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ABSTRACT

The C5a peptidase from Streptococcus pyogenes (ScpA) is a highly specific enzyme with potential thera-
peutic value. ScpA is a good model for studying determinants of specificity in the multidomain
immunomodulatory enzymes (IMEs), which comprise a large family of bacterial surface proteases. The
surface exposed region of ScpA has 5 main domains which includes 3 C-terminal Fn3-like domains
(Fn1, Fn2 and Fn3) (Kagawa et al. 2009). Progressive deletion of the Fn3-like domains from the C-ter
resulted in loss of enzyme activity and showed an important role for the Fn2 domain in enzyme function.
Functional investigation of specific acidic residues on the Fn2 domain identified 3 residues 30-50 A from
the catalytic site (D783, E864 and D889) which impacted to differing degrees on binding and on catalysis,
supporting the presence of an exosite on the Fn2. In particular, residue D783 was observed to impact on
both substrate binding affinity and the activity of ScpA. A double mutant cycle analysis showed energetic
coupling between the targeted ScpA residues and residues in the core portion (residues 1-67) of the C5a
substrate. The data supports the presence of a communication network between the active site and the
exosite on Fn2. These findings provide a basis for rational engineering of this important enzyme family to
enhance stability, activity and/or specificity.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

The role of anaphylotoxins, complement split factors C5a and
(34, in complex human diseases including COVID-19 [2,3] and sep-
sis [4], has sparked an interest in targeting these human proteins
using biologics-based therapies. Biologics currently administered
in clinical practice are predominantly monoclonal antibodies
(MAbs), with anti-C5a antibodies currently in clinical trials [5].
However, key limitations of MAbs (cost and dosing levels) have
resulted in an interest in the use of enzymes, including proteases,
as biologics. An example of this approach is the development of
MASP-3 to target complement factor C3 as a treatment for AMD
(age related macular degeneration) [6]. Essential to exploitation
of proteolytic enzymes as catalytic biologics is understanding
how they function at a molecular level. The immunomodulatory
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enzyme (IMEs) ScpA, is a multi-domain, cell envelope protease
(CEP) produced by the human bacterial pathogen Streptococcus
pyogenes. With high specificity for human complement C5a and
C3a [7], ScpA is thought to attenuate the host immune response
to infection by proteolytic inactivation of these anaphylotoxins,
making ScpA a potentially useful scaffold for engineering of thera-
peutic proteases. The factors governing the specific nature of the
interaction of ScpA with its natural substrates are thus of crucial
importance for this engineering.

ScpA is considered to be a highly selective protease, although
the specificity of the enzyme has not been tested methodically.
Early studies have shown that ScpA did not cleave native forms
of C5, human serum albumin, ovalbumin, soybean trypsin inhibi-
tor, carbonic anhydrase, o-lactalbumin, myosin, and cytochrome
c [8]. In addition, the highly homologous ScpB enzyme inactivated
bovine C5a but not the mouse or rat proteins [9]. Recent studies
with high concentrations of substrate and enzyme (5 mM C3a or
C5a and 0.5 pM ScpA) indicate that ScpA cleaves C3a more effi-
ciently than C5a [7]. As with hC5a, ScpA inactivates hC3a by releas-
ing the seven C-terminal tail residues from the core portion of the
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anaphylotoxin. Significantly, we have recently established binding
enzyme kinetic parameters for the enzyme using surface plasmon
resonance (SPR) and a FRET-labelled C5a enzyme assay respec-
tively. For the first time, this indicated the enzyme was capable
of cleaving C5a at the physiological concentrations of C5a found
in infections with a Kp of 35 nM and K, of 185 nM [10].

The crystal structure of the active ScpA enzyme (Fig. 1a)
revealed a subtilisin-like catalytic domain structurally augmented
by insertion of a PA domain, followed by 3 tandemly arranged C-
terminal fibronectin type IIl domains (Fn1-Fn3) [1]. The spatial
juxtaposition of the PA domain and the Fn2 domain over the prime
and non-prime side of the active site cleft, respectively, occludes
the active site, hindering access to the catalytic machinery by lar-
ger substrates. The reported model of the ScpA-hC5a enzyme-
substrate (ES) complex suggested that the PA and Fn2 domains
could participate in substrate interactions in the active site and
at an exosite, respectively. Further support for the role of the PA
domain and Fn domains in substrate selectivity in CEPs was
demonstrated for the PrtPs of Lactococcus lactis [11,12] and more
recently for the PA domain of ScpC (SpyCEP) of Streptococcus pyo-
genes [13].

In the model of the ScpA-hC5a complex [1], positioning of the
scissile bond in C5a (H67-K68) near the catalytic site required that
the hC5a residues 65-74 adopt an extended conformation (Fig. 1b).
Interactions with the bulky C5ac,. (residues 1-67 of C5a, also
referred to as the N-terminal product of proteolysis Py) occur out-
side the active site with residues of the Fn2 domain, and these
interactions are predicted to make the largest contribution to sub-
strate binding affinity and to involve a significant contact surface
area stabilized by a series of ionic interactions. The model also pro-
posed that ionic interactions with residues K68, D69 and R74 in the
C5a C-ter tail would be involved in substrate binding.

Further studies on the impact of different regions of CEPs have
focussed on the Streptococcal enzymes ScpA and ScpC (SpyCEP).
Structure solution of ScpC and derivatives confirmed a similar
organization of the catalytic to Fn3 domains to ScpA and described
additional C-ter domains which were proposed to contribute to
substrate specificity [14]. Molecular dynamics studies of ScpC indi-
cate a degree of motion in the PA domain of the enzyme and the
proposal that this would gate access to the active site in some
manner. In addition, McKenna et al. [13] proposed that an interac-
tion between substrates and the PA domain could perpetuate allos-
teric events resulting in conformation changes in the body of the
enzyme which are required for activity. Binding of substrate (IL-
8) to ScpC was investigated using SPR and a N-ter region compris-
ing domains up to and including the Fn1 domain bound substrate
with high affinity (Kp 13.1 nM), whilst loss of the Fn1 resulted in
reduced affinity (Kp 927 nM) [15]. Other modes of analysis pre-
sented indicated a low affinity binding to the regions distal to
the Fn1 domain. These studies point to roles for the non-catalytic
domain in substrate specificity and catalysis and further develop
observations made for PrtP.

