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Synergy of protease-binding sites within the ecotin
homodimer is crucial for inhibition of MASP enzymes and for
blocking lectin pathway activation
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Ecotin is a homodimeric serine protease inhibitor produced
by many commensal and pathogenic microbes. It functions as a
virulence factor, enabling survival of various pathogens in the
blood. The ecotin dimer binds two protease molecules, and each
ecotin protomer has two protease-binding sites: sitel occupies
the substrate-binding groove, whereas site2 engages a distinct
secondary region. Owing to the twofold rotational symmetry
within the ecotin dimer, sites 1 and 2 of a protomer bind to
different protease molecules within the tetrameric complex.
Escherichia coli ecotin inhibits trypsin-like, chymotrypsin-like,
and elastase-like enzymes, including pancreatic proteases,
leukocyte elastase, key enzymes of blood coagulation, the contact
and complement systems, and other antimicrobial cascades.
Here, we show that mannan-binding lectin-associated serine
protease-1 (MASP-1) and MASP-2, essential activators of the
complement lectin pathway, and MASP-3, an essential alterna-
tive pathway activator, are all inhibited by ecotin. We decipher in
detail how the preorganization of sitel and site2 within the
ecotin dimer contributes to the inhibition of each MASP
enzyme. In addition, using mutated and monomeric ecotin
variants, we show that sitel, site2, and dimerization contribute to
inhibition in a surprisingly target-dependent manner. We pre-
sent the first ecotin:MASP-1 and ecotin:MASP-2 crystal struc-
tures, which provide additional insights and permit structural
interpretation of the observed functional results. Importantly,
we reveal that monomerization completely disables the MASP-
2-inhibitory, MASP-3-inhibitory, and lectin pathway—inhibitory
capacity of ecotin. These findings provide new opportunities to
combat dangerous multidrug-resistant pathogens through
development of compounds capable of blocking ecotin dimer
formation.

Ecotin (UniProt ID: P23827) is a reversible serine protease
(SP) inhibitor first isolated from the periplasm of Escherichia
coli (1). It represents one of the 18 independently evolved
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families of canonical inhibitors (2). Each family has a distinct
fold but contains a surface loop responsible for the inhibition of
the target enzyme. In all families, this loop adopts the same,
that is, “canonical” conformation upon occupying the
substrate-binding cleft of the target protease. Yet, ecotin is
unique among these families as in addition to the canonical
loop, which belongs to its primary binding site (sitel), it also
has a structurally distinct secondary binding site (site2).
Moreover, ecotin is a homodimer; therefore, it has two pairs of
sitel and site2. The two protomers are mainly held together
through their C-terminal arms, and the homodimer has a
twofold rotational symmetry. In the homodimer, sitel of one
protomer and site2 of the other one are positioned such that
together they can “chelate” the target proteinases (3-5).
Because of the twofold symmetry, ecotin has two identical
sitel/site2 “chelators” and can simultaneously bind two pro-
teinases. Explanatory Figure 1 illustrates this binding mecha-
nism on a trypsin:ecotin complex (Protein Data Bank [PDB] ID:
1EZU; Gillmor et al. (5)) that allows for easier comprehension
of our new mannan-binding lectin-associated serine proteinase
(MASP):ecotin crystal structures shown in Figure 2 of the
Results section.

The specificity of all reversible SP inhibitors, except ecotin,
is governed largely by the nature of their canonical loop P1
residue (nomenclature of Schechter and Berger (6)), which
enters the S1 specificity pocket of the enzyme. Inhibitors of
trypsin-like enzymes have P1 Arg or Lys, whereas those of
chymotrypsin-like enzymes Phe or Leu (7). In contrast, ecotin
has a P1 Met, a highly flexible neutral residue capable of
adapting to a variety of characteristically different S1 pockets.
This P1 Met greatly contributes to the exceptional promiscuity
of ecotin that inhibits the three main pancreatic enzyme types,
trypsin, chymotrypsin, and elastase (1) and several highly
specific plasma proteinases, such as fXa, fXIla, plasma kalli-
krein, and leukocyte elastase (8-10). Yet, the suboptimal
P1-S1 interaction of ecotin does not lead to a general low
affinity, and this is due to the existence of site2 and the
chelating mechanism of ecotin (4). The result is an extremely
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Ecotin inhibits all MASP enzymes and the lectin pathway
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Figure 1. The homodimeric structure and binding sites of ecotin. Ecotin
(in gray) has a twofold rotational symmetry and forms a stable homodimer,
which can bind two proteases (in beige) simultaneously. The ecotin proto-
mers contain two distinct protease-binding sites, each composed of two
loops. The primary, that is, site1 binding site (red) is composed of the 80s
loop, which represents the canonical inhibitory loop present in all reversible
serine protease inhibitors, and the 50s loop, which supports the canonical
loop conformation. The secondary, that is, site2 (cyan) binding site is
composed of the 60s and 100s loops. A, in the homodimer ecotin, site1 of
one protomer and site2 of the other one are positioned such that together
can “chelate” the target proteinases. Because of the twofold symmetry,
ecotin has two identical site1/site2 “chelators” and can simultaneously bind
two proteinases. B, an ecotin:trypsin complex based on Protein Data Bank ID
1EZU (5) serves as an example for this unique arrangement.

broad palette of target proteases, combined with tight binding
of many different enzymes.

The relative importance of the P1 residue, the site2, and
dimerization of ecotin were already quantitatively assessed in
the context of the pancreatic enzymes and the urokinase-type
plasminogen activator (11-15).

We have recently reported that E. coli ecotin inhibits all three
MASPs of the complement system (16). While ecotin is a moderate
MASP-1 inhibitor, it potently inhibits MASP-2 and MASP-3.

MASP-1 and MASP-2 are essential activators of the com-
plement lectin pathway (LP) (17), whereas MASP-3 is the
exclusive activator of pro-factor D (FD) in resting human
blood, and therefore, it is essential for alternative complement
pathway (AP) activation (18).

The three MASPs have unique structures and specificities,
all have key physiologic functions and all are inhibited by
ecotin. This prompted us to follow a previously outlined
mutagenesis approach and decipher how sitel, site2, and their
structural preorganization via dimerization contributes to the
inhibition of the three MASPs and blocking LP activation.

For testing the contribution of the P1 site, we generated an
MB84A (termed sitelA) and an M84R (site1R) mutant. All three
MASPs have trypsin-like specificity strictly preferring basic P1
residues (19). Therefore with sitelR, we aimed to increase,
whereas with the P1 truncating sitelA, we aimed to decrease
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the affinity of ecotin toward these enzymes. For site2 weak-
ening, we created the Argl08Ala/Asn110Ala (site2A) double
mutant. These site2 positions were chosen based on the
following considerations: (i) these residues are conserved
among ecotin orthologs (10, 20), (ii) in a multiple-step directed
evolution study, Argl08 remained absolutely, whereas Asn110
highly conserved (20), and (iii) both residues contact a variety
of target proteases (21, 22). The aforementioned sitel and site2
mutations were also tested in combinations. The functional
role of sitel/site2 preorganization was tested by disrupting the
homodimer structure of ecotin. This was achieved by
removing the homodimer-stabilizing 10-aminoacid C-terminal
arms yielding a stable monomeric ecotin form (13).

In parallel with the enzyme inhibition, LP inhibition, and
size-exclusion chromatography—based oligomerization studies,
we also solved the crystal structure of an MASP-2:ecotin and
an MASP-1:sitelR ecotin complex, which enabled structural
interpretation of the functional results.

The functional analyses revealed that sitel/site2 preorganiza-
tion is essential for MASP-2 and MASP-3 inhibition and for
blocking LP activation. With the point mutants, we show that
individual contributions of sitel and site2 to MASP inhibition are
characteristically enzyme dependent. The observed enzyme-
specific differences can be congruently interpreted by our new
MASP-1 and MASP-2:ecotin complex structures and by a previ-
ously reported MASP-3:ecotin structure of Gaboriaud et al. (22).

In this article, we show why MASP-2 and MASP-3 are
inhibited strongly, whereas MASP-1 only weakly by ecotin. We
also explain how ecotin uses its preorganized binding sites to
achieve strong MASP-2 and MASP-3 inhibition in spite of the
suboptimal P1 Met residue.

Results and discussion

Overall description of the MASP-2:ecotin and the MASP-
1:site1R ecotin complex structures

The crystallization process is described in the Experimental
procedures section. The crystal structure containing the acti-
vated CCP2-SP (complement control protein [CCP] domain;
SP domain) fragment of MASP-2 in complex with ecotin was
refined to a resolution of 2.4 A. The structure is well defined by
electron density (Table S1 and Fig. S1). The structure of the
activated CCP1-CCP2-SP fragment of MASP-1 in complex
with ecotin P1 M84R, that is, the sitelR mutant, was solved
and refined to a resolution of 3.4 A. The core regions of the SP
domain of MASP-1 and sitelR ecotin as well as their binding
regions stabilized by intermolecular interactions are well
resolved in electron density (Table S1 and Fig. S2); in contrast,
some loops and side chains on the molecular surface outside
these regions are disordered and missing from the final
structure (see Table S2 or a complete list of disordered resi-
dues). Both structures contain MASP:ecotin,:MASP hetero-
tetramers (Fig. 2), in agreement with the results of Gaboriaud
et al. (22), who reported a heterotetramer structure for the
MASP-3:ecotin complex. All these MASP:ecotin complexes
are typical in terms of simultaneously engaging both sitel
(loops 50s and 80s) and site2 (loops 60s and 100s) of ecotin,

SASBMB



Ecotin inhibits all MASP enzymes and the lectin pathway

Site 1

Site 1

B
Site 2

ecotin

MASP-1
S
ecotin
CCP2 Site 2
lie Site 1

CCP1

Figure 2. The overall structure of the resolved complexes. Both the MASP-2 (CCP2-SP fragment):ecotin (PDB ID: 7PQN) (A) and the MASP-1 (CCP1-CCP2-
SP fragment):site 1R ecotin (PDB ID: 7PQO) complexes (B) show a heterotetramer characteristic to ecotin. Ecotin protomers contact the SP domains of the
MASPs through both of their binding surfaces, site1 (red) and site2 (cyan). Met84 (Arg84) of site1 and Arg108/Asn110 of site2 are shown as spheres. CCP,
complement control protein; MASP, mannan-binding lectin-associated serine protease; PDB, Protein Data Bank; SP, serine protease.

without significant structural distortion of these ecotin loops.
Importantly, ecotin does not contact the CCP domains.

In the MASP-2:ecotin and the MASP-1:sitelR ecotin com-
plexes, elements of the catalytic apparatus of the MASPs are in
active arrangement, and sitel forms typical canonical in-
teractions. Most structural changes are similar to those
observed upon the in vitro evolved monospecific Schistocerca
gregaria serine protease inhibitor-2 (SGPI-2)-based MASP
inhibitors, SGPI-derived MASP inhibitor (SGMI) 1 binding to
MASP-1 and SGPI-based MASP inhibitor 2 (SGMI-2) binding
to MASP-2 (17, 23) (Fig. 3). While the P1 Arg in the MASP-
1:sitelR ecotin complex is in a fully extended conformation,
the P1 Met in the MASP-2:ecotin complex does not fully
occupy the S1 pocket. Interestingly, the bottom of the S1
pocket of MASP-2 resembles that of an uncomplexed MASP-2
(24) rather than an MASP-2:SGMI-2 complex, in which the S1
pocket is occupied by a P1 Lys. Apparently, rotation of the
GIn665 side chain to form a hydrogen bond network around
the bottom of the S1 pocket is characteristic to MASP-2
complexes where the S1-P1 salt bridge is established
(MASP-2:SGMI-2 complex; Fig. 3B).

