding of wild-type EapH1 to
hNE were estimated by both single-cycle kinetics ([EapH1] (nM): 0.04, 0.2, 1, 5, 25) and
conventional dose-response kinetics ([EapH1] (nM): 1.5625, 3.125, 12.5, 25, 100, 1000).
The analyte contact time for the single-cycle approach was 120 s with a final dissociation
phase of 3600 s at a flow rate of 60 pL/min; similarly, the analyte contact time for the
conventional dose-response runs was 120 s followed by a dissociation phase of 3600 s at a
flow rate of 60 uL/min for each analyte concentration. The microscopic rate constants for
the R89-containing mutants were estimated by conventional dose-response kinetics
([EapH1] (nM): 62.5, 125, 250, 500, 1000, 2000, 4000), with the exception of R89K
([EapH1] (nM): 7.8, 15.6, 31.25, 62.5, 125, 250, 500, 1000). The analyte contact time was
120 s with a dissociation time of 240 s at a flow rate of 30 pL/min and 60 pL/min. The chip
surface was regenerated after each injection with 10 mM glycine/1.5 M NaCl (pH: 2.2, RT)
for 30 s at a flow rate of 20 uL/min. All reference-subtracted sensograms were fit to a 1:1
Langmuir binding model using the BiaCore T-200 Evaluation Software (GE Life Sciences).
The microscopic rate estimates reported are the average of either four individual sensogram
fits (WT) or six individual semsogram fits (mutants). The errors on the microscopic rate
constants are the standard deviation. The dissociation constant was estimated from the
averaged microscopic rate constants. The K errors were propagated from the on- and off-
rate standard deviations.
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Structural modeling of EapH1 mutant hNE complexes

Results

Homology models for the R89Q and R89K mutants of EapH1 bound to hNE were
constructed using the SW1SS-MODEL server.24 All structural representations were rendered
from the corresponding PDB files using PyMol (Schrédinger, LLC).

EapH1 is areversible, time-dependent inhibitor of human neutrophil elastase

Whereas prior functional studies of EAP domain proteins made use of a fluorometric assay
for hNE activityl, we initially set out to adopt a more economical and higher throughput
chromogenic method to support our current work. We first determined steady-state kinetic
constants for hNE as a precursor to further experimental design (Fig. S1). hNE turnover of
the substrate MSA,PV-pNA was estimated to be 8.7 +0.3s 1 and 7.8 £ 0.3 s71 in the
cuvette and plate-based assay, respectively. The Michaelis constant was estimated to be 47
+5uM and 57 + 6 UM in the cuvette and plate-based assay, respectively. We note that these
values are in agreement with the manufacturer’s specifications (7.4 — 9.3 s71, Elastin
Products Co.). The K, estimates are slightly lower than those previously reported (180
UM?25, 140 uMm?26),

Previous investigations into EAP domain proteins’ effects on hNE activity were carried out
by pre-incubating inhibitor with hNE prior to adding the fluorometric substrate.22 However,
when we performed traditional steady-state kinetics by exposing the enzyme to the substrate
and inhibitor simultaneously, we observed that the progress curve of the hNE reaction was
non-linear in the presence of EapH1. When the inhibitor and enzyme were not pre-
incubated, the velocity of the initial phase was approximately equal to the rate of the non-
inhibited reaction but also decreased as a function of time to a steady-state inhibited rate.
This pattern is consistent with time-dependent inhibition.2” Furthermore, when we pre-
incubated hNE with EapH1 and then diluted the reaction with a saturating concentration of
substrate, we observed a pronounced lag followed by a steady-state phase that corresponded
to the rate of the reaction determined at the diluted hNE/EapH1 concentrations (Fig. 2).
Together, these data suggest that EapH1 is a reversible, time-dependent inhibitor of hNE.

