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Iripin-5 is the main Ixodes ricinus salivary serpin, which acts as a modulator of
host defence mechanisms by impairing neutrophil migration, suppressing nitric
oxide production by macrophages and altering complement functions. Iripin-5
influences host immunity and shows high expression in the salivary glands. Here,
the crystal structure of Iripin-5 in the most thermodynamically stable state of
serpins is described. In the reactive-centre loop, the main substrate-recognition
site of Iripin-5 is likely to be represented by Arg342, which implies the targeting
of trypsin-like proteases. Furthermore, a computational structural analysis of
selected Iripin-5—protease complexes together with interface analysis revealed
the most probable residues of Iripin-5 involved in complex formation.

1. Introduction

The castor bean tick (Ixodes ricinus) has a wide geographical
distribution throughout the Northern Hemisphere of Europe,
Asia and Africa that points towards its resistance to various
environmental conditions. This has helped this tick to become
one of the major factors in the spread of zoonotic diseases, as
it serves as a vector for multiple vector-borne pathogens
(Tirloni et al., 2014; Francischetti et al., 2009). These include
tick-borne diseases such as Lyme disease, Helvetica spotted
fever, tick-borne meningoencephalitis, babesiosis and tick
paralysis (Sprong et al., 2018). I. ricinus represents a model
organism used in the development of new sustainable tick-
control approaches such as acaricides and repellents. The
saliva of ticks helps them to stay attached to the host until the
long-lasting blood-feeding process is finished. This is facili-
tated by many immunomodulatory, anti-inflammatory and
antihemostatic proteins, peptides and nonpeptide molecules in
the saliva (Francischetti et al., 2009; Kotal et al., 2015).
Serpins (serine protease inhibitors) are the largest super-
family of protease inhibitors and are broadly distributed in
nature (Silverman et al., 2001; Spence et al., 2021). The vast
majority of serpins act as serine protease inhibitors, but during
evolution some serpins switched to non-inhibitory functions
such as molecular chaperones (for example heat-shock serpin
47; Nagata, 1996), tumour suppressors (for example maspin;
Zou et al., 1994), storage proteins (for example ovalbumin;
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Mellet et al., 1996; Law et al, 2006) and hormone-binding
globulins (for example thyroxine-binding globulin and
cortisol-binding globulin; Pemberton et al., 1988). The typical
process of serpin inhibition is irreversible and leads to
substrate suicide: inactivation of both the serpin and the target
protease. At the beginning of the inhibitory pathway, serpins
form a Michaelis complex with the protease (Huntington,
2011). Subsequently, translocation of the reactive-centre loop
(RCL) with the bound protease takes place and leads to the
formation of a covalent complex with the trapped protease
and the addition of a new strand in S-sheet A (Silverman et al.,
2001). Inhibitory serpins vary in function according to their
specificities, and their importance can be illustrated by
serpinopathies, diseases caused by serpin dysfunction or
deficiency (Belorgey et al., 2007). Many well known diseases,
for example emphysema, cirrhosis, angioedema, hypertension
and familial dementia, are caused at least partially by serpin
dysfunction (Law et al., 2006; Huntington, 2011). This makes
serpins interesting candidates for drug design and develop-
ment, for which a high-resolution structure is necessary. All
serpins possess a structurally similar core domain consisting of
~380 residues. This domain is made up of three B-sheets (A, B
and C) and eight or more a-helices (hA-hI; Gettins, 2002).
Another typical characteristic feature of serpins is the
presence of an exposed, extended RCL that acts as a bait for
the target protease during inhibition. The RCL consists of ~17
residues and is located between B-sheet A and B-sheet C
(Dunstone & Whisstock, 2011). It was found that serpins show
different structural conformations such as native (S, stressed
state), cleaved (R, relaxed state), latent (a result of auto-
inactivation due to a mutation or self-stabilization) and the
8-conformation (inappropriate partial insertion of the RCL
due to a mutation) as well as the possible formation of
complexes as a result of the inhibitory mechanism (Dunstone
& Whisstock, 2011). The inhibitory mechanism can result in
successful inhibition by covalent complex formation with the
target protease or a cleaved conformation. During confor-
mational change of both states, and the incorporation of the
RCL into B-sheet A, energy release occurs and a rise in serpin
stability is reported as a consequence of this transition. In the
case where this process is not sufficiently fast, it results in
unsuccessful inhibition of the protease and its release from the
acyl-intermediate, followed by the formation of a cleaved
conformation of the serpin (Gettins, 2002; Gettins & Olson,
2016; Yamasaki et al., 2002).

Tick salivary serpins play important roles in tick physiology.
They are necessary to modulate the immune-system responses
of the host and to inhibit various defence mechanisms such as
hemostasis, which can result in the facilitated transmission of
the aforementioned tick-borne pathogens (Kotal et al., 2015).
High structural conservation of serpins across tick species has
been observed (Porter et al, 2015). The tick I ricinus
expresses over 30 serpins with different specificities, of which
only Iris, IRS-2 and Iripin-3 have been characterized in detail
functionally, while IRS-2 and Iripin-3 have also been struc-
turally characterized (Prevot et al., 2006; Chmelar et al., 2011;
Pélenikova et al., 2015; Chlastakova et al., 2021).

Here, we present the structural, biochemical and functional
characterization of the serpin from I ricinus named Iripin-5
(1. ricinus serpin-5) that is highly expressed in the salivary
glands of the tick; its expression is induced by feeding on
blood and it displays anti-inflammatory and anticomplement
features. Structural analysis revealed that Iripin-5 crystallized
in a cleaved conformation and its structure was solved at
1.50 A resolution. The structure was used for interface and
computational analyses of its complexes with chosen
proteases.