A comparison of sitel interactions of MASP-1:sitelR ecotin,
MASP-2:ecotin, and MASP-3:ecotin complexes (the latter
presented by Gaboriaud et al. (22) [PDB ID: 41W4]) reveal that
while the same set of backbone hydrogen bonds is present for
the P4—P1 core region in all three complexes, the contact re-
gion of the 80s loop of ecotin extends to the S7-S4' region in
the substrate-binding grooves of MASP-1 and MASP-3,
whereas it is somewhat shorter for MASP-2 (Fig. S3, A-C).
The 80s loop backbone is accommodated in very similar
conformations in the three complexes (Fig. S3D).

Site1 and site2 point mutations do not alter the homodimer
structure of ecotin

Five ecotin point mutants were produced to decipher the
contribution of each binding site of ecotin to the inhibition of

SASBMB

the MASPs. SitelR ecotin contains a P1 M84R, whereas sitel A
an M84A mutation. Site2A carries the R1I08A/N110A double
mutation. We also made two combined variants, site1R/site2A
and sitelA/site2A.

In a size-exclusion chromatography analysis, all five mutants
had the same elution volume as WT ecotin verifying that these
replacements do not alter the original homodimer structure of
the inhibitor (Fig. S4A).

Monomeric ecotin variants (13) were clearly separated from
the five dimeric point mutants by size-exclusion chromatog-
raphy (Fig. S4, A and B).

Functional importance of site1 is highest on MASP-1, medium
on MASP-2, and lowest on MASP-3

Equilibrium inhibitory constant (K7) and calculated standard
free energy (AGP), that is, “binding energy” values of ecotin
variants against the three MASP enzymes are listed in Table 1.

Ecotin binds MASP-1, MASP-2, and MASP-3 with 30.7,
454, and 53.1 kJ/mol binding energy, respectively. Our esti-
mated detection limit for inhibitory constant—based binding
energy is 24.5 kJ/mol (see the Experimental procedures section
for explanation). Note that the binding energy of the ecotin—
MASP-1 interaction is close to this limit.

The M84A replacement removes the original P1 side-chain
atoms beyond the beta carbon. In terms of inhibitory constant,
this alteration causes a 126-fold decrease in the affinity of
ecotin toward MASP-2 and a 10-fold decrease toward MASP-
3, corresponding to binding energy changes (AAG) of -12
and -5.8 kJ/mol, respectively (Tables 1 and 2; Fig. 4). However,
for the weak MASP-1:ecotin interaction, the resulting binding
energy value for the sitelA variant falls below the 24.5 kJ/mol
estimated detection limit.

All three MASPs are trypsin-like enzymes having a nega-
tively charged S1 pocket that prefers positively charged Lys or
Arg P1 (19). In agreement with this, M84R replacement
increased binding affinity to MASP-1, MASP-2, and MASP-3

J. Biol. Chem. (2022) 298(6) 101985 3
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A His490 B Ser633 His483

MASP-1 : Site1R ecotin
MASP-1 :
MASP-1, uncomplexed

MASP-2 : ecotin
MA 2 : SGMI-2
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Figure 3. Structural adaptation during the binding of inhibitors in MASP:ecotin and MASP:SGMI complexes. Along with minor displacements, the
Asp640 (Asp189c) of MASP-1 is released from the inner salt bridge to form a novel intermolecular salt bridge with the P1 Arg of site1R ecotin or of SGMI-1.
This interaction is crucial for effective inhibition of MASP-1 (A). For MASP-2 binding, larger extent structural rearrangements are needed since the substrate-
binding cleft of MASP-2 is restricted. Most arrangements are similar in the MASP-2:SGMI-2 and MASP-2:ecotin complexes, with one major difference: the
bottom of the S1 pocket resembles an uncomplexed MASP-2 when complexed with ecotin as the S1-P1 interaction is suboptimal (B). Structures overlaid are
as follows: A, uncomplexed MASP-1, PDB ID: 3GOV; MASP-1:SGMI-1 complex, PDB ID: 4DJZ; and MASP-1:site1R ecotin, PDB ID: 7PQO. B, uncomplexed MASP-
2, PDB ID: 1Q3X; MASP-2:SGMI-2 complex, PDB ID: 3TVJ; and MASP-2:ecotin, PDB ID: 7PQN; respectively. MASP, mannan-binding lectin-associated serine

protease; PDB, Protein Data Bank; SGMI, SGPI-derived MASP inhibitor.

7000-fold, 275-fold, and 17-fold, respectively (Fig. 4, Tables 1
and 2), corresponding to calculated AAG values 21.9, 13.9,
and 6.9 kJ/mol, respectively.

For MASP-2 and MASP-3, affinities against both the M84A
and the M84R variants could be determined. Notably, for these
enzymes, the M84A replacement yields about the same extent
of affinity drop as the affinity is increased by the MS84R
change: -12.0 kJ/mol versus 13.9 kJ/mol for MASP-2
and -5.8 kJ/mol versus 6.9 kj/mol for MASP-3 (Table 2). If
the same trend applies for MASP-1, the binding energy
decrease upon the M84A  mutation would be
approximately —20 kJ/mol.

These data reveal that the role of P1 and therefore sitel is
markedly enzyme dependent, being crucial for MASP-1, sub-
stantial for MASP-2, and significantly lower for MASP-3. The
observed phenomenon can be explained through the crystal-
lographic data.

MASP-1 has a readily accessible substrate-binding groove
(25). Upon ecotin binding, only minor displacements of resi-
dues are observable on the side of the enzyme, including
Phe549 (99, with chymotrypsinogen numbering), loop 3
(labeled as defined by Perona and Craik (26)), and Lys623
(c174). However, in the free enzyme, an intramolecular salt
bridge is formed between the Asp640 (Asp c189, a key residue
defining the specificity of the S1 pocket) and the Arg677 (c224)
(23, 25) (Fig. 3A). Our crystal structure demonstrates that
siteIR ecotin completely disrupts this self-inhibited ground
state by a salt bridge exchange mechanism. Such a salt bridge
seems to be crucial for effective inhibition of MASP-1,
regardless of the inhibitor family; as in previous directed
evolution studies, MASP-1 exclusively selected a P1 Arg res-
idue when the sunflower trypsin inhibitor—based sunflower
MASP inhibitor 1 (SFMI-1) or the SGPI-based MASP inhibitor
1 was developed (Fig. 34) (17, 27). Besides the P1-S1 salt

Table 1
Equilibrium inhibitory constant and calculated binding free energy values of point mutant ecotin variants on the three MASPs

MASP-1 MASP-2 MASP-3
Ecotin variant K; (M) AG? (KJ/mol) K; (M) AG? (kJ/mol) K (M) AG® (KJ/mol)
WT? 42 +03x107° 307 + 0.2 11+0.1x 1078 454 + 0.3 50 02 x 10710 53.1 + 0.1
SitelR 6.0 14 x 107 526 + 0.6 40+10x10" 59.3 + 0.7 30+10x 10" 60.0 + 1.0
SitelA ND ND 14 +01 x 10°° 334 + 0.1 51+ 0.5 x 107 47.3 + 0.2
Site2A ND ND 9.8 02 x 1077 34.3 + 0.0" 88+13x10°® 40.2 + 0.4
SitelR/site2A 24 +01 x 107 491 + 0.1 1.8+ 0.3 x 107 49.8 + 0.4 6.1+07 x107° 46.9 + 0.3
Site1A/site2A ND ND ND ND ND ND

Abbreviation: ND (no AG® value could be calculated because the binding energy of the mutant was below the estimated detection limit of 24.5 kJ/mol).

Ecotin P1 replacement alters binding affinity in an MASP-dependent manner. The effect is largest on MASP-1, medium on MASP-2, and smallest on MASP-3 (AAG values are
listed in Table 2). In combination with the affinity-improving site1R mutation, simultaneous perturbation of the conserved site2 residues R108 and N110 by Ala replacement shows
the opposite trend, affecting the interaction with MASP-3 at the greatest, MASP-2 at medium, and MASP-1 at the lowest level (AAG values are listed in Table 3). Data are the
average of at least two independent measurements + SD.

“ Data from previous study (16).

b SD is lower than 0.1 kJ/mol.
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Table 2

Calculated binding free energy changes caused by the P1 replace-
ment of ecotin

MASP-1 MASP-2 MASP-3
Ecotin variants compared AAG (kJ/mol)
SitelR versus WT +21.9 +13.9 +6.9
SitelA versus WT ND -12.0 -5.8

Abbreviation: ND (no AAG value could be calculated because the binding energy of the
mutant was below the estimated detection limit of 24.5 kJ/mol).

Standard free energy (AGY) (ie., binding energy) values of sitel mutants from Table 1
were compared with that of the WT to calculate AAG values. A positive value indicates
an increase of affinity, whereas a negative one indicates a decrease. AAG is calculated
from the average AG® values in Table 1.

bridge, the P1 Arg forms additional H-bonds as well. The P1
Met of WT ecotin or the Ala of the sitelA form cannot achieve
the same result. However, unlike a P1 Ala, the long and flexible
WT P1 Met residue could at least accommodate to the dis-
torted S1 pocket and contribute to the overall binding energy.
There is another structural feature that could also contribute
to the enhanced role of the P1 residues in MASP-1 inhibition.
Outside the S1 pocket, but within the sitel region, ecotin has a
less favorable interaction with MASP-1 than with MASP-2.
Namely, upon complex formation, ecotin Arg54 binds in the
vicinity of a bulky positively charged segment of MASP-1. In
all, these structural phenomena explain the low MASP-1
inhibitory potency of WT ecotin and the relatively high
importance of the P1 residue.

For MASP-2, an enzyme with a more restricted active-site
access, the binding of an inhibitor requires larger conforma-
tional changes, similarly to those of described for the MASP-
2:SGMI-2 complex, with SGMI-2 bearing a Lys at P1 (PDB
ID: 3TV] (23)) (Fig. 3B). These changes involve Arg630,
Thr466—Thr467, Phe529, and loop 3, with the 603 to 610
segment being destabilized. A flexible P1 Met can fit into the
S1 pocket at a lower energetic cost; however, it cannot fully
occupy the pocket, the contact remains suboptimal, as in the
case of the MASP-3:ecotin complex (22) (Fig. S3). A P1 Arg
can establish stronger interactions with the S1 pocket of
MASP-2; however, accommodating a P1 Arg requires larger

A B
60 -

D 50 -

)

3:40-

heagiio] i

SES3N] mE WEN EEN

“é"gzo-

:-E 10-2

m 0
< - < - X < -
2332 253 2353
MASP-1 MASP-2 MASP-3

conformational changes from the enzyme, than accommoda-
ting a Met. In all, although in terms of electrostatic comple-
mentarity, a P1 Arg is a better fit for the negatively charged S1
pocket, there are some energetic costs that lower the energetic
gain of the M84R replacement.

In the case of MASP-3, the situation is similar. The S1
pocket-lining loop 1 and loop 2 are slightly distorted, and the
accommodation of P1 is not perfect, weakening the interaction
between MASP-3 and the 80s loop of ecotin (Fig. S3). This
could explain why P1 replacements cannot exert a dramatic
effect as in classical canonical SP inhibition models, where a
lock and key binding mechanism dominates (28, 29).

Functional importance of site2 is lowest on MASP-1, medium
on MASP-2, and highest on MASP-3

Simultaneous Ala replacement at site2 positions Arg108 and
Asnl10 was tested in the context of both P1 Met (WT) and P1
Arg (sitelR) ecotin. In both contexts, the site2A mutation
weakens interactions toward all three MASPs but to an
enzyme-dependent extent (Tables 1 and 3).

WT ecotin is already a weak inhibitor of MASP-1, and
site2A mutations drop its affinity below our estimated 24.5
kJ/mol detection limit. This suggests that the affinity drop of
site2A on MASP-1 exceeds 6.2 kJ/mol. Affinity drops against
the high-affinity binders MASP-2 and MASP-3 were measur-
able and found to be 11.1 kJ/mol (88-fold K; change) and
12.9 kJ/mol (176-fold K; change), respectively (Table 3).