Recent studies on the biochemical properties of ScpA indicated
that the enzyme bound C5a with high affinity, Kp 34 nM [10]. Fur-
thermore, the C5acyre contribute 89% of AG°ing, based on a Kp of
240 nM, implying an interaction with the enzyme outside the
active site cleft. The recruitment of C5a to the ScpA surface was
shown to be significantly impacted upon by environmental ionic
strength. The importance of electrostatics in substrate recruitment
was supported by additional studies on C5a where point mutations
in 4 R residues (R37, R40, R46 and R74) significantly decreased
binding affinity as measured by surface plasmon resonance (SPR).
R37, R40 and R46 are located in the core of C5a, more than 20 A
from the scissile bond. Thus, the mutagenesis experiments further
support the participation of exosite-type interactions in substrate
binding. While acknowledging the likely role of the PA domain in
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Fig. 1. Structure of ScpA and C5a. Panel (a) Surface rendering of ScpA. The domains
are coloured according to Kagawa et al. [1]. The numbers in parenthesis are the
residues in each domain. The approximate location of the catalytic site is marked
with a red star. Residues mutated in ScpA for this study are indicated by red surface
rendering. D783 (labelled ‘a’) is located near the interface with the Fn3 domain and
48 A from the catalytic serine (S512). E864 (labelled ‘b) is at the outer edge of the
Fn2 domain, 30 A from S512 near the entrance to the active site. D889 (labelled ‘c’)
is also positioned at the outer edge of the Fn2 domain 46 A from S512, adjacent to
the Ca®* binding site. Panel (b) Cartoon diagram showing location of mutations in
hC5a. Scissile bond between H67 and K68 is indicated with a red arrowhead. The
‘tail’ is coloured magenta. The C5a ‘core’ region (residues 1-67) is coloured orange
and the C-terminal ‘tail’ (residues 68-74) magenta. Mutated C5a residues (R37, R40
and R46) are rendered as spheres. The main helices are labelled I-IV with disulfide
bridges shown as yellow ball and stick models. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

the mode of action of ScpA, the current study focusses on investi-
gating the presence of an exosite on the Fn2 domain. Using a com-
bination of domain deletions followed by targeted point mutations
in ScpA and double mutant cycle analysis on the ScpA-C5a system,
we show that the Fn2 has a key role in enzyme activity and sub-
strate binding. Residues in the Fn2 of ScpA were shown to con-
tribute to the interaction with C5a, and pairs of interacting
residues (one enzyme, one substrate) were identified which will
guide engineering of the enzyme and further modelling of the ES
complex.

2. Materials and methods
2.1. Preparation of recombinant proteins.

The cloning and production of recombinant ScpA, ScpAssi24 and
human C5a (rhC5a) and derivatives have been described previously
[1]. For the purposes of this work ScpA comprises amino acid resi-
dues 31-1032 of the translated sequence unless otherwise
indicated.

The plasmid expressing ScpA (pGEX ScpA(31-1032)) was used as a
template to generate domain drop-out mutations (DDOs) (Fig. S1
and Table 1) by standard PCR methods. The same template was
used to generate plasmids expressing ScpAp7gsa, SCPAgsesa and
ScpApssoa Using the QuikChange II site directed mutagenesis kit
(Stratagene, USA). For simplicity in the text these will be called
D783A, E864A and D889A, respectively. Generation of the active
site serine to alanine (S512A) mutation of all constructs for use
in SPR studies also employed the QuikChange II system, generating
ScpAssi2ap783a SCPAss12aEs64a aNd SCPAssizapssoa. FOr simplicity
in the text these will be called D783As5124a, E864As512a and
D889Ass124, respectively. The proper folding of ScpAp7g3a was con-
firmed by X-ray crystallography (Data in Brief), and the coordi-
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Table 1
Domain dropout characterization.

Computational and Structural Biotechnology Journal 20 (2022) 4860-4869

Construct tested Schematic® C5a-ase MS? Scissile bond
ScpA \ 4 + 10883 H67-K68
ScpAAFn3 4 + 10885 H67-K68
ScpAAFn23 A 4 - ND ND
ScpAAFn123 \ 4 - ND ND
Fn123 - ND ND
Fn23 - ND ND
ScpAAFn23 + Fn123 \ 4 + + 9783 V57-A58
ScpAAFn23 + Fn23 \ 4 i + 9787 V57-A58
ScpAAFn123 + Fn123 \ 4 + + 9785/10883 V57-A58/H67-K68
ScpAAFn123 + Fn23 \ 4 + - ND ND

2 Domain coloring described in Fig. 1.

b Mass spectrometry of products when hydrolysis observed. The observed mass is associated with the larger N-terminal product of hydrolysis.

nates and structure factors deposited at the Protein Data Bank (PDB
7YZX). In addition, the crystal structures of ScpA [1] and ScpAssi2a
[10] have been solved previously. The structures are nearly identi-
cal based on RMSD of Ca atoms. The fold of the remaining ScpA
proteins were confirmed with CD spectropolarimetry to assess sec-
ondary structure and differential scanning fluorimetry to measure
melting temperatures (T,,). All ScpA forms were observed to have
similar T,s and CD spectra (Fig. S2 and Table S1). Additional details
for the constructions, production, purification and evaluation of
recombinant protein are provided in Supplemental Information
(Sections SI1 and SI2).

Recombinant human C5a (rhC5a) and its R37A, R40A and R46A
mutants were produced as N-ter hexa-histidine tagged (HT) fusion
proteins as previously described [10]. Generation and purification
of the larger N-terminal cleavage products of ScpA inactivation
(rhC5acore) and the fluorescently labelled form of rhC5a (rhC5acys-
BODIPY) are also described in Te¢za et al. [10]. As for ScpA and its
mutants, the names of rhC5a forms have been simplified in the
text. The full -length forms of the rhC5a mutants (rhC5ags7a,
rhC5ag40a and rhC5aggea) Will be referred to as R37A, R40A and
R46A. The inactive cleaved forms of the rhC5a mutants will be
referred to as R37Acore, R40Acore, and R46A .. Mass spectrometry
was used to confirm the scissile bond in all rhC5a cleavage prod-
ucts and for assessing the extent of rhC5ac;s-BODIPY labelling
[10]. Intact mass analysis of rhC5a and rhC5acy5 proteins were per-
formed in-house on a Bruker UltrafleXtreme instrument (Bruker
Daltonik GmbH, Germany), using Compass 1.4 software as previ-
ously described [10].