2. Materials and methods
2.1. Protein cloning, expression and purification

The full-length Iripin-5 sequence was cloned into pET-17b
vector and transformed into Escherichia coli strain BL21-
pLysS (Novagen, USA). 61 LB medium (100 pg ml™" ampi-
cillin and 34 pg ml~' chloramphenicol) was inoculated with an
overnight culture of BL21-pLysS cells containing the Iripin-5
gene. Protein overexpression was induced by 1 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG) on reaching an ODg of
0.6 and the cells were harvested 3 h after induction. Inclusion
bodies were isolated by sonication in 20 mM Tris-buffered
saline (TBS), 150 mM NaCl pH 8.0 with 1% (v/v) Triton X-100
buffer and washed three times with TBS to remove traces of
Triton X-100. The inclusion bodies were dissolved in 20 mM
TBS, 6 M guanidine—-HCI pH 8 and undissolved impurities
were removed by centrifugation (12 000g). Refolding was
achieved by rapid dilution in a 160-fold excess of 50 mM Tris,
300 mM NaCl, 0.8 mM KCI, 250 mM vr-arginine pH 8.5 with
0.25 g wet inclusion bodies per litre of refolding buffer. After
filtration, Iripin-5 was purified by ion-exchange and size-
exclusion chromatography (Supplementary Figs. S1 and S2).
Pure protein was decontaminated from lipopolysaccharide
(LPS) by Arvys Proteins (Trumbull, USA) using a detergent-
based method. The LPS was removed from the sample
because of its proven activation effect on cells, especially the
stimulation of cells responsible for immune responses. This
would interfere in subsequent experiments. The final
concentration of protein was 1.14 mgml™" in 20 mM Tris,
150 mM NaCl pH 8.0 buffer and the protein was stored at
—80°C.

2.2. Nitric oxide production by IC-21 macrophages

Macrophages of the IC-21 cell line were pre-incubated with
various concentrations of Iripin-5 for 4 h. After stimulation
with 100 ng ml~' LPS and 5 ng ml~" interferon-y (IFNy), the
cells were incubated for 24 or 48 h. The nitric oxide (NO)
concentration was assessed after incubation with a modified
Griess reagent (Sigma—Aldrich, Germany).

2.3. Antiprotease selectivity

Assays were performed according to a previous publication
(Chmelar et al, 2011). The enzyme concentrations do not
reflect their ratio in the plasma or skin of the tick host. The
used concentrations were chosen based on the biochemical
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Table 1

Antiprotease selectivity of Iripin-5.

Amount of enzyme Remaining enzymatic

Enzyme used (nM) activity (%)
Thrombin 0.01 952 £32
Factor Xa 0.33 97.6 £ 4

Kallikrein 0.04 1009 £ 2.5
Chymase 0.45 81.1 £33
Trypsin 0.1 559+15
a-Chymotrypsin 0.05 68.6 + 1.4
B-Tryptase 0.01 1042 + 1.4
Human neutrophil elastase 0.06 13 £2.2
Cathepsin G 8.8 80 + 1.8
u-PA 0.5 101 £ 1.5
Plasmin 12 941 +22
Matriptase 0.03 100 £ 1.9
Factor XIa 0.06 98.8 £3

Factor XIla 0.1 988 £ 1.2
t-PA 0.02 100.8 + 3.7
Proteinase 3 1.7 4.6 £ 0.8

properties of particular proteases in order to detect substrate
hydrolysis and do not reach saturation of reaction at the same
time. Generally, the assay conditions were chosen as half of
the V. of each particular protease. Briefly, assays were
performed at 30°C and tested in triplicate. The used protein
concentration in the reaction was from 400 nM and the serpin
was pre-incubated with the target enzyme (listed in Table 1)
for 10 min before adding substrate (250 uM final concentra-
tion). For each target enzyme, appropriate buffers at different
final concentrations were used. The substrate-hydrolysis rate
was determined using an Infinite 200 PRO 96-well plate
fluorescence reader (Tecan, Switzerland; excitation at 365 nm,
emission at 450 nm).

2.4. Complement assay

Fresh rabbit erythrocytes were collected in Alsever’s solu-
tion from the rabbit marginal ear artery, washed three times in
an excess of PBS buffer (1.8 mM KH,PO,, 137 mM NaCl,
10 mM Na,HPO,-7H,0) and finally diluted to a final 2% (v/v)
suspension. Fresh human serum was obtained from three
healthy individuals. The assay was performed in a 96-well
round-bottomed microtiter plate (Nunc, Denmark). In each
well, a concentration of 50% human serum in PBS premixed
with different concentrations of Iripin-5 (156 nM to 5 pM) was
added to a volume of 100 pl. After 10 min of incubation at
room temperature, 100 pl of erythrocyte suspension was
added. Since the human serum lysed rabbit erythrocytes
immediately after their addition to the reaction, we used only
50% concentration (i.e. a 25% final serum concentration after
addition of the erythrocyte suspension); the final dilution had
been empirically established as optimal. Reaction wells were
observed individually under a Olympus SZX7 stereomicro-
scope with oblique illumination (Olympus KL 1500) using an
aluminium pad. The time needed for erythrocyte lysis was
measured using a chronometer. When full lysis was achieved,
the reaction mixture turned from opaque to transparent.
Negative controls did not contain either serpin or human
serum. Additional controls were performed with heat-inacti-

vated serum (56°C, 30 min) and the serpin Iripin-3 (156 nM to
10 uM). The assay was evaluated in technical and biological
triplicates.

2.5. Neutrophil-migration assay

Neutrophils were obtained from the bone marrow of
C57BL/6] mice by magnetic separation using a Neutrophil
Isolation Kit (Miltenyi Biotec, Germany). Isolated neutrophils
were pre-incubated in RPMI1640 growth medium containing
0.5% (m/v) bovine serum albumin (BSA) in the presence or
absence of Iripin-5 (3 uM) for 1 h at 37°C and 5% CO,. The
cells were then seeded on the upper inserts of 3.0 um pore
Corning Transwell chambers (24-well format; Sigma-Aldrich,
Germany). Chemoattractant solution (1 uM N-formyl-
L-methionyl-L-leucyl-phenylalanine-fMLP in RPMI1640 with
0.5% BSA) was placed in the lower compartments. After
incubation for 1h at 37°C and 5% CO,, migration was
determined by counting the cells in the lower chamber using a
hemocytometer (Meopta, Czech Republic).