Steady-state inhibition kinetics of human neutrophil elastase wild-type/mutant EapH1

proteins

Initial velocity analysis could not be used to further investigate the impact of wild-type
EapH1 on hNE activity, due to the time-dependent nature of the EapH1 inhibitory effect.
Consequently, we instead analyzed globally the progress curves of the hNE reaction across a
series of enzyme, substrate, and inhibitor concentrations to derive further insight into the
EapH1 inhibitory mode. According to this formalism, the microscopic rate constants relating
to the hNE mechanism should be consistent between wild-type and mutant EapH1 proteins,
while those constants relating to the EapH1 inhibitor may vary between the wild-type and
mutant proteins. In this regard, we found that the k., values (Table 1, 43) for substrate
turnover by hNE estimated during inhibition with wild-type and mutant EapH1 were in good
agreement to those determined by steady-state kinetics and the manufacturer’s specifications
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(6.5 - 9.5 571, Table 1). The hNE substrate on-rates (Table 1, k;) were likewise consistent
between the wild-type and mutant EapH1 proteins (3.2 x 10° - 7.2 x 10° M1 s71, Table 1).

We subsequently determined the estimated on-rate (k) for wild-type EapH1 to be 2.0 x 108
+ 1.4 x 105 M~1s71 while the estimated off-rate (ks) for the wild-type protein was 4.3 x
1075 + 1.3 x 107> 571, Using these microscopic rate constants, we arrived at a value of 21

+ 5 pM for the macroscopic inhibition constant (K;) for wild-type EapH1.

R89 is a major contributor to EapH1 binding and inhibition of human neutrophil elastase

Using the EapH1/hNE co-crystal structure! and previous alanine-scanning mutagenesis data
as a guide?2, we next prepared a panel of site-directed single, double, and triple mutants of
EapH1 affecting positions R89, E94, and K95. We then kinetically characterized these
EapH1 variants. The E94Q and K95M mutants, as well as the E94Q/K95M double mutant,
had on- and off-rates similar to the wild-type protein (Table 1). By contrast, mutation of R89
to methionine resulted in a substantial decrease in inhibition of hNE (K;:321 nM).
Interestingly, loss of the arginine-specific guanidinium moiety also abolished the time-
dependent characteristic of hNE inhibition (Fig. 3). The double mutants R89M/E94Q and
R8IM/K95M, as well as the triple mutant RBOIM/E94Q/K95M, all had similar hNE
inhibition profiles to the R89M mutant (K;:236 nM, 437 nM, and 406 nM, respectively,
Table 1, Figure 4). Together, these apparently similar inhibition constants suggest that no
functional coupling exists between these EapH1 residues (e.g synergistic, antagonistic, etc.).

Since the inhibition constants were determined via a classical 5x5 assay, the individual
microscopic rate constants responsible for the decrease in activity of the R89M mutants
could not be directly obtained. To circumvent this limitation, we used surface plasmon
resonance to investigate the interaction between various EapH1 proteins and immobilized
hNE.22 Wild-type EapH1 was flowed over the hNE sensor surface using both single cycle
and dose response kinetic methods to establish the reproducibility of previous results. The
measured on- and off-rates (Table 2, 4.8x10° M~1s71: 7.0x107° s71, respectively) were
comparable to values previously determined (3.7x10° M~1s71, 6.4x107° s71).22 However, in
this study, a more extensive dose-response kinetic analysis (i.e. long duration dissociation
phase (3600 s) following each concentration injection) of wild-type EapH1 binding to hNE
estimated a Ky of 0.271 nM (Fig. 5b, Table 2).

While the on-rates estimated for the R89M mutants were consistently slower (~10-fold,
Table 2) than for wild-type EapH1, the R8B9M mutant off-rates were substantially faster than
for the wild-type protein (~1600-fold, Table 2). Thus, while impaired on-rates and enhanced
off-rates both seem to contribute to impairment of EapH1 R89 mutants, loss of R89 has a
more than 100-fold greater impact on the dissociation rate constant.

Partial restoration of EapH1 function in an R89K mutant.