2.2. ScpA activity assays.

2.2.1. End-point activity assay

The activity of recombinant ScpA proteins against rhC5a, was
examined in cleavage assays containing 18 uM C5a peptide and
5 nM ScpA in PBS. The reactions were incubated at 37 °C for
20 min and analyzed by SDS-PAGE and MS. End point assays for
domain drop-out mutations (DDOs) of ScpA were performed and
the mass of the predominant products determined by MS (Table 1).
These assays contained high concentration of enzyme (110 nM)
and substrate (20 uM) and were incubated for 6 hr. The results
were analysed by SDS-PAGE [16]. Additional gel assay methods
are described in Supplement Information SI2.

2.2.2. Enzyme kinetics assays

Enzyme kinetics assay were performed as previously described
[10]. Briefly, evolution of fluorescence was measured at a fixed
concentration (0.2 nM) of ScpAsi.1032, D783A, E864A and D889A
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with rhC5ac75-BODIPY substrate in 1x PBS with 0.1% (v/v) Tween
20. Measurements were made on a Berthold LB941 fluorescence
plate reader (Berthold Technologies, UK) with excitation at
485 nm and emission at 520 nm and a 2 s data acquisition time
for 8000 s. Kinetic parameters for ScpA, E864A and D889A were
determined with substrate concentrations ranging between 15.6
and 1000 nM while 15.6 to 2000 nM substrate was used for the
D783A enzyme. In all cases the enzyme concentration was much
less than the substrate concentration. Experiments were per-
formed at 20 °C, in quadruplicate. Following correction for sponta-
neous substrate hydrolysis the progress curves were analysed
using the DYNAFIT software package [17]. Progress curves initially
fit with the minimal Van Slyke-Cullen mechanism [18] were found
to have systematic residuals at higher substrate concentrations
indicating product inhibition during the course of the experiment
(see Fig. S3). Addition of product inhibition equilibrium to the
mechanism effectively eliminated the residual signal and allowed
determination of steady state enzyme Kkinetic parameters (K,
and k).

2.3. Surface plasmon resonance studies.

SPR binding parameters have been previously published for
ScpA binding to rhC5a, rhC5ace, R37A, R40A and R46A [10]. To
maintain consistency for comparisons with other interactions in
this study, these interactions were re-evaluated.

All SPR data were measured at 25 °C with a BlAcore X100 sys-
tem (GE Healthcare, UK) in Hepes buffer (10 mM Hepes-KOH pH
7.4, 150 mM NaCl, 0.005% (v/v) Tween 20, 50 uM EDTA). Data
was obtained for binding of the full-length and core forms of the
His-tagged C5a peptides R37A, R40A and R46A ligands to the
D783Ass512a, E864Ass12a, D889Ass124 ligates. Interactions were
assessed using an NTA sensor chip (GE Healthcare, UK) with
approximately 20-25 response units (RU) of immobilized HT
ligand using a flow rate of 30 pL/min. For each binding pair, the
top concentration of ligate used are reported on Table S2. Associa-
tion and dissociation phases were each monitored for 200 s. Dou-
ble referencing was used to remove the effects associated with
buffer changes. In addition, the signal associated with non-
specific interactions with the chip surface was subtracted from
sensorgrams when ligate concentrations greater than 180 nM were
used. Unless otherwise stated the sensorgrams were fit in a global
analysis with the BlAevaluation 4.1 curve fitting software using 1:1
Langmuir model with a drifting baseline (GE Healthcare, UK).
Assays examining the interaction of full-length and core forms of
C5a R37A, R40A and R46A with D783Ass124 required fitting of
the response units at equilibrium to obtain a Kp due to the very fast
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dissociation rates between these binding pairs. The experiments
for each binding pair were conducted in triplicate. Values of bind-
ing constants reported on Tables 2 and 3 represent the mean and
standard deviation from three experiments. The binding energies
(AG®ping) Were calculated with Eq. (1):

AG®hing = RTIN[Kp) (1)

where R is the gas constant (1.986 cal mol~! K1) and T is the tem-
perature in Kelvin (T = 298 K). Binding energies were used in a dou-
ble mutant cycle (DMC) analysis to assess the additivity and thus
energetic coupling of mutant pairs in the ligand and ligate. Coupling
energies (AAAGc) were calculated as described by Mesrouze et al.
[19] with Eq. (2):

AAAGc = AG®ping(ScpA : thC5a) + AG®ping (SCPA e : ThC5amye)
— AG®pina(ScpA : thC5amyt) — AG®bing(SCPApy: : ThC5a)
(2)
where the coupling energy for a mutant pair is dependent on the
binding energies measured for the wild-type interaction (ScpA:

rhC5a), the interaction between the two mutant forms (ScpAmut:
rhC5a,¢) as well as the interaction between wild-type and mutant

Table 2
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forms of both the ligand and ligate (ScpA:rhC5a,,¢ and ScpAmue:
rhC5a respectively).

3. Results

3.1. Deletion of the fibronectin type IIl domains in ScpA impacts on
stability and activity of the enzyme.

Modeling of the ScpA:C5a complex [ 1], and mutagenesis studies
on related CEPs from L. lactis posit the significance of residues in
the Fn2 domain in substrate interactions [11,12]. To examine the
role of the C-terminal Fibronectin type Il domains in ScpA, the
Fn1, Fn2 and Fn3 domains (see Fig. 1a) were sequentially deleted,
and the activity of these mutants tested. The constructs are
labelled ScpAAFn3, ScpAAFn23 and ScpAAFn123, indicating the
deletion of the Fn3, Fn2-Fn3 and Fn1-Fn3 domains, respectively.
Diagrams and nomenclature for these constructs are shown in
Table 1. Deletion of either the Fn2-Fn3 (ScpAAFn23) or Fn1-Fn3
(ScpAAFn123) domains resulted in expression of a stable protein
while ScpAAFn3 was marginally unstable (Fig. S1a).

In end-point activity assays, C5a-ase activity was not observed
for constructs ScpAAFn123 and ScpAAFn23 whereas activity was

Kinetic and thermodynamic parameters for binding to full length rhC5a and its mutants.