In the P1 Arg context, the site2A mutation caused 3.5
kJ/mol affinity decrease (fourfold K; change) on MASP-1,
9.4 kJ/mol (45-fold K; change) on MASP-2, and 13.1 kJ/mol
(200-fold K; change) on MASP-3.

All in all, compared with the case of sitel, a reciprocal trend
is observed regarding the contribution of site2 of ecotin to the
inhibition of the three MASPs.

The crystallographic data obtained from the MASP-1:site1R
ecotin and the MASP-2:ecotin complexes, and the data from
the studies of Gaboriaud et al. (22), largely explain the func-
tional consequences of the site2A mutation. Site2 of ecotin

Estimated
---- Detection
Limit

= =
2 2

=
=

Site2A | ND

Site2A
Site2A

MASP-1  MASP-2  MASP-3

Figure 4. Binding free energy (AG°) values of site1 and site2 ecotin variants toward the three MASP enzymes. A, site1 mutations cause the greatest
binding free energy (i.e., binding energy) changes for MASP-1, the smallest ones for MASP-3, whereas MASP-2 is in between. In the case of site2 (B), the
greatest binding energy change is observed for MASP-3, closely followed by MASP-2. As MASP-1 binds inherently weakly to ecotin, the binding energy
change for site2 weakening could not be determined. Results are the average of at least two measurements, the SD shown by the error bars. ND, no AG®
value could be calculated because the binding energy of the mutant was below the estimated detection limit of 24.5 kJ/mol. MASP, mannan-binding

lectin-associated serine protease.
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Table 3

Calculated binding free energy contributions of secondary binding
site amino acid replacements in the context of WT and site1R ecotin

MASP-1 MASP-2 MASP-3
Ecotin variants compared AAG (kJ/mol)
Site2A versus WT ND -11.1 -12.9
SitelR/site2A versus sitelR -35 -9.4 -13.1

Abbreviation: ND (no AAG value could be calculated because the binding energy of the
mutant was below the estimated detection limit of 24.5 kJ/mol).

Standard free energy (AGY) (ie., binding energy) values of ecotin mutants from Table 1
were compared to calculate AAG values. The negative values represent a decrease of
affinity. AAG is calculated from the average AG values in Table 1.

consists of loop 60s (segment 63-70 forming a mostly
conserved hydrogen bond pattern) and loop 100s (108-112
forming a conserved hydrogen bond through Asnl11l0 and
variable interactions through Argl08 and Lys112). Argl08 is a
contact position for several target proteases having different
specificities (3, 21, 22).

At site2, MASP-2 and MASP-3 ecotin complexes reveal
more extensive binding surfaces with more hydrogen bonds
than MASP-1 (Figs. 5, S5 and Table S3). Comparison of the
interactions of the Argl08—Asnl10-Lysl12 motifs reveals
characteristic differences in MASP complexes. In the MASP-1
complex, the H-bond formed by Lys112 is missing, and a
larger number of disordered side chains are observed indi-
cating greater flexibility and weaker interactions. In MASP-3,
Asp525 and Asn527 orientate the Argl08 of ecotin to estab-
lish a bond with the carbonyl group of Asp525 (Fig. 5C). Such
an effect is missing from MASP-1, where Asp545 and GIn543
do not assist orientation of Argl08; only a transient bond is
present between Argl08 and GIn543, and a weak electrostatic
interaction exists with Asp545 (Fig. 5A). In the MASP-2
complex, ecotin ArglO8 forms a unique salt bridge with
Asp530 of the enzyme and an additional H-bond with Tyr100
of the other ecotin protomer (Figs. 5B and S5). Ecotin Asn110
contacts Pro542 of MASP-1, Glu521 of MASP-2, and Pro524
of MASP-3. It also stabilizes the 100s loop, therefore enabling
Lys112 and Leull3 to establish contacts with the target
enzyme: Lys112 contacts Tyr523 and Val489 of MASP-2 and
MASP-3, respectively, whereas such contacts are missing from
the MASP-1:sitelR ecotin complex (Fig. 5).

In all, Argl08 and Asn110 have extensive interactions with
MASP-2 and MASP-3. While MASP-1 also engages Argl08
and Asnl110, it has fewer and apparently less stable interactions
with ecotin site2; the loss of contacts through the site2A
mutation has greater negative effect on the affinity toward
MASP-2 and MASP-3 than toward MASP-1.

Simultaneous weakening of site1 and site2 abolishes MASP-
inhibitory potency of ecotin

As we have shown, the MASP-1:ecotin complex is so un-
stable that perturbing it by Ala mutations at either sitel or
site2 completely abolishes MASP-1 inhibition. In contrast,
MASP-2 and MASP-3, which bind ecotin with substantially
higher affinity, are inhibited both by sitelA and site2A ecotin
variants. Nevertheless, when both sites are weakened in the
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Figure 5. Interactions of ecotin site2 with the three MASP enzymes.
Loop 100s of ecotin site2 forms multiple interactions with the three
enzymes (MASP-1: green, MASP-2: blue, and MASP-3: turquoise). Importantly,
while Asn110 forms identical interactions with all MASPs, the Arg108
interactions are enzyme specific, showing a transient H-bond with MASP-1
(A). In contrast, it forms stable interactions with MASP-2 (B) (extended
H-bonding network) and MASP-3 (C) (shorter H-bonding distance). While
ecotin Lys112 does not contact MASP-1, it forms H-bonds with MASP-2 and
MASP-3. The structures suggest that replacing Arg108 and Asn110 with Ala
in site2A variant disrupts only weak interactions with MASP-1 but strong
interactions with MASP-2 and MASP-3 (possibly also destabilizing Lys112
interactions). This is in perfect line with the measured larger binding energy
loss caused by site2A for MASP-2 and MASP-3 compared with MASP-1, in
which neither Arg108 nor Lys112 establishes stable interactions with the
enzyme (A). See also Fig. S5 and Table S3 for a broader overview and a
complete list of the contacts. MASP, mannan-binding lectin-associated
serine protease.
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site1A/site2A variant, ecotin becomes nonfunctional against
all three MASP enzymes (Table 1).

Effects of site1R and site2A alterations are largely additive

As listed in Table 3, for MASP-2 and MASP-3, the effects of
the site2A mutations are rather context independent, that is,
are similar with P1 Met and P1 Arg sitel background. The
context-dependent differences are only 1.7 kJ/mol for MASP-2
and 0.2 kJ/mol for MASP-3. For MASP-1, in P1 Arg context,
the site2A effect is 3.5 kJ/mol, whereas in P1 Met context, it
could only be estimated to be at least 6.2 kJ/mol. This does not
rule out additivity but leaves the case open for some
cooperativity.

Site1 and site2 apparently act synergistically against MASP-3

If sitelA and site2A mutations would exert their effects
independently, the observed affinity drop in the combined
site1A/site2A variant should be a simple sum of the individual
site1A-driven and site2A-driven affinity drops. This sum for
MASP-1 cannot be calculated as sitelA ecotin is practically
inactive on MASP-1.

For MASP-2, this sum yields a 23.1 (12.0 + 11.1) kJ/mol
affinity drop that then would result in a 22.3 (45.4-23.1) kJ/
mol binding energy. Note that the weakest inhibition we could
detect corresponds to a calculated 24.5 kJ/mol binding free
energy. It means that in the case of additivity, MASP-2 inhi-
bition by sitelA/site2A ecotin should be undetectable, which is
what we found. This means that additivity might apply for
MASP-2, although positive cooperativity of sitelA and site2A
cannot be ruled out.

For MASP-3, the sum of affinity drops is 18.7 (5.8 + 12.9)
kJ/mol that would result in 34.4 (53.1-18.7) kJ/mol binding
energy. This value is 9.9 kJ/mol higher than our detection limit
and would be measurable. Yet, site1A/site2A ecotin does not
inhibit MASP-3 to a measurable extent (Table 1). This sug-
gests substantial positive cooperativity, that is, sitel and site2
in WT ecotin strengthen each other. Weakening any of them
by Ala mutation weakens the function of the other non-
mutated site as well.

Eggers et al. (14) detected a similar phenomenon regarding
the energetic contribution of the ecotin-binding sites inter-
acting with rat trypsin.

Native preorganization of the binding site network of ecotin is
a key for MASP-2 and MASP-3 inhibition

We found that for efficient overall MASP-inhibitory activity,
both sitel and site2 have important, albeit MASP-specific
roles. Next, we tested the functional importance of the
spatial preorganization of sitel and site2 provided by the
homodimer ecotin structure. C-terminally shortened ecotin
variants are monomers and can still form the same type of
heterotetramer enzyme—inhibitor complex as WT ecotin (13).
It is because they still retain their intact sitel and site2, and
through these can still associate with their target enzymes. An
important difference is that sitel and site2 are no longer
structurally preorganized for simultaneous protease binding in
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monomeric ecotin. If both sitel and site2 of ecotin contribute
to the binding free energy, and their WT prearrangement al-
lows for simultaneous binding, monomerization should lead to
a decrease of binding affinity. We aimed to determine the
extent of this expected binding free energy drop and see
whether it is also enzyme dependent.

Using monomeric WT and sitelR ecotin variants, we tested
how removal of the C-terminal arm affects binding affinity on
the three MASPs. The corresponding equilibrium inhibitory
constants and calculated binding energies are listed in Table 4,
whereas the calculated energetic contribution of binding site
preorganization is shown in Table 5.

The data clearly show that for P1 Met ecotin, the preor-
ganized binding sites are essential for MASP-2 and MASP-3
inhibition, as monomer ecotin is unable to inhibit these
enzymes to measurable level. In contrast, while MASP-1 is able
to utilize the preorganized sites, this contribution is small, that
is, inhibition through the monomeric Met84 form represents
only 4.3 kJ/mol binding affinity loss (Table 5) and remains
measurable.

The sitelR mutation increases binding affinity of the
monomeric ecotin for all MASPs and brings the affinity to a
measurable level on MASP-2 and MASP-3. Therefore, in the
context of sitelR, the contribution of the preorganized binding
sites could be calculated for all three MASPs as listed in
Table 5. The data demonstrate that preorganization of sitel
and site2 is significantly more important for MASP-2 and
MASP-3 than for MASP-1, which is in line with the observed
greater contribution of site2 to binding MASP-2 and MASP-3
as opposed to binding MASP-1.

Moreover, if binding energy contribution of sitel/site2
preorganization would be independent of the P1 residue for
MASP-2 and MASP-3, monomer P1 Met ecotin would bind
MASP-2 with 28.2 (45.4-17.2) kJ/mol affinity and MASP-3
with 31.7 (53.1-21.4) kJ/mol affinity. As both values exceed
the 24.5 kJ/mol detection limit, both would be measurable.
This demonstrates that for the P1 Met ecotin, binding site
preorganization is even more important for MASP-2 and
MASP-3 than for the P1 Arg ecotin. Notably, the opposite is
observed for MASP-1, where P1 Arg slightly increases the
contribution of preorganization.

Quaternary structures of MASP-inhibiting dimer and
monomer ecotin variants

To build a congruent mechanistic model for MASP:ecotin
interactions, for all ecotin—MASP pairs having high enough
binding affinity to keep the complex stable during the time of
the experiment, we assessed their quaternary structure by size-
exclusion chromatography.