2.6. Iripin-5 expression profiles

I ricinus nymphs were fed on C3H/HeN mice for one day,
two days and until full engorgement (3-4 days); I. ricinus
females were fed on guinea pigs for one, two, three, four, six
and eight days. Adult salivary glands, midguts and ovaries, as
well as nymph whole bodies, were dissected under RNAse-
free conditions and total RNA was isolated using TriReagent
(MRC). cDNA preparations were made from 1 pg total RNA
from independent biological triplicates using a Transcriptor
First Strand cDNA Synthesis kit (Roche, Czech Republic)
according to the manufacturer’s instructions. The cDNA was
subsequently used for the analysis of Iripin-5 transcription by
gPCR in a RotorGene 6000 cycler (Corbett Research, UK)
using Fast Start Universal SYBR Green Master Mix (Roche,
Czech Republic), forward primer 5-CGA GAA CGC AAC
CAC TAA GA-3' and reverse primer 5-GCT CAA CGT
GAC CAA TGT AAT C-3'. Iripin-5 expression profiles were
calculated using Livak’s mathematical model (Livak &
Schmittgen, 2001) and normalized to I ricinus elongation
factor la (efle; GUO74829.1; forward primer 5-CTG GGT
GTG AAG CAG ATG AT-3 and reverse primer 5-GTA
GGC AGA CAC TTC CTT CTG-3'). The amplicon lengths
were efla, 105 bp; Iripin-5, 251 bp.

2.7. Protein crystallization, X-ray data collection and
processing

Crystallization screening using commercial kits (JCSG++
from Jena Bioscience, SG1 and PGA Screen from Molecular
Dimensions, and PEGRx and PEG/Ion from Hampton
Research, USA) was carried out at room temperature (20°C)
and at 4°C by the sitting-drop vapour-diffusion method using
an OryxNano crystallization robot (Douglas Instruments). A
suitable protein concentration for crystallization screening
was determined using the Pre-Crystallization Test (Hampton
Research, California, USA) as 1.14 mg ml~". Drops of protein
solution composed of 20 mM Tris, 150 mM NaCl pH 8.0 buffer
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(1 pl) mixed with reservoir solution (1 or 0.5 pl) were equili-
brated against 50 pl reservoir solution and sealed in 96-well
Swissci  MRC 2-drop crystallization plates (Molecular
Dimensions).

For data collection, crystals of Iripin-5 that grew for about
one month were flash-cooled in liquid nitrogen with 20% (v/v)
glycerol as an additional cryoprotectant. Measurements were
carried out on beamline BL14.1 at the BESSY II electron-
storage ring operated by Helmholtz-Zentrum Berlin (Mueller
et al., 2012). Collection of diffraction data was performed at
100 K with a 295.165 mm crystal-to-detector (PILATUS 6M)
distance. Diffraction intensity data were processed using XDS
(Kabsch, 2010) with the XDSAPP graphical user interface
(Sparta et al., 2016). Data-collection statistics are summarized
in Table 2.

2.8. Structure determination and refinement

Crystallographic and structural analyses were performed
using the CCP4 package (Winn et al., 2011). The structure of
Iripin-5 was solved by the molecular-replacement method
using MOLREP (Vagin & Teplyakov, 2010) with the structure
of the serpin IRS-2 (PDB entry 3nda; Chmelar et al., 2011) as
the search model. The structure was refined with REFMACS
(Murshudov et al.,2011) and further manually in Coot (Emsley
et al., 2010) from evaluation of the electron-density peaks. The
improvement during refinement was monitored by structure
validation throughout the refinement process. Water mole-
cules were added to the model using the REFMACS interface.
Accepted solvent molecules had tolerable hydrogen-bonding
geometry contacts of 2.5-3.5 A with protein atoms or with
existing solvent. At this point, residues with two possible
conformations were included and their alternative conforma-
tions were added for further refinement. In the last steps of
refinement, glycerol was built into the appropriate (2F, — F.)
and (F, — F,) electron-density maps using coordinates from the
ligand data bank in Coot (Emsley et al., 2010). The MolProbity
server (Williams et al., 2018) and wwPDB validation server
(Berman et al., 2003) were used for final qualitative validation
of the model. All figures were prepared using PyMOL
(DeLano, 2002). A summary of the data-collection and
refinement statistics is given in Table 2.

2.9. Structural analysis and molecular dynamics of the
modelled Michaelis complexes

The structures of the predominantly inhibited proteases
proteinase 3 and human neutrophil elastase were fetched from
the PDB as PDB entries 1fuj at 2.20 A resolution (Fujinaga et
al., 1996) and 3q76 at 1.86 A resolution (Hansen et al., 2011),
respectively. The cleaved Iripin-5 crystal structure was
modelled to match the native conformation of serpins. The
inserted RCL from S-sheet A was modelled above the Iripin-5
structure and the missing residues (Leu343, Ile344, Glu345,
Val346 and Pro347) were modelled into the structure to
complete the native structure. The crystal structures of the
chosen proteases were modified by removing alternative
conformations of the amino-acid side chains, ligands and ions

Table 2
X-ray data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Data collection

X-ray diffraction source BL14.1, BESSY II, Germany

Wavelength (A) 0.9184
Detector PILATUS 6M
Crystal-to-detector distance (mm) 295.165
Rotation range per image (°) 0.1

Total rotation range (°) 360

Exposure time per image (s) 0.1

Resolution range (A) 48.09-1.50 (1.59-1.50)

Space group P12,1

Molecules in asymmetric unit 2

a,b, ¢ (A) 76.24, 63.78, 81.99
o, B,y (°) 90.0, 116.78, 90.0
Mosaicity (°) 0.199

Total No. of reflections 752984 (117495)
No. of unique reflections 112133 (17637)
Multiplicity 6.72
Average I/o(I) 11.17 (1.41)
Completeness (%) 98.7 (96.5)
CCyp 99.8 (61.3)
Rineast (%) X 11.0 (124.1)
Overall B factor from Wilson plot (A?) 24.46
Refinement

Resolution range (A) 48.09-1.50
No. of reflections in working set 110024 (7612)
Final RY/Rgec§ (%) 0.153/0.185
Mean B value (A) 17.725
No. of non-H atoms in the asymmetric unit