According to the EapH1/hNE co-crystal structure, the sidechain of EapH1 R89 contributes
three potentially significant interactions toward hNE binding (Fig. 1B). The first interaction
is an intramolecular hydrogen bond to the carbonyl oxygen of 156. 156 is noteworthy
because it is positioned toward the middle of the loop that forms a bulk of the interface with
hNE. The second and third interactions are intermolecular hydrogen bonds between the
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carbonyl oxygens of P111 and V112 of hNE, respectively (Fig. 1B). Mutation of R89 to
methionine not only dramatically decreased inhibition of hNE by EapH1 (321 nM, Table 1),
it also ablated the time-dependent characteristic of this inhibition (Fig. 3B). Although the
unique chemical properties of the arginine sidechain cannot be perfectly mimicked by other
amino acids, we nevertheless wondered whether mutation of R89 to either glutamine or
lysine might restore some functionality to the EapH1 protein due to either the hydrogen-
bonding ability or charge properties of these residues.

We tested this hypothesis by expressing and characterizing the EapH1 single mutants R89Q
and R89K. Interestingly, we found that the R89Q mutant was approximately three-fold
diminished when compared to the initial R89M mutant in both kinetic and surface plasmon
resonance assays (Kj: 944 nM, Table 1, Kq: ~6 UM, Table 2, Fig. 4E, and Fig. 5G). Despite
the fact that glutamine, like arginine, maintains the ability to form two hydrogen bonds, its
sidechain is apparently not long enough to reconstitute either of the hydrogen bonds formed
by arginine in the wild-type inhibitor (Fig. S3). On the other hand, the R89K mutant
exhibited approximately 10-fold greater inhibitory capacity toward hNE than R89M in both
assays (Kj: 26.8 nM, Table 1, K4:189 nM, Table 2, Fig. 4F, Fig. 5H). Although the lysine
sidechain can only participate in a single hydrogen bond or salt bridge, it appears to be
capable of coming into interaction distance with the carbonyl oxygen of EapH1 156 (Fig.
S3). The fact that EapH1 R89K displays non-time dependent inhibiton at a potency
intermediate between that of wild-type EapH1 and other mutants characterized here suggests
that the intermolecular interactions formed by R89 with P110 and V111 of hNE are required
for the time-dependent inhibitory effect of wild-type EapH1.

Discussion

In a previous study, Stapels and co-workers mutated EapH1 residues R89, E94, and K95
simultaneously to alanine and showed that EapH1 binding and inhibition of hNE was
dramatically reduced.?2 Herein, we expanded upon this prior investigation by individually
and conservatively mutating these EapH1 residues to determine their precise contribution(s)
to EapH1 function. Since the inhibition of hNE by S. aureus EapH1 had yet to be fully
evaluated by rigorous kinetic methods, we began by analyzing wild-type EapH21 using both
cuvette- and plate-based chromogenic assays performed without pre-incubating the enzyme
and inhibitor. As shown in Figure 2, we discovered that EapH1 inhibits hNE in a time-
dependent manner. Time-dependent inhibition is characterized by a change in reaction
velocity over time, whereby a final steady-state rate is ultimately achieved.?” There are
several examples of low molecular weight peptides/proteins that inhibit various proteases in
a time-dependent manner. Among these are inhibition of hNE by human proteinase inhibitor
9 (P19)28, inhibition of pepsin by a low molecular weight peptide secreted by Streptomyces
sp. MBR042°, and Thermomonospora sp. xylanase inhioition by an aspartic protease
inhibitor secreted by an extremophilic Bacillus sp.3°

Since none of the molecules mentioned above share any sequence relationship with S.
aureus EapH1 or other EAP domains, it seems that there is no obviously unifying structural
feature that gives rise to time-dependent inhibitory phenomena. Furthermore, while time-
dependent inhibition is generally characterized by a slow inhibitor association rate?’, this
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does not seem to be the case for wild-type EapH1. In fact, the progress curve analysis
described here indicates that the on-rate for EapH1 is faster (2.0 x 105 M~1s72, Table 1) than
that of the chromogenic hNE substrate, MSA,PV-pNA (6.0 x 10° M~1s71). Another
characteristic of time-dependent inhibition is an extremely slow dissociation rate of the
enzyme-inhibitor complex.2 In this regard, the off-rate of EapH1 (4.3 x 1075571, Table 1)
appears to be the dominant effect that contributes to potent inhibition of hNE by wild-type
EapH1 (21 pM, Table 1).