Although in this article we present two heterotetramer
crystal structures, one for WT ecotin formed with MASP-2,
and another for sitelR ecotin formed with MASP-1, we used
the first published (MASP-3),:ecotin, complex as an inner
heterotetramer control (22). The size-exclusion gel properly
separated the following components: the heterotetramer and
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Table 4
Equilibrium inhibitory constant and calculated binding free energy values of dimer and monomer ecotin variants on the three MASP enzymes
MASP-1 MASP-2 MASP-3

Ecotin variant K (M) AG? (KJ/mol) K; (M) AG? (KJ/mol) K; (M) AG? (KkJ/mol)
WT* 42 +03x10° 30.7 + 0.2 11+01x107® 454 + 0.3 50+ 02 x 1071° 53.1 + 0.1
Monomer 24 +01x107° 264 + 0.1 ND ND ND ND
SitelR 6.0 14 x107'° 52.6 + 0.6 40+10x107" 59.3 + 0.7 3.0 +1.0 x 107 60.0 + 1.0
SitelR monomer 14+ 01x 1078 44.8 + 0.3 41+02x10°8 421 +0.1 1.7 £0.0 x 107" 38.6 + 0.0°

Abbreviation: ND, no inhibition is detected as the binding free energy of the mutant was below the estimated detection limit of 24.5 kJ/mol.
In the context of WT P1 Met, preorganization of the two binding sites is essential for inhibiting MASP-2 and MASP-3. Data are the average of at least two independent

measurements + SD.

“ Data from previous study (16).
b SD is lower than 0.1 x 1077 M.
¢ SD is lower than 0.1 kJ/mol.

heterotrimer complexes, dimer ecotin, and the free enzymes
(Fig. 6).

The peaks in Figure 6 demonstrate that when WT ecotin is
oversaturated with MASP-3, dominantly heterotetramers are
formed, but a small amount of heterotrimer is also detectable.
The presence of heterotrimer, that is, dimer ecotin binding to
only one enzyme in spite of the stoichiometric excess of the
enzyme implies that the enzyme-inhibitor interaction is
slightly stronger in the trimer than in the tetramer, that is,
binding a second enzyme slightly weakens the interaction of
both enzymes with ecotin, probably because ecotin structure
might need to go through some conformational change.

Regarding the heterotrimer proportion in Figure 7, there is a
clear trend for all MASPs. While samples containing the
highest affinity sitelR ecotin contain only hardly detectable
amounts of heterotrimer complexes, all other weaker com-
plexes generate a distinct heterotrimer peak. Apparently, when
sitelR is combined with WT site2 in a dimer ecotin context,
the P1 Arg residue provides enough extra binding free energy
that fully covers the energetic cost of accommodating two
enzymes simultaneously, resulting in an enhanced stability
heterotetramer. Results of the size-exclusion chromatography
are in accordance with our crystal structures, showing that the
dominant form of the MASP:ecotin complexes is the
heterotetramer.

We tested two monomeric ecotin versions, one having WT
P1 Met and the other P1 Arg. We found that only the sitelR
monomer provided stable enough complexes for size-
exclusion chromatography studies. The complexes formed
between monomeric sitelR ecotin and MASPs were pure
heterotetramers with no sign of any heterotrimers (Fig. 8).
This suggests that when a sitelR monomer ecotin and an
MASP enzyme associate, the heterodimers quickly associate

Table 5

Energetic contribution of primary and secondary binding site
preorganization

MASP-1 MASP-2 MASP-3
Ecotin variants compared AAG (kJ/mol)
Monomer versus WT -4.3 ND ND
SitelR monomer versus site1R -7.8 -17.2 -214

Abbreviation: ND (no AAG value could be calculated because the binding free energy
of the mutant was below the estimated detection limit of 24.5 kJ/mol).

Difference of calculated AG® values (from Table 4) is shown for cases where the
inhibition constants could be determined.

8 J Biol. Chem. (2022) 298(6) 101985

forming more stable heterotetramers. Such association en-
gages two WT site2 regions simultaneously. Whenever a
heterotetramer loses any component, it results in a metastable
and therefore undetectable trimer.

Toward a congruent model of the MASP-dependent binding
mechanism of ecotin

The MASP-1:ecotin complex is unstable: weakening the
ecotin either through a sitelA or a site2A mutation renders the
interaction undetectably weak. Yet, monomerization of ecotin
results in only a small effect. The case for MASP-2 and MASP-
3 is the exact opposite: sitel1A or site2A mutation can only
weaken the interaction, whereas monomerization of ecotin
completely abolishes it. The results obtained on MASP-
specific  individual ecotin-binding site  contributions
combined with data on the quaternary structure of the
MASP:ecotin complexes led us to a congruent binding
mechanism model as discussed later here.

For MASP-1, the interaction through ecotin sitel is sub-
optimal since it does not disrupt the self-inhibited state of the

— — = — MASP-3
(,bé‘é L e WT ecotin
10 4 & I\ complex

Absorbance at 280 nm (mAU)
(&)]

10 12,5 15

Elution Volume (ml)

Figure 6. Size-exclusion chromatography of inner control proteins and
their complexes. In three separate runs, WT ecotin (which is a stable
homodimer), or MASP-3, or WT ecotin mixed with an excess of MASP-3 was
loaded on the Superdex 200 column. In the chromatogram of the enzy-
me:ecotin complex, the third peak corresponds to free MASP-3, whereas the
first peak corresponds to heterotetramer (MASP-3):ecotin, complex.
Between the two peaks, an MASP-3:ecotin, heterotrimer is detected. MASP,
mannan-binding lectin-associated serine protease.
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Figure 7. Complexes of the three MASPs with dimeric ecotin variants. For all MASP:inhibitor pairs, the dominant form is the heterotetramer, comprising
two MASP enzymes and an ecotin homodimer. In most cases, a peak representing the heterotrimer is also present. Note that the highest affinity complexes
(data listed in Table 1) involving site1R ecotin variant yield the lowest proportion of heterotrimers. MASP, mannan-binding lectin-associated serine protease.

S1 pocket (Figs. 3 and S3). However, as the substrate-binding
groove is readily accessible and the complex can form without
significant conformational changes, this interaction can be a
quick single-step process. In the WT ecotin dimer, the weak
and apparently transient site2 interaction can instantly
contribute with just enough energy to render the inhibition
measurable. With monomer ecotin, the same sitel interaction
through open binding grooves yields heterodimers, which
associate through simultaneously engaging two secondary
binding sites (site2) and form a stable heterotetramer. This
second step can also be quick as the site2 interaction does not
require significant conformational adaptation.

In contrast, for MASP-2 and MASP-3, ecotin monomer-
ization abolishes complex formation, in spite of the observed
large contribution of site2 to binding of both enzymes. The
only comprehensive explanation is that these enzymes cannot
form a stable sitel interaction with monomeric ecotin. This is
in perfect line with the notion that sitel interaction requires
significant conformational changes on the side of both MASP-
2 and MASP-3 (Figs. 3 and S3), and therefore, the interaction
is a multistep process, where the first transient complexes are
of very low affinity. For such a slow-binding—induced fit pro-
cess, site2 needs to exert a stabilizing effect from the beginning
through a relatively strong interaction. Our proposed model
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suggests that upon association, WT homodimeric ecotin can
engage sitel and site2 either simultaneously or in any order,
depending on binding site availability on the protease. The two
extremes of this model would be the “sitel-first” and the
“site2-first” scenario. We note that for the MASP-3:ecotin
interaction, Gaboriaud et al. (22) already mentioned a model
equivalent to our “site2-first” scenario.

In the case of MASP-3, there are further evidences
implying that its substrate-binding site requires significant
conformational changes for the binding of substrate-like
inhibitors. We already reported that ecotin inhibits MASP-
3 by a slow binding mechanism suggesting a slow struc-
tural maturation of the complex (16). We also reported that
our in vitro evolved MASP-3 inhibitor, TEMI-3, which binds
only through a canonical, that is, primary binding site, has
an unusually slow association rate (18), suggesting a
mechanism requiring conformational changes in the binding
site of MASP-3. Furthermore, MASP-3 is the only MASP
that has no natural serpin inhibitor. Serpins are irreversible
protease inhibitors that need to be cleaved for covalent acyl
enzyme complex formation, and this mechanism relies on a
readily available stable substrate-binding cleft of the enzyme
(30). Apparently, MASP-3 lacks such an accessible binding
groove.
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Figure 8. Monomeric site1R ecotin forms only heterotetramer com-
plexes with the three MASP enzymes. A characteristic peak of hetero-
tetramer MASP:ecotin complexes appears on each chromatogram, at the
11.25 to 12.5 ml elution volume interval. No complexes of lower oligo-
merization levels were detected, showing that only the heterotetramer form
of the MASP:site1R monomer ecotin is stable. No heterotrimers were found,
indicating that association exclusively through the site2 of ecotin is unlikely;
such complexes lack the required stability to be detected by chromato-
graphic methods. MASP, mannan-binding lectin-associated serine protease.

The revealed cooperative effects further support the inhibitory
mechanism model

SitelR ecotin containing the Met84Arg mutation is a gen-
eral high-potency inhibitor of all three MASP enzymes. The
elevated stability of the corresponding complexes allowed for
estimating the extent of site2 and sitel/site2 preorganization
contribution for MASP-2 and MASP-3 binding as well, where
in the WT sitel context, these were not assessable (Table 5).
Unlike the original P1 Met form of monomer ecotin, which
inhibits only MASP-1, its sitelR version is active on all three
enzymes.

As illustrated in Figure 9, the extent of binding energy loss
upon abolishing sitel/site2 preorganization is not only enzyme
dependent but also sitel dependent. For MASP-1, the drop is
small, 4.3 kJ/mol with P1 Met and 7.8 kJ/mol with P1 Arg;
therefore, it increases with 3.5 kJ/mol upon the Met84Arg P1
change (data in Table 5). For MASP-2 and MASP-3, the drop
is large and actually decreases upon Met84Arg P1 change. For
the WT P1 Met, the drop is unmeasurable, but based on our
24.5 kJ/mol detection limit, it is at least 20.9 kJ/mol for MASP-
2 and at least 28.6 kJ/mol for MASP-3. For the sitelR, these
values are 17.2 kJ/mol for MASP-2, which is at least 3.7 kJ/mol
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smaller, and 21.4 kJ/mol for MASP-3, which is at least 7.2 kJ/
mol smaller (Tables 1 and 5, Fig. 9).

This interesting nonadditivity phenomenon further cor-
roborates our model proposed for MASP-dependent WT
ecotin-binding mechanism. MASP-2 and MASP-3 need to go
through a slow conformational change to bind the P1 Met.
However, the P1 Met84Arg replacement can change the
association mechanism because of the newly emerged elec-
trostatic complementarity between the positively charged P1
Arg and the negatively charged Asp (Aspl89c) in the S1
pocket. As sitel association becomes faster and stronger, sitel/
site2 preorganization becomes less important, because the
quickly formed heterodimers can readily form hetero-
tetramers. This is also congruent with our size-exclusion
chromatography results (Fig. 8), where the sitelR monomer
exclusively forms stable heterotetramers with the MASP en-
zymes with no signs of dimers or trimers. On the other hand,
for MASP-1, P1 Arg does not lessen the contribution of sitel/
site2 preorganization, as sitel association does not require
large conformational changes, it is already fast with P1 Met,
and the S1 pocket in its self-inhibited state is not negatively
charged because of an intramolecular salt bridge.

Functional relevance of the observed phenomena:
complement LP inhibitory capacity of the ecotin variants

Complement LP activation depends on the activity of
MASP-1 and MASP-2, and both enzymes are essential (17).
Therefore, complete blocking of any of these enzymes halts LP
activation. LP inhibitory potency of the eight tested ecotin
variants in an LP-specific ELISA is illustrated in Figure 10,
whereas the corresponding ICsq values are listed in Table 6.

Of the seven ecotin mutants, two exceeded and one
approached the efficacy of the WT inhibitor in blocking the
LP. Importantly, all three had a P1 Arg. The most potent is
site1R, which has an enhanced P1 combined with WT site2 in
a stable dimeric structure. This mutant is followed by sitelR/
site2A, where sitel is boosted while site2 is weakened. Finally,
the monomeric sitelR having an affinity enhanced sitel but
lacking preorganized binding site pairs is nearly as efficient as
WT.