Protein 6010

Water 1097

Magnesium 4

Chlorine 6

Total 7117
R.m.s. deviations

Bonds (A) 0.012

Angles (°) 1.672
Average B factor (A%) 17.517
Ramachandran plot

Most favoured (%) 98.64

Allowed (%) 100.00
PDB code 7b2t

T Rmeas = Oyt {NCikD)/IN(hKI) — 11> 3, [, (hkl) — (I(hKD)| /Y0 3 T(hkD), where
the average intensity (/(hkl)) is taken over all symmetry-equivalent measurements and
I(hkl) is the measured intensity for the ith observation of reflection hkl. % R =
> |\F0bs\ - |Fcalcl|/z,,k, |Fopsl, Where Fops and Fi,e are the observed and calculated
structure factors, respectively. § Ry is equivalent to the R value but is calculated for
1.87% of the reflections that were chosen at random and omitted from the refinement
process.

from the structures as required for further docking calcula-
tions using the prepared native Iripin-5 model. The
HADDOCK?2.2 web server (van Zundert et al., 2016) was used
for Michaelis complex docking and the best results were used
to run molecular-dynamics (MD) simulations. MD simulations
were performed using the GROMACS simulation suite
(Berendsen et al., 1995) with the CHARMM?27 all-atom force
field and the SPC/E (extended simple point charge) model for
water (Feller & MacKerell, 2000; Klauda et al., 2005). Both
Michaelis complex models were prepared for simulation by
removing the solvent and were then solvated using the SPC/E
water model (Berendsen et al., 1987) in a rhombic dodeca-
hedral box. The protein was centred in the box and the size of
the box was such that the protein was at least 1 nm from all
edges. Na* ions were added to the system at a concentration of
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150 mM together with an appropriate amount of Cl™ ions to
neutralize the system. The entire system was minimized using
a steepest-descent minimization procedure. The energy-
minimized structure was then further equilibrated in two
phases for 100 ps each: first under an NVT ensemble (constant
number of particles, volume and temperature) followed by an
NPT ensemble (constant number of particles, pressure and
temperature) to ensure that the system remained stable.
Simulations were then performed for 100 ns each, during
which time equilibrium of the system was achieved. MD
simulations were performed fully in triplicate (i.e. from the
minimization to production run) to ensure reproducibility. The
results of the molecular simulations were analyzed using VM D
(Humphrey et al., 1996) with the use of the r.m.s.d. trajectory
tool. An interface analysis of the resulting structures (the final
frames of each simulation) was then performed using the
PDBePISA web server (Krissinel & Henrick, 2007).

2.10. Structural analysis and protein docking of modelled
covalent complex conformations

Structures were analyzed and compared with those of the
other I ricinus serpins using PyMOL version 2.0 (DeLano,
2002; Schrodinger). The HADDOCK2.2 web server (van
Zundert et al., 2016) was used for protein docking to generate
covalent complexes. The possible target proteases selected as
the best candidates from the antiprotease selectivity assays,
namely proteinase 3, human neutrophil elastase, trypsin,
ao-chymotrypsin, cathepsin G and chymase, were used for
analysis. The crystal structures of the human proteases were
taken from the Protein Data Bank: PDB entries 1fuj at 2.20 A
resolution (Fujinaga et al, 1996), 3q76 at 1.86 A resolution
(Hansen et al., 2011), 1h4w at 1.70 A resolution (Katona et al.,
2002), 4cha at 1.68 A resolution (Tsukada & Blow, 1985), 1au8
at 1.90 A resolution (F. J. Medrano, W. Bode, A. Banbula & J.
Potempa, unpublished work) and 3n70 at 1.80 A resolution
(Kervinen et al, 2010). Alternative conformations of the
amino-acid side chains, ligands and ions were removed from
the structures as required. Interface analysis was performed
using the PDBePISA (Krissinel & Henrick, 2007) and
COCOMAPS (Vangone et al., 2011) web servers.

2.11. PDB deposition

The atomic coordinates of Iripin-5 have been deposited in
the Protein Data Bank with accession code 7b2t.

2.12. Statistical analyses

All immunological experiments were performed as at least
three biological replicates. Data are presented as mean =+
standard error of mean (SEM) in all graphs. Student’s #-test or
one-way ANOVA were used to calculate statistical differences
between two or more groups, respectively. Statistically signif-
icant results are marked as follows in the figures: *, p < 0.05;
** p < 0.01; #* p < 0.001; n.s., not significant.

3. Results
3.1. Iripin-5 expression profiles

Expression of the Iripin-5 gene was upregulated during tick
feeding in all tested tissues. The highest expression was found
in semi-engorged nymphs (D2), and expression was also high
in fully engorged nymphs (D3) as well as in female salivary
glands during finishing of the blood meal (D6 and D8; Fig. 1).
Furthermore, the Iripin-5 transcripts in engorged nymphs and
female salivary glands were the most abundant among all
tested tick serpins (data not shown). Thus, Iripin-5 is likely to
be the most abundant serpin that is secreted from the salivary
glands to the host.

3.2. Antiprotease selectivity and neutrophil migration

In the protease-selectivity assay, Iripin-5 needed to be in a
high excess compared with the target enzyme in order to
obtain even a low level of inhibition. The remaining protease
inhibition after 10 min incubation with 200 nM Iripin-5 is
given in Table 1. Iripin-5 showed the highest inhibitory
specificity against two neutrophil proteases: human neutrophil
elastase (87% inhibition) and proteinase 3 (95% inhibition).
Statistically significant results are noted in bold. Based on

150

100

[4]
=3
|

Relative expression of Iripin-5 (%)

N N

Ovaries

(=]
1

Midgut
Figure 1

Iripin-5 expression is upregulated in /. ricinus nymphs and adults during
feeding. The analysis was performed on tissues of flat, semi-engorged and
fully engorged nymphs and female salivary glands, midguts and ovaries.
RT-qPCR expression data are normalized against elongation factor lo
(eflar) and the highest expression was set as 100%. The data represent
mean + SEM from three biological replicates. DO-D8: days of feeding.