Enzyme:substrate k, x 104 (M1 sy kq x 1073 (s71)° Kp (nM)? AG®ing (kcal/mol)”
ScpAssi2a:ThC5a 20924 7.0+04 34+4 -10.18
ScpAss12a:R37A 8.12 £ 0.49 176 £ 0.2 217 £ 11 -9.081
ScpAssi24:R40A 9.44 + 0.07 27405 290+ 3 —8.909
ScpAssi2a:R46A 103 +£0.3 226 +03 220+ 4 -9.073
D783Ass512a:7hC5a 7.54 + 0.05 23.7 0.1 3142 —8.862
D783As5124:R37A ND ND 2000 + 100¢ -7.78
D783Ass124:R40A ND ND 1500 + 100° ~7.93
D783As5124:R46A ND ND 669 + 23¢ -8.414
E864Ass124:ThC5a 260+ 1.9 6.4 +£0.2 25+3 -10.37
E864Ass124:R37A 15.0 £ 0.2 10.09 £ 0.13 67119 ~9.775
E864As5124:R40A 7.85 +0.11 27.1+£03 346+ 5 —8.805
E864As5124:R46A 34413 213 0.1 62.1+26 -9.821
D889Ass5124:ThC5a 263 +£0.2 7005 27 £2 —10.32
D889Ass124:R37A 13.68 + 0.27 9.34+0.18 683 +26 ~9.765
D889Ass5124:R40A 273+1.6 259+ 06 949 + 3.6 -9.570
D889Ass5124:R46A 14.85 + 0.34 12.85 £ 0.17 86.57 £ 2.92 —9.6245

# Reported as mean and standard deviation from 3 experiments.

b AGC°ind = RTIN[Kp], R = 1.986 (cal mol~* K1), T = 298 K.

€ Kp values * SE obtained from equilibrium binding analysis of data from 3 experiments.

Table 3
Kinetic and thermodynamic parameters for binding to full length rhC5acee and its mutants.

Enzyme: product ka x 104 (M~ 571y ka x 1073 (s71)° Kp (nM)? AG®ying (kcal/mol)®
ScpAssi2a:ThC5acore 4.50 £ 0.11 7.5 %02 170 £ 10 -9.23
ScpAssi2a:R37Acore 3.33 £ 0.02 15.10 + 0.13 453 +5 ~8.645
ScpAss12a:R40Acore 1.93 £0.10 258 +03 1340 £ 70 —8.004
ScpAss12a:R46Acore 2.20 £ 0.05 15.21 = 0.41 691 £ 4 —8.395
D783Ass124:ThC5ac0re 1.097 + 0.031 216+05 1970 + 80 ~7.775
D783As512a:R37Acore ND ND 10000 + 1000°¢ —6.80
D783As512a:R40Acore ND ND 15000 + 10004 —6.57
D783As5124:R46Acore ND ND 4330 + 110° ~7.309
E864Ass124:ThC5acore 4.93 + 0.06 438 +0.04 88.7+ 0.6 ~9.610
E864As512a:R37Acore 2.28 £ 0.08 12.1+£0.2 532 +19 —8.550
E864As5124:R40Ac0re 2.61 £0.11 195+ 0.1 751 £ 26 —8.346
E864Ass124:R46Acore 2.12 +0.05 132 £0.1 624 + 11 ~8.456
D889Ass5124:ThC5acore 4.44 + 0.02 4.0+0.1 90 +3 -9.60
D889Ass512a:R37Acore 3.01 £ 0.03 11.54 £ 0.17 3846 —8.743
D889As5124:RA0Acore 2.48 + 0.04 182+ 0.5 734 + 32 ~8.359
D889As5124:R46Ac0re 1.254 + 0.062 12.08 + 0.07 965.1 + 54.0 —8.1974

¢ Reported as mean and standard deviation from 3 experiments.

® AG®ina = RTIN[Kp], R = 1.986 (cal/mol K1), T = 298 K.
€ Kp values + SE obtained from equilibrium binding analysis of data from 3 experiments.

4 Kp values are lowest estimates limited by the highest ligate concentration of 11,500 nM used in the analysis.
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observed for ScpAAFn3. Thus, only the deletion mutant with an
Fn2 domain retains C5a-ase activity albeit at approximately 13%
the activity of the wild-type enzyme (data not shown). Mass spec-
trometry (MS) of the resultant larger product showed that cleavage
occurs between residue H67 and K68 as observed for the wild-type
enzyme (Table 1). The inability of the ScpAAFn123 and ScpAAFn23
mutants to cleave the substrate also implies that the catalytic
domain with the inserted PA domain alone is not capable of cap-
turing the substrate in a productive manner.

While the activity of ScpAAFn123, which comprises only the
catalytic domain and PA domain, was not restored by addition of
Fn23, activity was restored by addition of Fn123. MS analysis of
the reaction identified a mixture of products cleaved between
V57-A58 and at the expected cleavage site between H67-K68. This
indicates that ScpAAFn123 retains its ability to hydrolyze sub-
strate but does not bind the substrate appropriately in the absence
of the C-terminal domains. The activity of ScpAAFn23 was restored
by addition of either Fn123 or Fn23. Analysis of the products in
both ScpAAFn23 complementation experiments showed that
cleavage occurs between V57 and A58. The activity of ScpAAFn23
when combined with Fn23 was 1.3% and 1% when complimented
with Fn123 (data not shown).

Taken together these studies suggested an essential role in sub-
strate binding for the Fn2 domain. Therefore, specific point muta-
tions were introduced to probe the role of the Fn2 domain in C5a
inactivation.

3.2. Activity of the D783A mutant is distinct from the wild-type, ES864A
and D889A forms of ScpA

Fn2 residues D783, E864 identified previous [1] and residue
D889 identified by additional modelling (Kagawa and Cooney,
unpublished data) were selected for point mutation to further
investigate the role of the exosite in ScpA.