In all, an improved sitel can significantly boost LP inhibi-
tion for a dimeric ecotin with intact site2 and compensate for
the lower site2 contribution in the case of the site2-weakened
and the monomeric ecotin variants. All other forms having
WT P1 (Met) and perturbed (either by site2A mutation or
monomerization) site2 or a P1 Ala are either marginally
effective or ineffective as LP inhibitors. This clearly shows that
P1 Met of WT ecotin is inherently suboptimal for LP inhibi-
tion; therefore, the observed contribution of site2 and sitel/
site2 preorganization is essential for this ecotin function.

As the commercial Wieslab ELISA (31) can be viewed as a
reference tool to test the efficacy of complement inhibitors, we
measured a subset of the ecotin variants by WiELISA as well
(Fig. S6). Despite that our in-house test and WIiELISA use
different serum samples and detect different complement
activation products, the results are comparable.
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Figure 9. The effect of the monomerization shows opposite site1-context dependence for MASP-1 versus MASP-2 and MASP-3. Ecotin mono-

merization disrupts WT preorganization of site1/site2. The observed drop in

binding energy is enzyme dependent and site1 dependent. For MASP-1, the

drop is small and increases upon the site1R (P1 Met to Arg) mutation. For MASP-2 and MASP-3, the drop is large but decreases upon the site1R mutation.

Results are the average of at least two measurements. The SD is shown by

LP inhibitory potency of ecotin in 50% serum

As we have shown previously (16) and also in this article
(Fig. 10), E. coli ecotin is a potent inhibitor of the LP in
commonly used 2% human serum. Nevertheless, we also tested
whether ecotin and its affinity-improved sitelR variant can
block the LP at more physiologic complement protein con-
centrations as well. We found that both inhibitors can inhibit
the LP even in 50% serum (Fig. 11 and Table 7). As expected,
the sitelR variant has a significantly increased inhibitory
potential.

While ecotin is able to completely block LP activation in
twofold diluted serum, it requires inhibitor concentrations in
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Figure 10. Effects of mutations on complement lectin pathway inhibi-
tory potency of ecotin. The site1R variant containing the primary site-
enhancing P1 M84R replacement has improved inhibitory potency. The
same P1 MB84R change in site1R/site2A can largely compensate for sec-
ondary site weakening or for erasing the preorganized binding sites in the
siteTR monomer. On the other hand, weakening the primary site or the
secondary site either alone in site1A or in site2A mutants, respectively, or in
combination in the site1A/site2A mutant, or erasing preorganization of site1
and site2 in the context of monomeric P1 Met ecotin render these variants
practically ineffective against LP activation. Symbols represent the average
of at least two measurements. Error bars represent the SD.
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the error bars. MASP, mannan-binding lectin-associated serine protease.

the 10 uM range. This is, however, not only the result of the
higher complement protein concentration. Both WT and
sitelR ecotin inhibit many serum proteinases unrelated to LP
activation (9, 32), which decreases their “effective
LP-inhibitory concentration.” While the sitelR mutation
boosts MASP-1 and MASP-2 inhibitory potency, it should also
increase the binding affinity of ecotin to the competing
“off-target” serum proteinases as well.

Evolutionary aspects of the binding mechanism and target
proteases of ecotin

Ecotin is capable of inhibiting the LP, mainly through the
inhibition of MASP-2. However, a sitelR mutant ecotin is a
more potent LP inhibitor, which raises several questions. First
of all, one might wonder, why do most ecotin orthologs have a
P1 Met? The most plausible explanation is that ecotin-
producing microbes need to be protected not only against
trypsin-like but also against chymotrypsin-like and elastase-
like host enzymes, including leukocyte elastase, and several
pancreatic proteases (1, 10). A P1 Arg would compromise
these latter functions.

Inhibiting MASP-1 with a more promiscuous “non-Arg” P1
is inefficient. MASP-1 is the professional activator of MASP-2
in vivo, and MASP-2 is the only member of the LP that can
cleave C4. Consequently, LP activation can be controlled
through inhibiting any one of these enzymes (17). However,
deposition of the main opsonin C3 and formation of the
terminal complement complex can be forestalled via the in-
hibition of MASP-2 without complete inhibition of MASP-1.
These considerations might explain why natural evolution
was biased for targeting MASP-2 instead of MASP-1, which
demands a P1 Arg to be potently inhibited.

At higher serum concentration (Table 7) of ecotin inhibits
in vitro LP activation at concentrations that might not be
achieved in vivo. Nevertheless, it does not contradict its
reported virulence factor role in pathogenic microbes
including E. coli (10, 16, 33, 34) for several reasons. One is that
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Table 6
Complement LP inhibitory ICs, values of ecotin variants

Ecotin variant IC50 (nM + SE)

IC5o (nM + SE)

WwWT 107.2 £ 1.1
SitelR 269 + 1.0
Monomer ND

SitelR monomer 1413 + 1.1

SitelA 21,186.6 + 1.1
Site2A 95439 + 1.1
SitelR/site2A 832 + 1.0
Sitel A/site2A ND

Abbreviation: ND, inhibition is weak, thus the ICsy value could not be determined.

the first encounter between host and pathogen usually takes
place outside the circulation, such as on mucosal surfaces,
where the concentrations of the complement components can
be lower than in the plasma (35-37). Moreover, particular
microbial mechanisms such as biofilm formation could lead to
elevated local ecotin concentration in such microenviron-
ments (38, 39). And finally, ecotin is only one of the many
defensive tools of pathogens, and as such, ecotin by its own is
not expected to shut down the LP activation in the blood.

The case of MASP-3 is peculiar both from mechanistic and
evolutionary aspects. For long, this enzyme was recognized to
be “inhibitor resistant” as neither canonical nor serpin-type
substrate—like MASP-3 inhibitors were identified (40). This
implied that the substrate-binding groove of MASP-3 is
inaccessible for such inhibitors. The mere fact that evolution
provided ecotin with high inhibitory efficacy against this
challenging target enzyme suggests that MASP-3 inhibition
provides great advantage for the ecotin-producing microbe.
MASP-3 is the exclusive pro-FD activator in the blood, and
this activity is essential for maintaining a functional AP (18). In
fact, this is the only well-established immunological function
of MASP-3. As complete and prolonged inhibition of MASP-3
in the circulation is an unlikely scenario by any pathogens, it
implies that pro-FD—-activating function of MASP-3 might be
relevant in the extravascular environments as well, and its
inhibition could be beneficial for the local ecotin-producing
microbiota.

100

C4 deposition (%)
(o4
o
1

® WT ecotin

® Site1R ecotin

0 2 4 6

Log10 ([inhibitor]) (nM)

Figure 11. LP-inhibitory potency of WT and site1R ecotin in 50% serum.
WT ecotin is able to completely block LP activation even in twofold diluted
serum. The site1R mutation significantly increases the LP-inhibitory potency
of ecotin. LP, lectin pathway.
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In all, ecotin-producing microbes inhibiting the LP and at
least locally controlling the AP of many different hosts have a
great adaptive advantage. E. coli is a widespread commensalist,
and as MASP-2 and MASP-3 are evolutionarily more stable
than MASP-1 (41-43), these are better targets for ecotin. We
have already shown that ecotin also inhibits the LP of mice and
rat (16), suggesting that inhibition of complement in the most
different host organisms is a necessity for the microbes.

While MASP-1 is not a central target, low-efficient inhibi-
tory potency of ecotin on MASP-1 might still be beneficial for
the microbe in mammalian hosts as MASP-1 has several
immunomodulatory, coagulation, and fibrinolytic functions
unrelated to the LP (44, 45). Moreover, we have previously
demonstrated that a broader specificity compound inhibiting
both MASP-1 and MASP-2 (SFMI-1) can be a more efficient
LP inhibitor than one being monospecific to MASP-2 (SFMI-
2) (27). Therefore, natural evolution might have selected for a
residual MASP-1 inhibitory potency of ecotin along the
adaptive advantage of its crossspecificity and pan-specificity.

Natural evolution compensated for the suboptimal P1 Met
by selecting a site2 region that targets mostly main chain
moieties and binds to many different enzymes without large-
scale conformational adjustments. Our results demonstrate
that site2 provides essential contribution to MASP-2 and
MASP-3 inhibition. This further corroborates that MASP-2
and MASP-3 are evolutionarily ancient and functionally
important ecotin targets.

Conclusions

Our results generated new insights on the molecular
mechanisms and evolutionary aspects of ecotin and have also
shed light on how the substrate-binding machinery of the
target MASP enzymes function. We applied “heat maps”
(Fig. 12) for comprehensive yet compact visualization of
MASP-dependent relative importance of the various ecotin
sites.

The findings might also provide new therapeutic potentials
as well. Because of the many biologic functions of the three
MASP enzymes played in the complement system, the blood
coagulation system, the fibrinolytic system, and the
kininogen—kallikrein system as well as in endothelial activation

Table 7

LP-inhibitory potency (in terms of ICs, values) of WT and site1R
ecotin in 50% serum

Ecotin variant 1C50 (nM = SE)

WT ecotin
SitelR ecotin

28859 + 1.5
5776 £ 1.1
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P1 Met

AAG (kJ/mol)

Abolished interaction
0-5
5-10
10-15
15-20

® 20-25

® Not assessed

P1 Arg

MASP-1

MASP-2

Figure 12. Quantitative contribution of site1, site2, and site1/site2 preorganization to MASP inhibition mapped on the structure of ecotin. For all
three MASP enzymes, colors of site1, site2, and the C-terminal arms responsible for site1/site2 preorganization through stabilizing the ecotin dimer illustrate
the extent of free energy change (AAG) because of targeted alterations of these sites of ecotin in the context of P1 Met on the left and in the context of P1
Arg on the right. In the latter case, site1 is colored based on the effect measured upon replacing a P1 Arg with a P1 Met. The data are from Tables 2, 3, and 5.
Color coding is explained on the left. Gray areas represent changes that abolish the interaction; nonassessed regions are colored black. P1 Arg elevates
stability of all complexes and renders all binding site contributions measurable. In the P1 Arg context, site1 versus site2 and site1/site2 preorganization
importance follow opposite trends for the enzymes: MASP-1 > MASP-2 > MASP-3 for site1 and MASP-3 > MASP-2 > MASP-1 for site2 and site1/site2
preorganization. Instead of showing ecotin in three slightly different conformations from the three MASP complexes, the figure was created based on the
PDB ID 1EZU ecotin structure (5). MASP, mannan-binding lectin-associated serine protease; PDB, Protein Data Bank.

(17, 44, 46, 47), ecotin emerges as an important element of the
immune response—hindering arsenal of microbes. In fact,
ecotin is a known virulence factor for several serious patho-
gens (33, 34, 48, 49). Note, that the majority of ESKAPE group
pathogens causing the most frequent multidrug resistant in-
fections express ecotin (50). Therefore, blocking the function
of ecotin could deprive many pathogens from a key evolu-
tionarily conserved immune-evading microbial mechanism.
From this aspect, our most important finding is that MASP-2
and MASP-3 can be inhibited by ecotin only if sitel and site2
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are preorganized in homodimer ecotin. In this regard, we
demonstrated that monomeric ecotin, which is inactive on
MASP-2 and hardly inhibits MASP-1, is unable to block the
LP. Besides the obvious strategy to block ecotin sitel or site2,
this finding provides new opportunity to combat dangerous
multidrug-resistant pathogens through developing compounds
capable of blocking ecotin dimer formation. Such compounds
would render ecotin inactive against MASP-2, MASP-3, and
most probably against many other ecotin targets and could be
promising lead molecules of novel drugs.