30+ .
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Figure 2

Iripin-5 inhibits neutrophil migration. Mouse bone-marrow neutrophils
were pre-incubated with 3 pM Iripin-5 and subjected to migration
towards fMLP in a Transwell chamber. The average of three independent
experiments (£SEM) is shown. *, p < 0.05

Acta Cryst. (2021). D77, 1183-1196

1187

Barbora Kascakova et al. + lIripin-5



research papers

No concentration (uM)

Untreated 1uM Sum

Figure 3

48 h

25- ! n.s. i
s 1
2 20+ 4
c
2
® 15+
5
o 104
c
]
(3]
2 9

0 T

Untreated 1uM 5pum

Iripin-5 decreased NO production by activated IC-21 macrophages. Iripin-5 inhibited NO production by IC-21 macrophages when used at high
concentration. Macrophages were pre-incubated with 1 and 5 pM Iripin-5, stimulated with LPS and IFN-y, and the NO concentration was assessed after
24 or 48 h. The mean of three independent experiments (=SEM) is shown. ***, p < 0.001; n.s., not significant.

physiologically relevant proteases for tick—host interaction, it
was found that only chymase and cathepsin G were inhibited
significantly, and only very weakly. Another two inhibited
proteases, trypsin and «-chymotrypsin, show importance
during digestion.

Since Iripin-5 primarily inhibited neutrophil proteases, the
effect on neutrophil functions was also studied. Static migra-
tion was tested using a Transwell chamber and purified mouse
neutrophils isolated from bone marrow. Pre-incubation with
3 uM Iripin-5 led to a greater than 70% decrease in neutrophil
migration, thus showing a significant antineutrophil effect of
Iripin-5 (Fig. 2).

3.3. NO production by IC-21 macrophages

The incubation of macrophages in the presence of Iripin-5
led to a decrease in NO production in a dose-dependent
manner. At a concentration of 1 pM, Iripin-5 inhibited NO
production slightly, but not significantly, at 24 h, but not at

184 k% —— [ripin-3
_ 16- = Iripin-5
=
£ 141
) k%%

E 12-
‘:;; *%
i 104 - *% -
a — "
8-
6 T T T T T 1
S N P P 2 5
NN i ¥
Iripin concentration (uM)
Figure 4

Inhibition of complement by Iripin-5 compared with another I ricinus
salivary serpin, Iripin-3. Human plasma was pre-incubated with an
increasing concentration of Iripin-5 (156 nM to 5 pM) or Iripin-3 (312 nM
to 10 pM). After the addition of rabbit erythrocytes, their lysis time by
complement was measured. For each point in the graph, the mean of
three independent experiments (£SEM) is shown. *, p < 0.05; ** p <
0.01; *#* p < 0.001.

48 h. At a higher concentration of 5 M, Iripin-5 significantly
decreased the amount of NO at both time points: by 35% and
36%, respectively (Fig. 3).

3.4. Complement assay

Since Iripin-5 affected two major immune-cell types
involved in innate immune response, the interference of the
tested serpin with another innate immune mechanism
involved in antitick immunity of the complement was tested.
Iripin-5 inhibited the lysis of erythrocytes by human comple-
ment. Human plasma was pre-incubated with different
concentrations of Iripin-5 from 156 nM to 5 uM. After the
addition of rabbit erythrocytes, their lysis time by complement
was measured. A statistically significant reduction in
complement-driven lysis activity against erythrocytes when
incubating human plasma with Iripin-5 at concentrations of
625 nM and higher was observed. No lysis of any erythrocytes
was detected when using 5 pM Iripin-5. The results were
compared with those for another serpin, Iripin-3 (Chlastakova
et al., 2021), which had no effect on complement activity,
demonstrating the specificity of our assay. The lysis of rabbit
erythrocytes in the presence of 25% human serum was
achieved within 7 min 57 s & 0.12 s on average in the control
group, which corresponds to the zero value in the graph

(Fig. 4).

3.5. Crystal structure of Iripin-5

In order to obtain a deeper view into the mechanisms of
Iripin-5 activity, a detailed structural analysis was performed.
To generate a protein structure of Iripin-5, crystallization
experiments were performed and the structure of the serpin
was solved from the best-diffacting crystals to a resolution of
15A. Iripin-5 crystals with a monoclinic shape (Fig. 5) grew
after one month at 4°C in a precipitant composed of 0.2 M
magnesium chloride hexahydrate pH 8.5, 0.1 M Tris, 30% (w/v)
PEG 4000 (condition No. 1-1 of SG1 from Molecular
Dimensions). The crystal space group and unit-cell parameters
are reported in Table 2.

The structure of Iripin-5 was solved by molecular replace-
ment using the previously published structure of the serpin
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(a) ()

Figure 5

©

Crystals of Iripin-5 from 1. ricinus. (a) Crystals of protein grown in 0.2 M magnesium chloride hexahydrate pH 8.5, 0.1 M Tris, 30% (w/v) PEG 4000. (b)
The same crystallization droplet is shown under UV light. (c) Focus on the best-shaped crystals for diffraction measurements. () was taken using an
Olympus SZX9 microscope and (b) and (c) were taken using a Minstrel Desktop Crystal Imaging System (Rigaku, Japan). The scale bar represents

100 pm.

IRS-2 (PDB entry 3nda) as the model structure, which has a
sequence identity of 55.70% (Chmelar et al., 2011). The crystal
structure contains two molecules per asymmetric unit, with a
solvent content of 39.97% and a Matthews coefficient of
2.05 A*Da”". The Iripin-5 structure has a typical cleaved
serpin secondary-structure fold in both molecules. The struc-

Figure 6
Cleaved protein form with colour-distinguished B-sheets: sheet A (blue), sheet B (magenta) and
sheet C (violet). The insertion of the RCL between S-strands S3 and S5 (blue) is marked as S-strand
S4 (dark pink). The location of protease cleavage is marked with black stars.

ture consists of a mixed «of secondary structure with an
N-terminal helical region and a C-terminal B-sheet fold
(Huntington, 2011; Fig. 6). The structure is composed of eight
a-helices and three B-sheets sequentially arranged in the order
al-pl-u2-03-B2-ad—F3—a5-p4-B5-L6—B7-P8—a6—0T-B9-L10-
a8-B11-B12-413-14-515. Sheet A consists of six S-strands
(B2, B3, p4, B10, B11 and B12), sheet B
of five B-strands (81, B7, 88, f14 and
B15) and sheet C of four B-strands (S5,
B6, B9 and B13) (Fig. 6).