We found that mutation of E94 to glutamine had no significant effect on EapH1 function
(Table 1), even though it is conserved between the NSP-inhibitors EapH1 and EapH222 and
lies in proximity to the EapH1/hNE interface.l Nearby, the sidechain of residue K95 forms
an intra-molecular salt bridge with the sidechain of D54 (Fig. 1B). Since D54 is at the N-
terminus of the loop that interacts with the hNE active sitel, the K95-to-D54 interaction has
the potential of organizing this interfacial loop for more productive binding to hNE. Despite
this, we found that the K95M mutant retained on- and off-rates that were essentially wild-
type (Table 1). The double mutant (E94Q/K95M) was also not perturbed (Table 1).

Of the three residues chosen for study here (i.e. R89, E94, and K95), our results
demonstrated that only R89 makes significant contributions to EapH1 function (Table 1 and
Table 2). Indeed, loss of R89 specifically eliminated both the picomolar affinity of EapH1
for hNE and its time-dependent inhibitory characteristic (Table 1, Table 2, and Fig. 3).
Because measuring initial velocities does not provide any information on the microscopic
rate constants, we used surface plasmon resonance to arrive at estimates of the on- and off-
rates of the RBO9M mutants. During the early stages of this work, we noticed that the wild-
type on-rate determined by SPR (2.23 x 10° M~1s71) was reproducibly slower than that
derived from progress curve analysis (2.0 x 106 M~1s71). Although we initially attributed
this difference to the mass transport limit for transition from solution- to solid-state in SPR
(previously reported to be near 10° M~1571)31 subsequent characterization of the R89
mutants showed that their dissociation constants (Kg) estimated by SPR were consistently
higher than the inhibition constants obtained by kinetic analysis by approximately a factor of
10 (Table 2).

Considering that the on-rates of the R89 mutants are well below the mass transport limit, we
conclude that immobilized hNE is somewhat hindered in forming an inhibitor-enzyme
complex when compared to a purely solution-state system. One potential explanation for this
observation lies in the hNE immobilization approach. Since the matured hNE sequence is
devoid of lysine residues, we introduced free amines onto hNE by oxidizing its N-linked
glycans, forming a Schiff-base adduct with the ethylenediamine, and reducing this adduct
with sodium cyanoborohydride.22 While this modification provided a facile way to couple
hNE to the sensor chip surface through amine-based chemistries, it could very well be that
the N-linked glycans facilitate EapH1 binding to its hNE target. If so, modification of these
glycans might be expected to influence the rate of complex formation, as measured by SPR.

Recognizing the difference in the absolute value of these rate constants, we nevertheless
observed that the trend in binding rates was consistent with the estimated inhibition
constants (i.e. mutants with a low K; displayed a low Ky and vice-versa). This allowed us to
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determine that R89, rather than E94 or K95, plays a key role in EapH1 function, and also
that the main effect of mutating the positively charged arginine is a dramatic increase in the
rate of EapH1/hNE dissociation. The off-rate of the R89 mutants are increased by ~1600-
fold with the exception of the R89K mutant (273-fold). These data are consistent with the
hypothesis that the intra- and inter-molecular hydrogen bonds formed between R89 and 156
(EapH1) and P111 and V112 (hNE) are critical for the incredibly potent inhibition of hNE.
Mutation of R89 to lysine recovers some of the binding affinity for and inhibition of hNE
(Table 1, 2), but does not restore the time-dependent characteristic. Although a crystal
structure of the R89K/hNE complex was not determined, a homology model of this mutant
based on the wild-type EapH1/hNE co-crystal structure strongly suggests that lysine
maintains the intra-molecular hydrogen bond and restores the ordering of the interfacial loop
(Figure S3). This also suggests that the inter-molecular hydrogen bonds between R89 and
P111 and V112 are responsible for the time-dependent characteristic, and underlie the
dominant contributions of R89 to the potent hNE inhibition by EapH1.