Following purification, the activity of the ScpA point mutants
(D783A, E864A and D889A) were assessed by end-point gel assay.
The activity of ScpA (Fig. 2a) and its mutant forms (Fig. 2b) were
examined against rhC5a as well as the R37A, R40A and R46A
mutants. Under the conditions used in the assay, ScpA was
observed to cleave all forms of C5a tested (Fig. 2a). Similarly, all
mutant forms of ScpA examined retain the ability to cleave C5a
and the C5a mutants (Fig. 2b). Mass spectrometry of reaction prod-
ucts confirmed that cleavage occurs between H67 and K68 in all
reactions (Supplement Fig. S4 and Table S3). This suggests that
the mutations in ScpA and rhC5a did not alter the ability of the
enzymes to properly orient the substrate in the active site.

Interestingly, the assays exposed differences in the abilities of
the ScpA mutants to cleave rhC5a. The D783A mutant (Fig. 2b)
hydrolysed rhC5a to a greater extent than the wild-type (Fig. 2a),
E864A and D889A forms of ScpA (Fig. 2b). In addition, the wild-
type, E864A and D889A forms cleave rhC5a less efficiently than
the R37A, R40A or R46A mutants of the substrate. The decreased
efficiency in processing rhC5a, as compared to the mutants, was
not observed for ScpA in the previously published assay [10]. It is
possible that the use of an 8-fold lower concentration of enzyme
in the current study (5 nM vs 40 nM) was necessary to reveal dif-
ferences in substrate cleavage rates in these end point assays. To
better understand the basis for the difference in C5a-ase activity,
interactions with the substrate and product were examined for
all ScpA forms with SPR.

3.3. D783 in Fn2 domain contributes to stability of the enzyme-
substrate complex

Sensorgrams for binding of all ScpA forms to the full-length
rhC5a substrate are shown in Fig. 3 and binding parameters
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Fig. 2. End-point digestion of C5a by ScpA. Panel (a) SDS-PAGE analysis of ScpA
cleavage of rhC5a and rhC5a mutants. Panel (b) SDS-PAGE analysis of ScpA mutants’
ability to cleave rhC5a and rhC5a mutants. The activity of the wild-type ScpA was
assessed in a gel-based assay with 5 nM enzyme and 18 puM rhC5a substrate.
Activity of the ScpA mutant forms against rhC5a as well as the R37A, R40A and
R46A mutants of rhC5a were similarly examined. Assays were conducted at 37 °C
for 20 min and products were analyzed by Mass Spectrometry to confirm cleavage
sites. The asterisks in both panels indicate the location of bands associated with un-
cleaved rhC5a and rhC5a mutants.

reported on Table 2. The Kp for rhC5a binding to ScpAssiza is
34 nM, in agreement with the earlier study by Tecza et al. [10].
The k, and kg values in the current study are 20.9 x 10* M~ s7!
and 7.0 x 1073 s7! respectively (Table 2), both approximately
1.5-fold higher than previously observed. The discrepancy in val-
ues is potentially related to higher concentrations of ScpAssiaa
used in the current study, variations across individual chips or
sample preparations used in each experiment. To allow for better
comparisons with the ScpA mutants, the current values of the ScpA
binding parameters will be used in this study.

The Kp for the interaction between the D783As5124 mutant and
rhC5a is 314 nM, more than 9-fold higher than observed for
ScpAssi2a. The increase in Kp for the D783A mutant results from
2.8-fold slower association rate and 3.3-fold faster dissociation
rate, indicating that D783 is involved in the formation of
enzyme-substrate complex as well as contributes stabilizing inter-
actions in the bound complex. This single point mutation in Fn2
domain decreased binding affinity (AAG®°uq) by 1.32 kcal/mol
and supports the participation of the Fn2 domain in substrate
recognition.

In contrast to the D783, E864 and D889 do not contribute signif-
icantly to the stability of the enzyme:substrate complex. The bind-
ing affinity of E864Ass124 and D889Ass124 for the rhC5a substrate
are in the low nM range similar to that observed for ScpAssiza.
The AAG°,q for the E864A and D889A mutants are 0.20 and
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Fig. 3. SPR analyses of binding to full length rhC5a and rhC5acore. Representative
SPR sensorgrams of ScpAS512A and mutant derivatives binding to immobilized full-
length rhC5a and rhC5acore. Observed data (black lines) are shown with curves
obtained from global fitting of data with a 1:1 Langmuir model for binding (red
lines). The mean Kp value obtained from 3 experiments is reported in the upper
right-hand corner of the respective panel. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

0.14 kcal/mol respectively. The small decrease in Kp results mainly
from a marginally faster association rate for both mutant forms.
The dissociation rates for substrate binding are nearly identical
to the kq for ScpAssioa.

3.4. Binding of D783A, E864A and D889A mutants to the core portion
of C5a

Previously, ScpAssioa was observed to bind the larger N-
terminal cleavage product of C5a (residues 1-67), referred to as
the C5a core (rhC5acye Or Py), with nM affinity (Kp 240 nM)
accounting for 89% of the binding energy for the full-length sub-
strate [10]. Binding of rhC5ac.e to the ScpA mutants were exam-
ined to assess whether the product binds in a similar manner to
these forms of ScpA (Fig. 3 and Table 3).

The Kp for rhC5acqre binding to ScpAssi2a in the current study is
170 nM, in agreement with our previously published studies [10],
with k, and k4 values of 4.50 x 10* M~! s~ and 7.5 x 1073 s,
respectively (Table 3). The D783Assi2a, E864Assioa  and
D889Ass5124 mutants bind rhC5a... with Kps of 1970, 88.7 and
90 nM, respectively. The lower affinity of D783Ass124 for the pro-
duct as compared to ScpAssi2a, EB64As5124 and D889Ass 24 Mirrors
the trend observed for binding of the substrate (Section 3.3). The
associated rhC5ac.e binding energies are —7.8 kcal/mol for
D783Ass12a and —-9.6 kcal/mol for both E864Assi2a and
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D889Ass124. Thus, as for ScpAssi2a, interactions with the core por-
tion of C5a accounts for the majority (88, 92 and 93%) of substrate
binding energy in the ScpA mutants.

As with ScpA, the decrease in binding affinity for the Py product
is predominantly due to a slower association rate. Relative to sub-
strate binding, the k, increases by 6.9-, 5.3- and 5.9-fold for
D783Ass512a, E864As5124 and D889Ass124 respectively as compared
to 4.6-fold for ScpAssi2. The enhanced association rates in the pres-
ence of the tail (i.e. in substrate binding) in these studies support a
previous suggestion [10] that interactions with the tail residues are
potentially involved in sensing and communicating the status of
prime region of active site to other regions involved in productive
binding of the substrate in the catalytic cycle (i.e. the Fn2 domain).