The final model of Iripin-5 contains
373 residues in chain A and chain B out
of a total of 378, with five missing
residues (Leu343-Thr347) in both
chains. The missing residues in the
crystal structure were detected as an
absence of electron density due to the
high flexibility of the cleaved regions
(Fig. 6), and thus these regions were
not modelled in the final structure. The
cleavage is probably a consequence of
the presence of protease, most prob-
ably during storage. The cleavage of
the sample used for crystallization was
confirmed by MALDI mass-spectro-
metric protein analysis (Supplemen-
tary Fig. S3), and led to the structural
change and thus to the insertion of the
cleavage site inside the B-sheet to form
the extra B-strand (S4). The cleavage
site is homologous to the RCL of other
serpin inhibitors and the cleaved state
is the most stable, so-called hyperstable
or R form, of inhibitory serpins

Acta Cryst. (2021). D77, 1183-1196
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Figure 7

All-atom r.m.s.d. of MD simulations of Michaelis complex models. () R.m.s.d. for the Iripin-5-neutrophil elastase Michaelis complex and (b) r.m.s.d. for
the Iripin-5-proteinase 3 Michaelis complex, each for 100 ns simulation. Triplicates are distinguished by different colours (corresponding to the
visualization of Michaelis complex models in Fig. 8).

(Huntington, 2011; Fig. 6). Moreover, analysis of the protein reveal any specific interactions resulting in the formation of

interfaces by PDBePISA (Krissinel & Henrick, 2007) did not stable quaternary structures. Most probably the structures do
not form any complexes in solution
(Schlee et al., 2019).

3.6. Structural analysis and molecular
dynamics of the theoretical Michaelis
complex

To identify the specific interactions
that are potentially responsible for the
mechanism of inhibition between the
target proteases and Iripin-5, protein
docking and subsequent MD simula-
tions of the Michaelis complexes were
performed. Three simulations for
modelled Michaelis complexes with
both neutrophil elastase and protei-
nase 3, each 100ns long, were
performed.

The stability of the complex was
monitored by r.m.s.d. evaluation
(Fig. 7). The results showed that
triplicates of both simulated complexes
reached equilibrium within the simu-
lation time and the average r.m.s.d.s
from the initial starting structure for
the Michaelis complexes were 5.3 A

Iripin-5—neutrophil elastase Iripin-5—proteinase 3 (Fig. 7b, orange), 6.7 A (Fig. 7b, grey)
Michaslis complex Michaells complex and 8.0 A (Fig. 7b, yellow) for the
Figure 8 Iripin-5-proteinase 3 complex and

Results of MD simulation of the Michaelis complex. The structures are shown at the 100 ns point of 8.4 A (Fig. 7a, blue), 9.6 A (Fig. 7a,
simulation for each triplicate of the chosen target protease. The Iripin-5 (magenta) structures are yellow) and 5.8 A (Fig. 7a, green)
aligned to show the RCL dynamics. Triplicates are distinguished by different colours for the target
protease: neutrophil elastase, blue, green and yellow; proteinase 3, grey, orange and yellow. The .
Iripin-5 RCL is also distinguished in a corresponding colour to the interacting protease. A detailed complex. The difference between
view of the Michaelis complex interfaces is presented in Supplementary Fig. S6. the average r.m.s.d. of the Iripin-5-

for the Iripin-5-neutrophil elastase

1190 Barbora Kascakova et al. « Iripin-5 Acta Cryst. (2021). D77, 1183-1196



research papers

Table 3

Area of the accessible surface interface between Iripin-5 and the tested
proteases in the Michaelis complex conformation, the number of
hydrogen bonds and the number of salt bridges formed after 100 ns of
MD simulation (from PDBePISA; Krissinel & Henrick, 2007).

Surface No. of hydrogen No. of salt
Protease interface (A?)  bonds bridges
Human neutrophil elastase  684.9 5 4

662.9 4 5

655.7 2 2
Proteinase 3 864.2 4 2

804.2 3 2

827.0 2 2

Table 4

Area of the accessible surface interface between Iripin-5 and the tested
proteases, the number of hydrogen bonds and the number of salt bridges
formed (from PDBePISA; Krissinel & Henrick, 2007).

Surface No. of hydrogen No. of salt
Protease interface (A?)  bonds bridges
Proteinase 3 892.8 13 10
Human neutrophil elastase ~ 733.6 8 4
Trypsin 919.5 12 10
a-Chymotrypsin 787.5 7 1
Cathepsin G 947.1 8 4
Chymase 849.8 5 6

proteinase 3 complex triplicates was 3.8 A and that for the
Iripin-5-neutrophil elastase complex was 2.7 A.
Representations of the Michaelis complexes between
Iripin-5 and neutrophil elastase and proteinase 3 are shown in
Fig. 8. Structural alignment performed by PyMOL (DeLano,
2002) showed that the average r.m.s.d. between the Iripin-5-
neutrophil elastase triplicates was 1.709 A and that between
the Iripin-5—proteinase 3 triplicates was 1.958 A. These results
show the flexibility of the Michaelis complex conformation
and, more precisely, the flexibility of the Iripin-5 RCL (Fig. 8).
The interface analysis of the Michaelis complex triplicates is
summarized in Table 3. The data in bold indicate the impor-
tance of the interface for complex formation (PDBePISA;
Krissinel & Henrick, 2007). A more detailed summary of the
interacting residues is presented in Supplementary Table S3.

3.7. Structural analysis of theoretical protein—protease
covalent complex conformation

To test the hypothesis of the presence of polar contacts
between Iripin-5 and six chosen proteases (proteinase 3,
human neutrophil elastase, trypsin, ¢-chymotrypsin, cathepsin
G and chymase), docking calculations of protein—protein
interactions were performed using HADDOCK (van Zundert
et al., 2016). The results of the docking studies of interacting
residues at the Iripin-5-protease complex interfaces, listed in
Table 4 and shown in Fig. 9, show different characters for the
interactions in complexes.