It should be noted that we have observed progressively tighter apparent K4 values for the
EapH1/hNE interaction by using ever more sensitive assay techniques. Initially, the
EapH1/hNE dissociation constant was estimated at 25 nM by isothermal titration
calorimetryl, SPR studies provided values of 2.95 nM (dose-response) and 0.191 nM
(single-cycle).22 The difference in these sets of SPR-derived values was due to a more
accurate determination of the slow dissociation rate constant through an increased
observation time. However, the label-free solution-state kinetic method of progress curve
analysis yielded a K; of 0.021 nM (Table 1,2). Since this latter approach investigates the
biologically-relevant reaction without the restrictions imposed by mass-transport, we believe
this value is probably the most accurate representation of the true affinity of EapH1 for hNE

Conclusion

In this manuscript, we evaluated the contribution of three EapH1 (R89, E94, K95) residues
to the potent inhibition of human Neutrophil Elastase (hNE). Initial kinetic evaluation of
hNE inhibition by wild-type EapH1 revealed a time-dependent characteristic. Based on the
EapH1/hNE co-crystal structure, the guanidinium moiety of R89 in EapH1 forms one
intramolecular and two intermolecular interactions. The EapH1 R89M mutation
dramatically reduced the affinity for, as determined by SPR, and inhibition of hNE, as
determined by steady-state kinetics. This mutation also abolished the time-dependent
characteristic of inhibition. Mutation of R89 to lysine recovers a portion of the inhibition of
hNE, but not the time-dependent characteristic. The homology model of R89K EapH1/hNE
suggest that the intramolecular interaction is maintained. These data strongly suggest the
intermolecular interactions are responsible for the majority of the inhibition potency and the
time-dependent characteristic.
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K95

P111 V112

Figure 1. R89 is the Key Residue Involved in EapH1 Time-Dependent Inhibition of Human
Neutrophil Elastase.

(A) Crystal Structure of the wild-type EapH1 (cyan)/Elastase (purple) complex. PDB: 4nzl.1
(B) Stick representation of R89, K95 and likely interacting residues. EapH1 residues
(normal font), Elastase residue (italicized). Potential interactions depicted as red dashes.
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Figure 2. EapH1 is a Time-Dependent,Reversible Inhibitors of Human Neutrophil Elastase.
() 557 pM MSA,PV-pNA incubated with 28.5 nM EapH1, reaction started with 14.3 nM

elastase; () 400 nM EapH1 pre-incubated with 200 nM elastase and diluted to 28.5 nM
EapH1, 14.3 nM elastase with buffer containing 557 uM MSA,PV-pNA.
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Figure 3. Representative Fitted Inhibition Progress Curves.

time (min)

(A) WT EapH1 inhibition: assay contained 3.9 nM E lastase, 147 uM MSA,PV-pNA. (B)
R89M EapH1 inhibition: 4.5 nM elastase, 156 uM MSA,PV-pNA. The respective inhibitor
to enzyme concentration ratios are inset at the right hand side of each panel.
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Figure 4. Competitive Inhibition of Elastase by EapH1 R89 Mutants.
(A) R89M, (B) R8IM/E94Q, (C) R8IM/KI5M, (D) REIM/E94Q/KI5M, (E) R89Q, (F)

R89K. All assays were done with ~4 nM elastase in 50 mM HEPES/140 mM NaCl/0.05 %
triton X-100. The respective inhibitor concentrations are inset within the legend box at the
left hand side of each panel.
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Figure 5. Surface Plasmon Resonance of Wild-Type and Mutant EapH1 Binding to Immobilized