J. Biol. Chem. (2022) 298(6) 101985 13
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Experimental procedures
Ethics statement

All studies using human serum were conducted according
to the WMA Declaration of Helsinki. Experimental protocols
were approved by the local ethics committee (permission
number: TUKEB 9190-1/2017/EKU). Informed written con-
sent was obtained for the isolation of peripheral venous blood
from the donors.

Bacterial strains and chemicals

Common reagents and constituents were from Bachem,
New England Biolabs, Molar Chemicals Ltd, Sigma—Aldrich,
and Thermo Fisher Scientific. The E. coli BL21 (DE3) Star
cells were purchased from Invitrogen. Ecotin-KO line of E. coli
BL21 (DE3) Star was prepared as described previously (16).

Subcloning of the ecotin genes

WT or sitelR ecotin genes in pT7.7 vectors (11) were used
as templates for PCR. Both genes were amplified by PCR using
the following pair of oligonucleotides: 5-CGAAATTAA-
TACGACTCACTATAGGG-3' and 5'-AATAGGGGATCCT-
TATTAGCGAACTACCGCG-3. The PCR products were
digested with Ndel and BamHI and ligated into the pET25b(+)
phagemid vector. The resulting plasmids were sequenced.
These DNA constructs allowed similar periplasmic expression
to pT7.7, but in addition, they also enabled Kunkel-type site-
directed mutagenesis.

Site-directed mutagenesis

Single-stranded DNA form of the pET25b(+) vectors car-
rying the ecotin genes was isolated from E. coli CJ236 (New
England Biolabs), and Kunkel mutagenesis was performed as
described (51). Met84Ala replacement was introduced by the
primer: 5-GCCATCCGGGCAGGCCATAGCCGTTGAAAC
CGGGG-3', whereas simultaneous Argl08Ala and Asn110Ala
replacement was achieved with the primer 5-CCAC-
GATCGGCAGCTTGCTCGCGTAGGCCAGCATTCCAGC
ATCGCCC-3.

Bold indicates mutation sites. All constructs were sequenced
before further use.

Recombinant complement proteases

Catalytic fragments of MASP-1, MASP-2, and MASP-3 were
expressed and purified as described previously (25, 40, 52).

Expression and purification of monomeric ecotin variants

The monomeric forms of WT and sitelR ecotin were
expressed using the pT7.7-based vector construct described
elsewhere (13). Freshly transformed E. coli BL21 (DE3) Star
(Ecotin-KO) cells were grown in LB broth supplemented with
100 pg/ml ampicillin with vigorous shaking at 37 °C until
reaching an absorbance of 4.0 at nm. Protein expression was
induced by adding IPTG to a final concentration of 0.5 mM,
and the cells were grown for 4 h at 37 °C. Then, the cells were
chilled on ice and collected via centrifugation (4500g, 4 °C,
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10 min), resuspended in 1/20 original culture volume ice-cold
1 mM MgCl,, and were frozen at —20 °C for at least 8 h. The
cells were slowly thawed at 4 °C, cell debris was sedimented
via centrifugation (48,000g, 4 °C, 20 min), and the supernatant
representing the periplasmic fraction was collected. About
65 m/v% ammonium sulfate was added gradually to the
supernatants, and the precipitated proteins were collected via
centrifugation (48,000g, 4 °C, 20 min). The pellet was resus-
pended in 2.5 mM HCI and dialyzed against the same solution
for 12 h at 4 °C. At this step, most contaminating proteins
became precipitated and were removed via centrifugation
(48,000g, room temperature [RT], 10 min). The pH of the
supernatant was adjusted to 8.5 by adding Tris(hydrox-
ymethyl)Jaminomethane (7ris base), and the samples were
further purified on a 5 ml HiTrap Q HP anion-exchange col-
umn equilibrated with 20 mM Tris—HCI, pH 8.5 buffer (buffer
A), on an AKTA Pure system at RT. The ecotin variants were
eluted with increasing concentration of buffer B (20 mM Tris—
HCI, pH 8.5, 1 M NaCl). The fractions containing the ecotin
variants were identified by SDS-PAGE and were further pu-
rified on a Jupiter 10u C4 300A reverse phase chromatography
column on a Hewlett Packard Agilent Series 1100 device in
water/acetonitrile solution system containing 0.1% trifluor-
acetic acid, with an increasing concentration of acetonitrile.
The volatile components were eliminated by two rounds of
lyophilization. Lyophilized ecotin was resuspended in water,
the concentration of the solution was determined by
measuring the absorbance at 280 nM in a Beckman Coulter
DU-7400 photometer, and the sample was stored at 4 °C until
use.

Expression and purification of dimeric ecotin variants

The pET25b(+) expression constructs were transformed
into E. coli BL21 (DE3) Star Ecotin-KO cells. Expression and
purification of E. coli ecotin (UniProt ID: P23827) and its point
mutants begun the same as for the monomeric ecotin forms,
but after the gradual desalting with ammonium sulfate, the
sample was dialyzed against the 2.5 mM HCI solution only for
3 h at RT. Precipitated contaminants were eliminated via
centrifugation (48,000g, 4 °C, RT), and the supernatant was
dialyzed against 20 mM Hepes, 150 mM NaCl, 5 mM CaCl,,
5 mM MgCl,, pH 7.5 (MASP kinetic assay buffer), overnight at
4 °C. The sample was centrifuged again (48,000g, 4 °C,
10 min), and ecotin was further purified via size-exclusion
chromatography on a Superdex 200 Increase 10/300 GL col-
umn, on an AKTA Pure system, at RT, with a flow rate of
0.8 ml/min. The ecotin-containing fraction was dialyzed
against 30 mM ammonium acetate at 4 °C overnight, and the
dialyzed sample was lyophilized. Lyophilized ecotin was dis-
solved in water. Further treatment of the samples was as
described for monomeric ecotin variants.

Measuring the equilibrium inhibitory constants

Equilibrium inhibitory constants (Kj) of the ecotin variants
against the three MASP enzymes were determined by the
method of Green and Work (53), modified by Empie and
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Laskowski (54), as described in detail previously (16). Kinetic
measurements were carried out in MASP kinetic buffer sup-
plemented with 0.1% Triton X-100 detergent. Cleavage of the
substrate Z-L-Lys-Sbzl or Z-Gly-Arg-Sbzl was followed using
5,5'-dithiobis(2-nitrobenzoic acid) or Thiol Fluorescent Probe
IV (Calbiochem) as cosubstrate on a BioTek Synergy H4
hybrid multimode microplate reader. Measurements were
done in independent duplicates. Data were analyzed using the
Origin Pro 8 software (OriginLab Corporation) as described
elsewhere (16). Correction of apparent Kj values (Ki*) was
carried out as described by Eggers et al. (10): when the
observed K value was higher than 2 nM, the K] value was
interpreted as an apparent one, and the genuine Kj value was
calculated as described, using previously published Kj; values
(16). However, in spite of the correction, many Kj values are
still considered to be apparent ones because of the complex
kinetics caused by the dimeric nature of ecotin (10, 14).
Using the equilibrium binding constant (Kj) values, standard
free energy (referred to as binding free energy) values were
calculated according to the equation AG® = -RT * In K. Dif-
ferences of binding energies between variants were expressed
as AAG values. All experiments were conducted at 7' = 298 K.

Upper limit of K, determination

The highest ecotin concentration we applied in the kinetic
assays was 5 x 10" M. Above this concentration, nonspecific
binding would generate artifacts. When the residual enzyme
activity remained over 50% at such ecotin concentrations, we
did not extrapolate to estimate a K value. Instead, we recorded
that the K7 value is higher than 5 x 107° M, which corresponds
to a binding free energy lower than 24.5 kJ/mol.

Crystallization and structure determination of MASP-1:site1R
ecotin and MASP-2:ecotin complexes

The activated recombinant catalytic fragments of MASP-2
(containing CCP2-SP domains) and MASP-1 (containing
CCP1-CCP2-SP domains) were expressed and purified for
crystallization as described elsewhere (52, 55). The CCP2-SP
fragment of MASP-2 (at a final concentration of 2.7 mg/ml)
was mixed with E. coli ecotin in 1:1 M ratio (corresponding to
protease-binding sites) to allow stoichiometric complex for-
mation. The complex was then crystallized by the hanging
drop method at 20 °C by mixing 1.5 pl of protein complex
solution and 1.5 pl of reservoir solution (17% [w/v] PEG 3350
and 0.3 M LiCl). Glycerol was used as a cryoprotectant.

The MASP-1:sitelR ecotin complex was also crystallized by
the hanging drop method at 20 °C by mixing 1 pl of protein
complex solution (MASP-1 CCP1-CCP2-SP fragment, final
concentration of 3.6 mg/ml) with equimolar sitelR ecotin and
1 ul of reservoir solution (3.7 M NaCl, 0.1 M Hepes, pH 7.0).
Glycerol was used as a cryoprotectant.

Two datasets were collected using helical data collection
from a single crystal of MASP-2:E. coli ecotin complex at ESRF
beamline ID23-1 at 100 K. Data were processed by XDS and
XSCALE (56) to a resolution of 2.4 A (Table S1). The asym-
metric  unit contains one MASP-2:ecotin,: MASP-2
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heterotetramer, with the CCP2-SP domains being in slightly
different relative orientations.

One dataset was collected from a crystal of the MASP-
1:sitelR ecotin complex at ESRF beamline 1D23-2 at 100 K.
Data were processed by XDS and XSCALE (56), and different
resolution limits were carefully checked during refinement. A
3.4 A resolution limit was chosen for processing (Table S1).
The asymmetric unit contains one complete MASP-1:sitelR
ecotinyg:MASP-1 heterotetramer and the half of a second one
for which the complex is generated by crystallographic twofold
rotation. The domains of the three MASP-1 molecules of the
structure are in the same relative orientations, which facilitated
noncrystallographic symmetry averaging of the electron den-
sity maps of the whole of three individual MASP-1 molecules,
and for the three individual ecotin molecules, separately.

The phase problem was solved by Molrep program (57) of
the CCP4 package (58) for both structures. As search models,
structures of ecotin (PDB ID: 1AZZ), and domains of MASPs
(for MASP-2, the SP and CCP2 domains from PDB ID: 1Q3X;
for MASP-1, the SP domain and the CCP1-CCP2 segment
from PDB ID: 3GOV) were used. Manual model building and
refinement was carried out using Coot (59) and Phenix (60)
packages, respectively. Refinement included translation/libra-
tion/screw refinement (translation/libration/screw groups
were generated for individual domains of MASPs and for
ecotin molecules) and noncrystallographic symmetry restraints
(based on similar torsion angle values of the molecules,
automatically generated by the program). Individual atomic B-
factors were refined for the MASP-2:ecotin complex, whereas
they were introduced instead of grouped B-factors in later
stages of refinement for MASP-1:sitelR ecotin complex. The
models were validated using MolProbity (61). Figures were
generated in PyMOL (v0.99, DeLano Scientific, 2006). Data
collection and refinement statistics are compiled in Table S1.
The structures of MASP-2:ecotin and MASP-1:sitelR ecotin
complexes have been deposited in the PDB under PDB IDs
7PQN and 7PQO, respectively.

Molecular contacts were analyzed using the CCP4 package
and Coot.