Only the a-chymotrypsin catalytic triad interacted with
Arg342; thus, the potential Iripin-5 P1 site was a candidate for
binding the protease. However, the proteinase 3 and chymase
side-chain residues of the catalytic triad were not in contact

with Arg342 of Iripin-5. The remaining proteases (cathepsin
G, elastase and trypsin) interacted with Arg342 of Iripin-5 via
side-chain residues other than the catalytic triad (Supple-
mentary Fig. S5). Detailed information about atomic interface
analysis is shown in Supplementary Table S2. These results
were calculated using PDBePISA (Krissinel & Henrick, 2007).

4. Discussion

The I ricinus sialome (transcriptome from the salivary glands)
contains four major types of protease inhibitors, cystatins,
TIL-domain inhibitors, Kunitz inhibitors and serpins, which
are proven or presumed to be modulators of host-defence
mechanisms (Chmelaf et al., 2017). Among them, the serpins
stand out thanks to their omnipresence across all living
organisms and their indispensability for many crucial
biochemical pathways, such as coagulation or complement and
other fundamental functions (Huntington, 2011; Law et al.,
2006). Considering the fact that tick serpins usually do not
form multigenic families, as are typical for other salivary
protease inhibitors such as Kunitz-domain and TIL-domain
inhibitors, they seem to be suitable candidates for targeting in
tick-control attempts. Moreover, the structural conservation
and use of serpins by vertebrates makes them promising
candidates for novel drug development combined with the use
of protein engineering (Chmelar et al., 2017). Tick serpins can
be utilized as specific regulators of dysregulated processes,
such as inflammation, immune-system regulation or hemo-
stasis. Several tick serpins have been shown to interfere with
vertebrate immunity (Chmelar et al., 2017). To date, three of
them have been functionally characterized in I ricinus. It has
been shown that the salivary serpin Iris modulates host innate
and acquired immunity (Leboulle ef al., 2002). Likewise, IRS-2
and Iripin-3 modulated adaptive immune responses (Chmelar
et al, 2011; Chlastdkova et al, 2021). Moreover, crystal
structures were determined for the last two, which are the only
two tick serpins with resolved 3D structures to date.

Iripin-5 belongs to the salivary serpins, the role of which is
considered to be as modulators of host defence mechanisms.
Iripin-5 seems to be one of the main salivary serpins since its
mRNA expression is by far the highest compared with other
I ricinus serpins. This serpin is massively induced by the blood
meal. Here, several effects supporting immunomodulatory
and anti-inflammatory roles of Iripin-5 are reported. The
observed inhibition of neutrophil migration suggests anti-
inflammatory activity at the very beginning of the immune
reaction. Macrophages play an important role in the inter-
action between ticks, the immune system of the host and
transmitted pathogens. Activated macrophages secrete
signalling molecules such as cytokines or NO to recruit
immune cells to sites of inflammation or towards pathogens
(Laroux et al., 2001). The saliva of different tick species has
been shown to suppress the ability of macrophages to produce
NO (Kyckova & Kopecky, 2006). Since Iripin-5 inhibits this
very feature of macrophages, Iripin-5 is likely to be at least
partially responsible for this activity observed in I ricinus
saliva.

Acta Cryst. (2021). D77, 1183-1196
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The inhibition of complement described here is interesting,
but not surprising, as vertebrate serpins are natural regulators
of the complement cascade (Bos et al., 2002). There are other
tick salivary protein families in which the members have been
described as complement inhibitors (Daix et al., 2007; Tyson et
al., 2008), but our case is the first observation of complement
inhibition by a tick serpin. This finding confirms the hypoth-
eses about the functional redundancy of tick salivary proteins
(Chmelaft et al., 2016).

Chymase

a-Chymotrypsin

Structural analysis of Iripin-5 shows the typical serpin fold
in the relaxed state that was observed in other known crystal
structures of . ricinus serpins (IRS-2 and Iripin-3; Chmelar et
al.,2017; Chlastakova et al., 2021). The relaxed cleaved state of
Iripin-5 was caused by the presence of contaminating
proteases, probably during protein storage, and this cleavage
has been observed previously (Kovarova et al., 2010). The
crystal structure of Iripin-5 was compared with those of IRS-2
(PDB entry 3nda; Chmelar et al., 2011) and Iripin-3 (PDB

Proteinase 3

Trypsin

Figure 9

Elastase

Cathepsin G

Cartoon representation of the docking results of Iripin-5 (magenta) with chosen proteases: cathepsin G (violet), trypsin (cyan), elastase (hot pink),
a-chymotrypsin (blue), chymase (orange) and proteinase 3 (lemon). The residues interacting with the protease catalytic triad are shown in detail in

Supplementary Fig. S5.
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entry 7ahp; Chlastakova et al., 2021) both by sequence align-
ment (Fig. 10a) and structural superimposition (Fig. 10b). The

comparison of I ricinus serpins with known structures reveals
an almost identical fold (Fig. 10b) with some divergence in the
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Figure 10

(a) Amino-acid sequence alignment between the serpins IRS-2, Iripin-3 and Iripin-5. Well conserved amino-acid motifs are indicated in red and the P1
site of the RCL is marked as a bold rectangle. This sequence alignment was obtained using Clustal Omega (Madeira et al., 2019) and ESPript (http://
espript.ibcp.fr; Robert & Gouet, 2014). (b) Superposition of I. ricinus crystal structures, namely Iripin-5 (magenta), IRS-2 (blue) and Iripin-3 (cyan). (c)
Comparison of the electrostatic potentials of IRS-2 (PDB entry 3nda), Iripin-5 (PDB entry 7b2t) and Iripin-3 (PDB entry 7ahp). As shown in the figure,
blue indicates positive potential and red indicates negative potential.
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loop regions. The r.m.s.d. between molecules was calculated by
PyMOL (DeLano, 2002). On alignment of Iripin-5 and Iripin-
3 the r.m.s.d. was 0.616 A, while the r.m.s.d. between Iripin-5
and IRS-2 was 0.804 A across all atoms. In contrast, sequence
alignments of Iripin-3 and IRS-2 with Iripin-5 showed only
53.89% and 55.70% sequence identity, respectively (Fig. 10a).
Electrostatic surface potentials support complex formation
and stability and consequently the inhibition of proteases. This
can be achieved by charge—charge repulsion or attraction in
accordance with their function as a protease substrate or
inhibitor (Marijanovic et al., 2019). A comparison of surface
electrostatics among I. ricinus serpins reveals that Iripin-5 has
a more negatively charged surface than the other two afore-
mentioned serpins; Iripin-3 has only a slightly more negatively
charged surface than Iripin-5, but shows much greater inhi-
bition (Fig. 10c).