Taken together, the SPR studies on rhC5a and rhC5acore, sup-
port that the substrate and product binds to all mutants in the
same manner as the wild-type ScpA with significant interactions
with residues in the core of C5a.

3.5. Residue D783 impacts on ScpA catalytic turnover and alleviates
product inhibition

Enzyme kinetic studies were conducted with a fluorescently
labelled full-length C5a substrate as described previously [10].
The Van Slyke-Cullen mechanism was modified to account for pro-
duct inhibition observed at higher substrate concentrations
(Fig. S3).

The enzyme kinetic parameters for ScpA (keac = 1.006 s~! and
Ky = 189 nM) are in good agreement with previously published
values obtained without considering product inhibition
(Keae = 0.886 s~ ! and K., = 185 nM). No substrate inhibition was
observed with substrate concentrations up to 500 nM [10]. How-
ever, the higher substrate concentrations used in this study
exposed significant product inhibition during the reaction which
required modification of the mechanism to better account for the
observed data. Product inhibition was also observed with D783A,
E864A and D889A mutants, thus the progress curves were fit also
using this strategy.

Substrate cleavage by the D783A enzyme was significantly
slower than the wild-type enzyme (Fig. 4b). The k., for D783A is
approximately 45% lower than for ScpA (ke = 0.554 s~') while
the K, increased by approximately 3-fold (K, = 560 nM). The
increase in K, for D783A is consistent with the lower binding affin-
ity observed for substrate binding in the SPR studies (Section 3.3).
However, while the impact of the D783A mutation on K;,, might be
expected, the decrease in k. observed for this mutant is com-
pletely unexpected given mutation occurs at a site more than
48 A from the catalytic site. The significant impacts on substrate
binding and C5a-ase activity prompted an investigation into the
structure of D783A and the crystal structure of the active form of
the D783A was solved to 1.9 A resolution (See Data in Brief). The
mutant structure is nearly identical to the wild-type ScpA with
low RMSDs between Cot atoms (0.457 A) and atoms in the catalytic
residues (0.136 A). Thus, the decrease in substrate binding affinity
and activity is not the result of a change in the fold of the enzyme.

The enzyme kinetic parameters determined for E864A and
D889A are similar to that for the wild-type form of ScpA (Fig. 4c
and d respectively). As with the D783A mutant, the K, values
reflect the general trend observed for substrate binding as deter-
mined by SPR (Section 3.3). Of the examined ScpA forms, the
D783A enzyme exhibited the lowest k., which is inconsistent with
the apparent enhanced cleavage efficiency observed in the end-
point activity assay (Section 3.2). Based on the observed K,s all
enzymes would be turning over substrate at near maximum veloc-
ity in the presence of 18 uM substrate and thus D783A should be
the least efficient at cleaving the substrate. However, this interpre-
tation does not consider the product inhibition observed in the
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Fig. 4. Enzyme kinetic data for ScpA and ScpA mutants. Panels (a) through (d)
progress curves for cleavage of BODIPY-labeled hC5a by ScpA, D783A, E864A and
D889A ScpA mutants respectively. Data are plotted with curves from global fitting
of curves (black lines) to the Van Slyke-Cullen model modified to account for
product inhibition. Values for k,¢ and K, are reported as the mean and standard
deviation of the mean from 4 experiments. Data shown in the plot are from 4
experiments. A key to substrate concentrations is provided in panel e. Panel (f) Van
Slyke-Cullen mechanism modified for product inhibition used in fitting of progress
curves. Van Slyke-Cullen kinetic parameters were used to obtain steady state
enzyme kinetic parameters (Km, = k2/k1 and kc,c = k2).Panel (g) shows a reaction
scheme where binding of full-length hC5a (‘S’) occurs with a conformational change
in ScpA (‘E’ to ‘F’). Following acylation, release of the C-terminal ‘tail’ (‘Pc’) and
deacylation steps, the core portion of hC5a (‘PN’) is released from conformational
state ‘F’. These rates are fast as compared to release of the ‘PN’ product from the ‘E’
ScpA state measured in SPR studies.

enzyme kinetic analysis. SPR studies with rhC5acqre (Section 3.4)
showed that the D783A mutant bound the product with much
lower affinity than the other ScpA forms (11.6-24.6-fold higher
Kp). Thus, the apparent higher efficiency of substrate cleavage by
D783A reflects decreased product inhibition in the end-point activ-
ity assay.

The enzyme kinetic analysis of the ScpA mutants supports the
mechanism presented previously [10], and shown in Fig. 4g. All
forms of the enzyme have a much higher k. than the rate of
release of the rhC5ac. product (‘Py’) measured by SPR (Sec-
tion 3.4). The kq for rhC5acye binding to ScpA, D783A, E864A and
the D889A mutants (Section 3.4) is 134-, 26-, 290- and 231-fold
slower than the k¢, although apparently not rate limiting. Previ-
ously, this discrepancy was explained by suggesting that the
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rhC5ace interaction studied by SPR was not involved the catalytic
mechanism [10]. Rather, the SPR analysis of the rhC5acqe interac-
tion with ScpA and its mutants characterize the interaction associ-
ated with product inhibition and that efficient release requires a
conformational state (‘F’) adopted only in the presence of the tail
residues.

3.6. Double mutant cycle analysis indicates energetic coupling
between the ScpA Fn2 domain and the core portion of C5a

The examination of single point mutations on binding provides
information on the energetic contribution of the residue to the sta-
bility of the complex (AG®ping). Double mutant cycle (DMC) analy-
sis of the impact of two mutations simultaneously can reveal more
complex details of a process, such as cooperativity or energetic
coupling between residues [20,21]. For inter-molecular interac-
tions, DMC analysis involved pair-wise characterization of single
mutations in both binding partners. Additivity or non-additivity
of AG®ing for single mutations as compared to both mutations
simultaneously reveal the extent of communication between the
residues [22].