hNE

(A) WT (single-cycle kinetics, [EapH1] ranging from ~ 0.2x — 130x the published K422),
(B) WT (dose-response kinetics with elongated dissociation phase, [EapH1] ranging from ~
0.5x — 34x the published K4%2), (C) R89M, (D) R89M/D94Q, (E) R8IM/KI5M, (F)
R89IM.D94Q/K95M, (G) R89Q (All R89M [EapH1] ranging from ~ 0.2x — 12x the R89M
Kj), (H) R89K ([EapH1] ranging from ~ 0.3x — 18x the R89K K;j). All sensorgram series
were evaluated with a Langmuir kinetic model, as described in the Materials and Methods
section. Data analysis parameters are found in Table 2. Note the intermediate dissociation
rate for the R89K mutant (H), when compared to WT EapH1 (A, B), and the other R89
mutants (C-G). Absolute values of each concentration series can be found in the methods

secti

on.
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Table 1.

Kinetic Rate Constant Estimates determined by Progress Curve Analysisa

Inhibitor ki (M~1s71) SD ks(s1) SD ks (MIs7D) SD ks (s7) SD Ki(nM)  sSD
EapHI WT 6.0x105  22x105 7.4 0.8  20x108  14x10° 43x10° 1.3x10° 0021  0.005
R8oM® - 7.0 0.1 - - 321 12
R89K - 92 02 - - 26.8 13
R89Q - 92 02 - - 944 46
E94Q 33x105 51x10* 93 10  18x108  1.6x10° 56x10° 58x10° 0031  0.006
K95M 72x10°  1.9x105 7.7 07  22x106  2.9x10° 6.1x107° 1.0x10® 0028  0.003
R89M/E94Qc - 7.0 0.1 - - 236 11
RB9M/K95M° - 95 02 - - 437 25
E94Q/K95M 57x105  4x105 92 23 24x108  44x10° 72x107° 23x10° 0032  0.015
R8IM/E94Q/KIEM - 65 01 - - 406 20
o° 40x105  22x10° 74 08 - - -

a .. . . A
Microscopic rate constant estimates are the average of three individual sets of 57 progress curves (three [elastase], three [substrate] per [elastase],
and five [inhibitor] per [substrate].

Microscopic rate constant estimates are the average of 10 individual sets of 12 progress curves (two [elastase], six [substrate] per [elastase].

cDue to the loss of the time-dependent inhibition characteristic, RB9M mutants were analyzed by a classical 55 inhibition assay. Ki estimated by
globally fitting three assay sets. Error is the standard error of the global fit. kzand k5 were estimated by following R89M binding to immobilized

elastase using surface plasmon resonance (See Table 2).
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Table 2.

Kinetic Rate Constant Estimates determined by Surface Plasmon Resonance”

Protein Kon (M™1s71) SD Koir (571 SD Ka (M) gpporP K; ("M)°  Fold difference®
EapH1 WT 2.23x10° 5.0x10%  6.03x10° 3.1x1076 0.271 0.015 0.021 129
EapH1 WTY 485x105  206x105 7.10x10°5 56x10° 0146 0063  0.021 7.0

R89M 2.85%x104 5.13x103 0.0737 0.0115 2586 615 321 8.1

R89K 8.72x104 7.91x103 0.0165 0.0020 189 29 26.8 7.0

R89Q 2.32x104 2.32x103 0.1397 0.0271 6028 1316 944 6.4
R89IM/E94Q 5.27x104 2.99x103 0.0876 0.0084 1662 185 236 7.0
R89M/K95M 2.49%x104 4.61x103 0.0904 0.0166 3632 945 437 8.3
R89IM/E94Q/K95M 2.08x104 1.14x108 0.0855 0.0124 4108 637 406 10.1

a . . . . s Lo
Microscopic rate constant estimates are the average of either four individual sensograms (WT) or six individual sensograms (mutants).

b . .
The dissociation constant error was propagated from the on- and off-rate standard deviations.
EThe inhibition constants determined by progress curve analysis (WT) or 5x5 assay (R89M mutants, Fig. 4).

Microscopic rate constant estimates determined by single-cycle binding kinetics.
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e . . . L . - . Lo
The fold difference depicts the difference between the dissociation constant determined by SPR and the inhibition constant determined by kinetic

analysis.
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