Analysis of the quaternary structure of enzyme:inhibitor
complexes

Size-exclusion chromatography experiments were carried
out on a Superdex 200 Increase 10/300 GL column, on an
AKTA Pure chromatography system, at RT, with 0.8 ml/min
flow rate in MASP kinetic assay buffer. The experiment was
optimized to separate the enzyme:inhibitor complexes from
the individual components. MASP-2 was adsorbed to the gel
matrix at low salt concentration. This effect could be sup-
pressed by increasing the NaCl concentration to 500 mM,
indicating that the nature of the adsorption was electrostatic.
Therefore, all MASP-2-related experiments were conducted by
using a MASP kinetic assay buffer complemented with
500 mM NaCl. The modified condition did not alter the ac-
tivity of MASP-2 and inhibitory potency of the ecotin variants.
The K values for the sitelA variant in original versus modified
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buffer were 1.4 x 10°° M versus 1.16 x 10°° M, whereas the
same for the site2A variant were 9.75 x 107" M versus 5.8 x
1077 M. Applying the ionic strength, MASP-2 showed the
same elution volume as MASP-1 and MASP-3 in MASP
kinetic assay buffer. Elution volume of ecotin was not affected
(Fig. S4, C and D).

For the experiments, enzyme and inhibitor concentrations
were set to exceed the respective K; values with at least two
orders of magnitude to promote complex formation, and the
enzyme: inhibitor mixtures were incubated for 3 h at RT
before loading onto the column.

Human serum samples

Normal peripheral blood specimens were obtained from 10
healthy individuals after they had provided written informed
consent, and the sera were prepared and stored as previously
described (16).

LP-specific ELISAs in 2% serum

Pathway-specific ELISA tests for assessing efficacy of the
ecotin variants were carried out as described previously
(16, 27). Greiner high-binding plates were coated with 10 pg/
ml mannan in 50 mM sodium carbonate (pH 9.6) overnight at
4 °C. The remaining protein binding surfaces were blocked
with 5 mg/ml bovine serum albumin, diluted in 20 mM Tris—
HCI, 150 mM NaCl (Tris-buffered saline, pH 7.5), for 1.5 h at
37 °C. The sera were diluted to a final concentration of 2% in
MASP kinetic assay buffer containing 0.1% Tween-20 and
different concentrations of inhibitors and incubated for 30 min
at RT. The plates were washed with Tris-buffered saline sup-
plemented with 5 mM CaCl, and 0.1% Tween-20 (wash
buffer). The sera were applied to the plates and incubated at 37
°C for 30 min. After extensive washing with wash bulffer, first
an antihuman C3c antibody (DakoCytomation; catalog no.:
A0062), then a secondary horseradish peroxidase—conjugated
antibody (Sigma; catalog no.:. A1949) was applied to detect
deposited C3 fragments. A solution of 1 mg/ml o-phenlyene-
diamine and 1 pg/ml H,O, in 50 mM potassium citrate (pH
5.0) was used as chromogenic substrate. The signal generated
by uninhibited sera was considered to be 100% activity (posi-
tive control), whereas that of produced by sera supplemented
with 20 mM EDTA was considered to be 0% (negative con-
trol). Utilizing Hepes instead of veronal buffer does not alter
the outcome of serum experiments (62).

We also conducted comparative tests with the commercial
Wieslab kit (31), in which we followed the protocol provided
by SVAR Life Science.

The results were evaluated using the Origin Pro 8 software.
The DoseResp function of the Pharmacology built-in function
set was fitted to the data as described previously (16).

LP inhibition tests in 50% serum

Inhibitory potency of ecotin in 50% diluted serum was
measured as described previously (17). The plates were coated
and washed as described for the measurements in 2% serum.
The serum was supplemented with 0.1 mg/ml sodium
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polyanethole sulphonate as described previously (63), to selec-
tively block the AP and CP without inhibiting the LP (17).
Complement activation was measured through the detection of
deposited C4 fragments via a specific anti-C4 antibody
(DakoCytomation; catalog no.: Q0369). Further handling and
development of the plate was as described for the experiments
in 2% serum.

Data availability

The atomic coordinates and structure factors of the MASP-
2:ecotin and MASP-1:M84R ecotin complexes have been
deposited in the PDB (http://wwpdb.org/) with accession
codes PDB ID: 7PQN and PDB ID: 7PQO, respectively. All
other data are contained in the article.

Supporting information—This article contains supporting informa-
tion (17).

Acknowledgments—We are grateful to Prof Miklés Sahin-Téth for
critical reading of the article and insightful advice. These studies
were supported by grants (VEKOP-2.3.2-16-2017-00014 and
VEKOP-2.3.3-15-2017-00018) from the European Union and the
State of Hungary, cofinanced by the European Regional Develop-
ment Fund from the Ministry of Human Capacities in Hungary in
the frame of Institutional Excellence Program for Higher Education.
Project no. 2018-1.2.1-NKP-2018-00005 has been implemented
with the support provided from the National Research,
Development and Innovation Fund of Hungary, financed under
the 2018-1.2.1-NKP funding scheme and by the National
Research, Development and Innovation Office (Hungarian
Scientific Research Fund) grants K119374, K119386, K135289,
and KH130376.

Author contributions—G. P. conceptualization; Z. A. N, K. F.,, V. H,,
and G. P. formal analysis; Z. A. N, D. H, D. B, B. K, E. B,, D. S,
K. F,, and A. K. investigation; M. W. and J. D. resources; V. H. data
curation; Z. A. N, D. H, P. G,, G. P,, and V. H. writing—original
draft; Z. A. N. and V. H. visualization; G. P. supervision; G. P. and
P. G. funding acquisition.

Funding and additional information—The work of D. H. at EMBL-
Hamburg was supported by an EMBO Short-Term Fellowship
(grant no.: ASTF 2.00-2011).

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: AP, alternative com-
plement pathway; CCP, complement control protein; FD, factor D;
LP, lectin pathway; MASP, mannan-binding lectin-associated serine
protease; PDB, Protein Data Bank; RT, room temperature; SFMI,
sunflower MASP inhibitor; SGMI, SGPI-derived MASP inhibitor;
SGPI, Schistocerca gregaria serine protease inhibitor; SP, serine
protease.

References

1. Chung, C. H,, Ives, H. E., Almeda, S., and Goldberg, A. L. (1983) Purifi-
cation from Escherichia coli of a periplasmic protein that is a potent
inhibitor of pancreatic proteases. J. Biol. Chem. 258, 11032—-11038

SASBMB


http://wwpdb.org/
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref1
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref1
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref1

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Ecotin inhibits all MASP enzymes and the lectin pathway

. Krowarsch, D., Cierpicki, T., Jelen, F., and Otlewski, J. (2003) Canonical

protein inhibitors of serine proteases. Cell Mol. Life Sci. 60, 2427-2444

. McGrath, M.e,, Erpel, T., Bystroff, C., and Fletterick, R. J. (1994)

Macromolecular chelation as an improved mechanism of protease inhi-
bition: Structure of the ecotin-trypsin complex. EMBO J. 13, 1502-1507

. Mcgrath, M. E.,, Gillmor, S. A., and Fletterick, R. J. (1995) Ecotin: Lessons

on survival in a protease-filled world. Protein Sci. 4, 141-148

. Gillmor, S. A., Takeuchi, T., Yang, S. Q., Craik, C. S., and Fletterick, R. J.

(2000) Compromise and accommodation in ecotin, a dimeric macro-
molecular inhibitor of serine proteasesl11Edited by R. Huber. /. Mol. Biol.
299, 993-1003

. Schechter, I, and Berger, A. (1967) On the size of the active site in

proteases. 1. Papain. 1967. Biochem. Biophys. Res. Commun. 27, 157—-162

. Laskowski, M., and Kato, I. (1980) Protein inhibitors of proteinases. Annu.

Rev. Biochem. 49, 593—-626

. Seymour, J. L., Lindquist, R. N., Dennis, M. S., Moffat, B., Yansura, D.,

Reilly, D., et al. (1994) Ecotin is a potent anticoagulant and reversible
tight-binding inhibitor of factor Xa. Biochemistry 33, 3949-3958

. Ulmer, J. S., Lindquist, R. N., Dennis, M. S., and Lazarus, R. A. (1995)

Ecotin is a potent inhibitor of the contact system proteases factor XIla
and plasma kallikrein. FEBS Lett. 365, 159-163

Eggers, C. T., Murray, I. A, Delmar, V. A, Day, A. G., and Craik, C. S.
(2004) The periplasmic serine protease inhibitor ecotin protects bacteria
against neutrophil elastase. Biochem. J. 379, 107-118

Pal, G., Sprengel, G., Patthy, A., and Graf, L. (1994) Alteration of the
specificity of ecotin, an E. coli serine proteinase inhibitor, by site directed
mutagenesis. FEBS Lett. 342, 57-60

Seong, I. S, Lee, H. R, Seol, J. H,, Park, S. K, Lee, C. S., Suh, S. W, et al.
(1994) The P1 reactive site methionine residue of ecotin is not crucial for
its specificity on target proteases. A potent inhibitor of pancreatic serine
proteases from Escherichia coli. /. Biol. Chem. 269, 21915-21918

Pal, G., Szildgyi, L., and Gréf, L. (1996) Stable monomeric form of an
originally dimeric serine proteinase inhibitor, ecotin, was constructed via
site directed mutagenesis. FEBS Lett. 385, 165—170

Eggers, C. T., Wang, S. X., Fletterick, R. J., and Craik, C. S. (2001) The role
of ecotin dimerization in protease inhibition11Edited by J. A. Wells. /.
Mol. Biol. 308, 975-991

Yang, S. Q., Wang, C.-L, Gillmor, S. A,, Fletterick, R. J., and Craik, C. S.
(1998) Ecotin: A serine protease inhibitor with two distinct and inter-
acting binding sites. . Mol. Biol. 279, 945-957

Nagy, Z. A., Szakics, D., Boros, E., Héja, D., Vigh, E., Sandor, N, et al.
(2019) Ecotin, a microbial inhibitor of serine proteases, blocks multiple
complement dependent and independent microbicidal activities of hu-
man serum. PLoS Pathog 15, e1008232

Héja, D., Kocsis, A., Dobd, J., Szilagyi, K., Szasz, R., Zavodszky, P., et al.
(2012) Revised mechanism of complement lectin-pathway activation
revealing the role of serine protease MASP-1 as the exclusive activator of
MASP-2. Proc. Natl. Acad. Sci. U. S. A. 109, 10498-10503

Dobé, J., Szakics, D., Oroszlén, G., Kortvely, E., Kiss, B., Boros, E., et al.
(2016) MASP-3 is the exclusive pro-factor D activator in resting blood:
The lectin and the alternative complement pathways are fundamentally
linked. Sci. Rep. 6, 31877

Gal, P., Dobd, J., Zavodszky, P., and Sim, R. B. M. (2009) Early comple-
ment proteases: Clr, Cls and MASPs. A structural insight into activation
and functions. Mol. Immunol. 46, 2745-2752

Laboissiere, M. C. A., Young, M. M., Pinho, R. G., Todd, S., Fletterick, R.
J., Kuntz, I, et al. (2002) Computer-assisted mutagenesis of ecotin to
engineer its secondary binding site for urokinase inhibition. /. Biol. Chem.
277, 26623-26631

Perona, J. J., Tsu, C. A, Craik, C. S., and Fletterick, R. J. (1997) Crystal
structure of an Ecotin-Collagenase complex suggests a model for
recognition and cleavage of the collagen triple helix. Biochemistry 36,
5381-5392

Gaboriaud, C., Gupta, R. K., Martin, L., Lacroix, M., Serre, L., Teillet, F.,
et al. (2013) The serine protease domain of MASP-3: Enzymatic prop-
erties and crystal structure in complex with ecotin. PLoS One 8, €67962
Héja, D., Harmat, V., Fodor, K., Wilmanns, M., Dobd, J., Kékesi, K. A.,
et al. (2012) Monospecific inhibitors show that both mannan-binding

SASBMB

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

lectin-associated serine protease-1 (MASP-1) and -2 are essential for
lectin pathway activation and reveal structural plasticity of MASP-2. J.
Biol. Chem. 287, 20290-20300