DMC analysis was applied to the pairwise coupling of residues
D783, E864 and D889 in ScpA with residues R37, R40 and R46 of
the full-length rhC5a (for example see Fig. 5). The sensorgrams
for these analyses are shown in Fig. S5. Coupling energies between
residue pairs (AAAGc on Table 4) were obtained using Eq. (2) with
the binding energies (AG°pinq) reported on Table 2. In Table 4, cou-
pling energies considered to be comparable in magnitude are high-
lighted in red and blue (negative and positive values respectively).
Coupling energies near zero are not highlighted. For substrate
binding (top half of Table 4) non-zero AAAGc are observed for 8
of the 9 pairs examined ranging from —0.66 to +0.29 kcal/mol.
The majority of the coupling energies (7 of 9) are negative in sign
except for the D783:R37 and E864:R40 pairs which have near zero
and positive AAAGcs, respectively.

Interestingly, while the SPR analysis (Section 3.3) showed that
only the D783A mutation impacted directly on substrate binding,
the DMC analysis indicates that all three ScpA residues are ener-
getically coupled to residues in the C5a core in the enzyme:sub-
strate complex. This lends additional support for the involvement
of the Fn2 domain in substrate interactions and suggests that resi-
dues across the Fn2 domain participate in the process of substrate
binding. This could involve roles such as the stabilization or com-
munication of structural transitions in the enzyme and/or
substrate.

3.7. DMC analysis of the ScpA:product (C5ac,e) interaction supports a
distinct mode for product binding

DMC analysis was also used to estimate coupling energies
between mutated residues in ScpA and the C5a core during product
binding. The sensorgrams for these analyses are shown in Fig. S6
and the binding parameters and AG®,nq are reported on Table 3.
The AAAGc values obtained in the DMC analysis of the binding
to the rhC5a.,e mutants are reported in the lower half of Table 4.

The AAAGc values for product binding range from —0.37 to
0.57 kcal/mol. Non-zero AAAGc values are observed for 6 of the
9 pairs examined indicating, as with the substrate, Fn2 residues
are energetically coupled to residues in the core of the product.
In contrast to binding mutants of the substrate, the coupling ener-
gies for product binding are predominantly (5 of 9) positive in
value. This strikingly different pattern suggests that the process
of binding and recognition of the substrate is different from that
for the product. Competitive binding studies have established that
substrate and product compete for an overlapping site on ScpA
[10]. However, data in this study supports previous assertions that
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Fig. 5. Double mutant cycle analysis of ScpA and rhC5a mutants. A representative
example of the analysis cycle accompanying calculation of coupling energies is
shown for ScpA residue D783 and rhC5a residue R46.

Table 4
Coupling energies (AAAG.)*” for ScpA and rhC5a mutants.

D783 E864 D889
R37 -002+008 | 051=011 -054=000
R40 034=007 02=010 -052=009
R46 066=007 -056=0.10 -041=009
R37core | 038005 047004 027=0.04
R40cre | 003006 003005 0.01=006
R46core | 037005 032004 057=005

a. All values reported in kcal/mol =SE

b. AAAG: calculated with AG®sira values on Tables 1
and 2 using Eq. 1.

the modes of binding for the substrate and the product are distinct
[10].

4. Discussion

An important new strategy for developing therapeutic interven-
tions for immune dysfunction disorders is to target the comple-
ment cascade (recently reviewed in [23]). One of the emerging
candidate technologies is the exploitation of bacterial proteases.
To support this approach, a better understanding of the contribu-
tion of the distinct domains in enzymes such as ScpA to specificity
and activity is required.

The current study directly addresses whether the Fn2 domain in
ScpA is involved in the substrate interactions. In preliminary
screening of deletion mutants with sequential deletions of the
three C-terminal fibronectin type Il domains (Fn1, Fn2 and Fn3
domains) (Section 3.1), the presence of the Fn2 domain was
required for activity. The only construct retaining C5a-ase activity
was the mutant with an Fn2 domain (ScpAAFn3). Interestingly,
substrate hydrolysis could be recovered by the inactive mutants
(ScpAAFn123 and ScpAAFn23) when the Fn2 domain was pro-
vided separately as independently folded entities (Fn123 or
Fn23). Substrate cleavage when ScpAAFn123 was complemented
with Fn123 suggesting that C5a is delivered to the Cat domain
via the formation of a ternary complex between the 2 ScpA entities
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and the substrate. However, an additional off-target cleavage sites
was revealed between V57 and A58 indicating that presentation of
the substrate to the active site was non-native-like. The activity
observed with Fn123 complementation was approximately 0.1%
of the wild-type enzyme (data not shown), suggesting a weak
interaction between Fn123 and ScpAA123. In the structure of ScpA,
a loop in the catalytic domain (referred to as the hammerhead
loop) is inserted between the Fn1 and Fn2 domains. It is likely that
this structural organization cannot be achieved when the two ScpA
constructs are combined as separately folded entities impacting on
the delivery of the substrate. Weak activity of ScpAAFn23 was
restored by addition of either Fn123 or Fn23. Analysis of the prod-
ucts in both reactions showed that cleavage occurs between V57
and A58. The mechanism by which this is achieved requires further
investigation. Notwithstanding, the observations from these com-
plementation studies indicates the Fn2 domain is involved in sub-
strate interactions.