The amino acids of the RCL, specifically the P1 residue,
determine the protease specificity (Marijanovic et al., 2019).
This was confirmed by structural analysis of the I ricinus
salivary serpins IRS-2, Iripin-3 and Iripin-5. Iris, with Met340
at the P1 site, is an inhibitor of leukocyte elastase and elastase-
like serine proteases (Prevot et al., 2007), although its inhibi-
tion is managed by several exosites in «-helices A and D
(Prevot et al., 2009). However, IRS-2 has Tyr341 at its P1 site,
which signifies the inhibition of chymotrypsin-like proteases
(Chmelar et al., 2017), and Iripin-3 has Arg342 at the P1 site,
indicating its trypsin-like protease inhibition (Chlastdkova et
al., 2021). Nevertheless, diverse RCL residues can represent
potential cleavage sites, but only a few residues (16-17 resi-
dues from the C-terminal B-sheet) manage to successfully
inhibit the target protease (Gettins, 2002). For Iripin-5, the last
visible residue of the inserted RCL is Arg342 (Supplementary
Table S1 and Fig. S4), which is the potential P1 site, suggesting
the targeting of trypsin-like proteases preferring Arg or Lys
side chains at the P1 site rather than elastase-like (Ala, Gly
and Val) or chymotrypsin-like (Tyr, Phe and Trp) proteases
(Barrett et al., 2004). However, Iripin-5 mainly inhibited
neutrophil elastase and proteinase 3, which is the previously
described behaviour of some serpins that inhibited serine
proteases, despite that fact that these serpins have an inap-
propriate P1 recognition site and should have inhibited
different proteases (Gettins, 2002). The presence of Arg at the
P1 site is common for salivary serpins from prostriate ticks
(Mulenga et al., 2009) and led to the proposal of an interaction
with blood-coagulation proteases.

Michaelis and covalent complex studies were performed to
reveal the possible residues responsible for the inhibition of
target proteases. The Michaelis complex is the initial step of
protease inhibition; more specifically, it enables the cleavage
of the scissile bond and the subsequent acylation step, and
therefore represents the most informative structural confor-
mation of serpins (Gettins, 2002). Apart from the primary
recognition site of the serpin, some serpins also employ
specific surface regions called exosites that can specify
protease inhibition (Gettins & Olson, 2016). For this reason,
MD simulations of Michaelis complexes were performed. No
exosites were found to be directly involved in formation of the

Michaelis complex (Fig. 8). In Iripin-5-neutrophil elastase the
Michaelis complex was observed to involve engagement of
Glu330 in the Iripin-5 RCL to form salt bridges with Arg36 of
neutrophil elastase. Similarly, in Iripin-5-proteinase 3 the
Michaelis complex was observed to involve the formation of
salt bridges between Glu345 in the Iripin-5 RCL and Lys103 of
proteinase 3 and between Val340 of the RCL and Glul01 after
the MD simulation in triplicate. The two resulting structures of
the Iripin-5-neutrophil elastase Michaelis complex and the
single structure of the Iripin-5—proteinase 3 Michaelis complex
were confirmed to involve interfaces that play important roles
in complex formation (PDBePISA; Krissinel & Henrick,
2007). Previously, it was observed that not only the position of
the specific residues in RCL but also the dynamics of the RCL
play an important role in protease inhibition by serpins
(Marijanovic et al., 2019). It is probable that these two aspects
are responsible for protease inhibition of the I ricinus serpin
Iripin-5.

Docking studies of covalent complexes revealed probable
interactions between the chosen proteases and Iripin-5. The
docking covalent complexes exhibit quite a large interface
area, as observed previously for serpin—trypsin covalent
complexes, with around 12 interacting interface residues. In
the Iripin-5-trypsin complex more residues were involved in
the formation of hydrogen bonds compared with other
Iripin-5—-protease complexes. These results are similar to the
results of interface interaction comparison of antithrombin—
trypsin and antithrombin-elastase complexes, in which the
complex with trypsin made more hydrogen bonds (Rashid et
al., 2015). This could probably explain the important role of
Glu310 in Iripin-5, which forms salt bridges in the complex
with protease. Moreover, some residues of Iripin-5 were
involved in hydrogen-bond formation more frequently,
namely GIn299, Asp301, Glu51, Lys288, Glu294 and the
abovementioned Glu310 and Arg342. We propose that these
residues should play an important role in the formation of a
covalent complex between Iripin-5 and protease.

5. Conclusions

The continuing structural studies of arthropod (ectoparasite)
serpins provide an understanding of their specific functions
and protease targets. Structural information on complexes
with targets and cofactors would help to understand the exact
mechanism of action of these functionally diverse serpins.
Iripin-5 is the third described crystal structure of a tick serpin,
and despite its cleaved form it provides important experi-
mental proof of the specificity of Iripin-5 and its possible
interactions with proteases. Iripin-5 appears to be an immuno-
modulatory and anti-inflammatory protein used by I. ricinus
ticks to overcome host defensive mechanisms. The presence of
Arg at the P1 site led to the proposal of an interaction with
blood-coagulation proteases. MD simulations of the Michaelis
complex revealed flexibility of the RCL to be one of the
factors responsible for inhibition. A more detailed study of the
dynamic behaviour of Iripin-5 during the inhibition
mechanism may be beneficial for a better understanding of
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inhibition. The residues with the most important roles in the
formation of a covalent complex between Iripin-5 and
proteases were proposed based on docking and MD simula-
tions and it was found that Glu310 should play a crucial role in
the interaction between Iripin-5 and proteases, with the
exception of a-chymotrypsin.

6. Related literature

The following references are cited in the supporting infor-
mation for this article: Cox & Mann (2008), Cox et al. (2011),
Rappsilber et al. (2007) and Shevchenko et al. (2006).
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