In SPR studies, the impact of 3 point mutations at D783, E864
and D889 in the Fn2 domain were examined (Section 3.3). The
D783A mutation decreased AAG®p;ng by 1.32 kcal/mol relative to
the wild-type interaction with an approximately 9-fold increase
in Kp. Mutation of residues E864 and D889 did not appear to signif-
icantly impact the interaction of ScpA with C5a (Table 1 and Fig. 4).
In the enzyme Kkinetic analysis, the D783A mutant exhibited a
nearly 3-fold increase in the K, (189 to 560 nM) consistent with
the decrease in substrate binding affinity observed in the SPR stud-
ies. In addition, a 1.8-fold lower k., was observed relative to ScpA
(0.554 vs 1.006 s~'). The crystal structure of the D783A mutant
showed that the mutation did not disrupt the overall fold of the
enzyme or the geometry of the catalytic residues (Data in Brief)
indicating that the changes in binding and enzyme kinetic proper-
ties of the mutant are related to alterations in interactions involv-
ing residue D783. Thus, these studies provide direct evidence that
the Fn2 domain participates in determining the specificity and
activity of ScpA and is not simply a structural component of the
enzyme. While it is relatively easy to rationalize the impact of
the D783A mutation on K, or Kp as resulting from the elimination
of a significant interaction with the substrate, it is less straightfor-
ward to explain the effect of this mutation on the ability to turn
over the substrate. It could be argued that the rate of turnover is
limited by a slower rate of product release. However, this view is
not supported by the SPR data on the rhC5ac.e interactions which
shows that product release is expected to be faster with the D783A
mutant as compared to the wild-type form of ScpA (Section 3.4). As
mentioned previously, these measurements do not apply to the
catalytic cycle since they probe an inhibitory interaction with the
product (Section 3.4). Additional studies that consider long-range
interdomain communication will be required to examine how a
region distal to the catalytic site is involved in the chemical trans-
formation of the substrate. Unravelling the details of how the Fn2
domain participates in both substrate binding affinity and enzy-
matic activity could allow the uncoupling of these two properties
and reveal a general strategy for optimizing ScpA for other targets.
For example, ScpA has been demonstrated to cleave both C3a and
C5a [7]. Since the physiological concentration of C3a has been
reported to be higher than C5a (20-40 nM vs 1-10 nM [24]), iden-
tifying an ScpA mutant selective for C3a may involve increasing the
Ky, for C5a above a threshold, while retaining or enhancing its abil-
ity to efficiently cleave C3a.

A double mutant cycle analysis was performed to probe the
coupling between the 3 ScpA residues and 3 C5a residues
(Fig. 1A). Non-zero coupling energies (AAAGc) were observed
between all ScpA and C5a residues tested except for the D783:
R37 pair, indicating that the majority of the examined residue pairs
are functionally linked in the binding process. Thus, despite sub-
strate AAG®ying Values near 0 for the E864A and D889A mutants,
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the DMC analysis supports the contribution of these residues to
substrate binding. This suggests that the region of the exosite
involved in substrate binding is extensive since the ScpA residues
examined are located at the periphery of the Fn2 domain separated
by approximately 20-35 A. Thus, the limited DMC analysis sup-
ports the existence of a complex communication network between
the enzyme and the substrate with residues distributed across the
Fn2 domain energetically coupled to residues located between
Helix IIl and IV in the core of C5a.

Additional information from DMC analysis can be obtained
from the sign of AAAGc which has been suggested to indicate
the extent of energetic optimization between residue pairs. Nega-
tive AAAGc values were proposed to be associated with an un-
optimized binding pair while optimized interactions would exhibit
positive values [22]. The DMC analysis of ScpA:substrate interac-
tion identified a single optimized residue pair, D864:R40. 7 of the
8 remaining pairs exhibited negative AAAGcs indicating that these
residue pairs are not optimized. It is possible that this property is
related to the ability of ScpA to inactivate both C5a and C3a which
have a common 3-dimensional fold but differ in sequence (34%
identity).

The inhibitory interaction between ScpA and the core portion of
C5a (rhC5acee) Was also examined with a DMC analysis (Sec-
tion 3.7). These studies characterize binding between ScpA and
the larger N-terminal product of proteolysis (Py). As with substrate
binding, non-zero AAAGcs were observed for all 3 ScpA residues.
However, the signs for the majority of AAAGc values are positive
(5 of 9) and coupling energies near zero are observed for pairings
with the R40A mutant. Thus, the DMC analysis shows that the resi-
due interactions are better optimized for product binding. This
provides additional support for distinct ScpA modes for binding
the substrate versus product (Fig. 4g) reported by Tec¢za et al. [10].

The magnitude of the ScpA:substrate coupling energies (—0.66
to +0.29 kcal/mol) are on the order of those reported by others
for protein-protein interactions [21,22]. However, little further
information can be inferred as the relationship between the mag-
nitude of the coupling energy and distance between coupled resi-
dues is unresolved in the literature [22 25]. Assignment of
interacting pairs in the ScpA:C5a complex will benefit from struc-
tural studies. In addition, interdomain communication networks in
supertertiary structures have been associated with negative values
for coupling energies in substrate binding [21], such as seen in the
DMC for the enzyme:substrate complex here. Thus, given the
potential complexity of the interaction, additional studies are
required to investigate the existence of similar networks or allos-
teric systems in ScpA. Expansion of the DMC analysis could reveal
coupling with residues in other domains and allow the exploration
of pathways important for gating specificity.

5. Concluding remarks

Cell envelope proteases have been identified in Gram positive
commensals of the human gut [26] as well as in a variety of strep-
tococcal species (reviewed in [13]) that potentially encounter
mediators of the host immune response. In a homology search of
the protein sequences available in the current Ensembl bacteria
database, approximately 1500 non-redundant sequences were
identified that have the basic CEP architecture (Kagawa and Coo-
ney, unpublished). We have proposed ScpA as a prototype for engi-
neering therapeutic proteases that inactivate immunomodulatory
proteins based on its high specificity for human complement C5a
and C3a, along with the availability of methodologies for studying
structure and now function of this enzyme [10]. Essential to
exploitation of proteolytic enzymes as catalytic biologics is under-
standing how they function at a molecular level. Toward this end,
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we have shown that binding of the substrate includes Arginine
residues in tail and core of C5a implicating ScpA residues both in
and distal to the active site in substrate interactions [10]. The cur-
rent studies indicate that residues in the ScpA Fn2 domain, in par-
ticular residue D783, are involved in enzyme:substrate
interactions, thus providing experimental support for the existence
of an exosite on the Fn2 domain. Interestingly, residue D783, which
is nearly 50 A from the catalytic serine was also found to impact on
the ability of the enzyme to turn over the substrate. While the
results presented here indicate D783 is directly involved in sub-
strate interactions they do not exclude alternative interpretations
that support a more complex binding and recognition process.
For example, the mutations in Fn2 could disrupt interdomain con-
tacts that stabilize a conformational state required for binding of
the substrate and or efficient progression through the catalytic
cycle. Taken together with the suggested role of the PA domain
in active site interactions [13], our results indicate the potential
for coupling of substrate selection and hydrolysis by long range
communication mechanism involving different conformational
states in ScpA. The involvement of alternative conformational
states in the specificity and activity of ScpA would introduce the
intriguing possibility of tuning the enzyme by manipulating resi-
dues or clusters of residues involved in the transition between
these states.
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