Harmat, V., Gél, P., Kardos, J., Szilagyi, K., Ambrus, G., Végh, B., et al.
(2004) The structure of MBL-associated serine protease-2 reveals that
identical substrate specificities of Cls and MASP-2 are realized through
different sets of enzyme-—substrate interactions. J. Mol. Biol. 342,
1533-1546

Dobé, J., Harmat, V., Beinrohr, L., Sebestyén, E., Zavodszky, P., and Gdl,
P. (2009) MASP-1, a promiscuous complement protease: Structure of its
catalytic region reveals the basis of its broad specificity. /. Immunol. 183,
1207-1214

Perona, J. J., and Craik, C. S. (1997) Evolutionary divergence of substrate
specificity within the chymotrypsin-like serine protease fold. J. Biol.
Chem. 272, 29987-29990

Kocsis, A., Kékesi, K. A., Szasz, R., Végh, B. M., Balczer, J., Dobd, J., et al.
(2010) Selective inhibition of the lectin pathway of complement with
phage display selected peptides against mannose-binding lectin-associ-
ated serine protease (MASP)-1 and -2: Significant contribution of MASP-
1 to lectin pathway activation. /. [mmunol. 185, 4169-4178

Lu, S. M., Lu, W., Qasim, M. A., Anderson, S., Apostol, L., Ardelt, W.,
et al. (2001) Predicting the reactivity of proteins from their sequence
alone: Kazal family of protein inhibitors of serine proteinases. Proc. Natl.
Acad. Sci. U. S. A. 98, 1410-1415

Bode, W., and Huber, R. (1993) Natural protein proteinase inhibitors and
their interaction with proteinases. In: Christen, P., Hofmann, E., eds. E/B
Reviews [Internet], Springer, Berlin, Heidelberg [cited 2021 Aug 15]. p.
43-61. (EJB Reviews). Available from:

Otlewski, J., Krowarsch, D., and Apostoluk, W. (1999) Protein inhibitors
of serine proteinases. Acta Biochim. Pol. 46, 531-565

Seelen, M. A,, Roos, A., Wieslander, J., Mollnes, T. E., Sjoholm, A. G.,
Wurzner, R., et al. (2005) Functional analysis of the classical, alternative,
and MBL pathways of the complement system: Standardization and
validation of a simple ELISA. J. Immunol. Methods 296, 187—-198
Wang, S. X., Esmon, C. T., and Fletterick, R. J. (2001) Crystal structure of
Thrombin-Ecotin reveals conformational changes and extended in-
teractions. Biochemistry 40, 10038—10046

Ireland, P. M., Marshall, L., Norville, I, and Sarkar-Tyson, M. (2014) The
serine protease inhibitor Ecotin is required for full virulence of Bur-
kholderia pseudomallei. Microb. Pathog. 67—-68, 55—58

Clark, E. A,, Walker, N., Ford, D. C., Cooper, L. A, Oyston, P. C. F.,, and
Acharya, K. R. (2011) Molecular recognition of chymotrypsin by the
serine protease inhibitor ecotin from Yersinia pestis. /. Biol. Chem. 286,
24015-24022

NARKIO-MAKELA, M., JERO, J., and MERL, S. (1999) Complement
activation and expression of membrane regulators in the middle ear
mucosa in otitis media with effusion. Clin. Exp. Immunol. 116, 401-409
Kopp, Z. A., Jain, U,, Van Limbergen, J., and Stadnyk, A. W. (2015) Do
antimicrobial peptides and complement collaborate in the intestinal
mucosa? Front. Immunol. 6, 17

Nakajima, S., Baba, A. S., and Tamura, N. (1977) Complement system in
human colostrum: presence of nine complement components and factors
of alternative pathway in human colostrum. Int. Arch. Allergy Appl.
Immunol. 54, 428—433

Beloin, C., Valle, J., Latour-Lambert, P., Faure, P., Kzreminski, M.,
Balestrino, D., et al. (2004) Global impact of mature biofilm lifestyle on
Escherichia coli K-12 gene expression. Mol. Microbiol. 51, 659—674
Fung, C., Naughton, S., Turnbull, L., Tingpej, P., Rose, B., Arthur, J., et al.
(2010) Gene expression of Pseudomonas aeruginosa in a mucin-
containing synthetic growth medium mimicking cystic fibrosis lung
sputum. J. Med. Microbiol. 59, 1089-1100

Oroszlan, G., Kortvely, E., Szakics, D., Kocsis, A., Dammeier, S., Zeck, A.,
et al. (2016) MASP-1 and MASP-2 do not activate pro—factor D in resting
human blood, whereas MASP-3 is a potential activator: Kinetic analysis
involving specific MASP-1 and MASP-2 inhibitors. J. Immunol. 196,
857-865

Lynch, N. J.,, Khan, S.-H., Stover, C. M., Sandrini, S. M., Marston, D.,
Presanis, J. S., et al. (2005) Composition of the lectin pathway of

J. Biol. Chem. (2022) 298(6) 101985 17


http://refhub.elsevier.com/S0021-9258(22)00425-2/sref2
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref2
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref3
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref3
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref3
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref4
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref4
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref5
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref5
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref5
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref5
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref6
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref6
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref7
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref7
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref8
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref8
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref8
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref9
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref9
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref9
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref10
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref10
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref10
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref11
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref11
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref11
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref12
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref12
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref12
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref12
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref13
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref13
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref13
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref14
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref14
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref14
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref15
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref15
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref15
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref16
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref16
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref16
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref16
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref17
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref17
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref17
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref17
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref18
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref18
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref18
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref18
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref19
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref19
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref19
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref20
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref20
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref20
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref20
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref21
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref21
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref21
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref21
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref22
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref22
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref22
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref23
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref23
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref23
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref23
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref23
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref24
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref24
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref24
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref24
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref24
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref25
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref25
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref25
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref25
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref26
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref26
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref26
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref27
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref27
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref27
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref27
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref27
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref28
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref28
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref28
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref28
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref29
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref29
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref29
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref29
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref30
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref30
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref31
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref31
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref31
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref31
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref32
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref32
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref32
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref33
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref33
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref33
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref34
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref34
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref34
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref34
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref35
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref35
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref35
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref36
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref36
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref36
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref37
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref37
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref37
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref37
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref38
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref38
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref38
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref39
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref39
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref39
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref39
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref40
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref40
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref40
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref40
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref40
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref41
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref41

Ecotin inhibits all MASP enzymes and the lectin pathway

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

complement in Gallus gallus: Absence of mannan-binding lectin-associ-
ated serine protease-1 in birds. . Immunol. 174, 4998-5006

Nakao, M., Kajiya, T., Sato, Y., Somamoto, T., Kato-Unoki, Y., Mat-
sushita, M., et al. (2006) Lectin pathway of bony fish complement:
Identification of two homologs of the mannose-binding lectin associated
with MASP2 in the common carp (Cyprinus carpio). J. Immunol. 177,
5471-5479

Nonaka, M., and Kimura, A. (2006) Genomic view of the evolution of the
complement system. Immunogenetics 58, 701-713

. Megyeri, M., Mako, V., Beinrohr, L., Doleschall, Z., Prohaszka, Z., Cer-

venak, L., et al. (2009) Complement protease MASP-1 activates human
endothelial cells: PAR4 activation is a link between complement and
endothelial function. J. Immunol. 183, 3409—-3416

Dobé, J., Schroeder, V., Jenny, L., Cervenak, L., Zavodszky, P., and G4l, P.
(2014) Multiple roles of complement MASP-1 at the interface of innate
immune response and coagulation. Mol. Immunol. 61, 69-78

Gal, P, Barna, L., Kocsis, A., and Zavodszky, P. (2007) Serine proteases of
the classical and lectin pathways: Similarities and differences. Immu-
nobiology 212, 267-277

Krarup, A., Gulla, K. C,, Gal, P., Hajela, K., and Sim, R. B. (2008) The
action of MBL-associated serine protease 1 (MASP1) on factor XIII and
fibrinogen. Biochim. Biophys. Acta 1784, 1294-1300

Eschenlauer, S. C. P., Faria, M. S., Morrison, L. S, Bland, N., Ribeiro-
Gomes, F. L., DosReis, G. A., et al. (2009) Influence of parasite encoded
inhibitors of serine peptidases in early infection of macrophages with
Leishmania major. Cell Microbiol. 11, 106—120

Verma, S., Mandal, A., Ansari, M. Y., Kumar, A., Abhishek, K., Ghosh, A.
K., et al. (2018) Leishmania donovani inhibitor of serine peptidases 2
mediated inhibition of lectin pathway and upregulation of C5aR signaling
promote parasite survival inside host. Front. Immunol. 9, 63

Pendleton, J. N., Gorman, S. P., and Gilmore, B. F. (2013) Clinical rele-
vance of the ESKAPE pathogens. Expert Rev. Anti-Infect. Ther. 11,
297-308

Kunkel, T. A. (1985) Rapid and efficient site-specific mutagenesis without
phenotypic selection. Proc. Natl. Acad. Sci. U. S. A. 82, 488-492
Ambrus, G., Gél, P., Kojima, M., Szilagyi, K., Balczer, J., Antal, ]., et al.
(2003) Natural substrates and inhibitors of mannan-binding lectin-

18 J. Biol. Chem. (2022) 298(6) 101985

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

associated serine protease-1 and -2: A study on recombinant catalytic
fragments. J. Immunol. 170, 13741382

Green, N. M., and Work, E. (1953) Pancreatic trypsin inhibitor. 2. Re-
action with trypsin. Biochem. J. 54, 347-352

Empie, M. W., and Laskowski, M. (1982) Thermodynamics and kinetics
of single residue replacements in avian ovomucoid third domains: Effect
on inhibitor interactions with serine proteinases. Biochemistry 21,
2274-2284

Dobd, J., Harmat, V., Sebestyén, E., Beinrohr, L., Zavodszky, P., and Gdl,
P. (2008) Purification, crystallization and preliminary X-ray analysis of
human mannose-binding lectin-associated serine protease-1 (MASP-1)
catalytic region. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 64,
781-784

Kabsch, W. (2010) XDS. Acta Crystallogr. D Biol. Crystallogr. 66,
125-132

Vagin, A., and Teplyakov, A. (1997) MOLREP: An automated program
for molecular replacement. /. Appl. Cryst. 30, 1022-1025

Winn, M. D,, Ballard, C. C., Cowtan, K. D., Dodson, E. J., Emsley, P.,
Evans, P. R, et al. (2011) Overview of the CCP4 suite and current de-
velopments. Acta Crystallogr. D Biol. Crystallogr. 67, 235-242

Emsley, P., Lohkamp, B., Scott, W. G., and Cowtan, K. (2010) Features
and development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66,
486-501

Adams, P. D., Afonine, P. V., Bunkéczi, G., Chen, V. B,, Davis, I. W,
Echols, N, et al. (2010) PHENIX: A comprehensive python-based system
for macromolecular structure solution. Acta Crystallogr. D Biol. Crys-
tallogr. 66, 213-221

Williams, C. J., Headd, J. J., Moriarty, N. W., Prisant, M. G., Videau, L. L.,
Deis, L. N, et al. (2018) MolProbity: More and better reference data for
improved all-atom structure validation. Protein Sci. 27, 293-315

Zelek, W. M., Harris, C. L., and Morgan, B. P. (2018) Extracting the barbs
from complement assays: Identification and optimisation of a safe sub-
stitute for traditional buffers. Immunobiology 223, 744—749

Palarasah, Y., Skjoedt, M.-O., Vitved, L., Andersen, T. E., Skjoedt, K., and
Koch, C. (2010) Sodium polyanethole sulfonate as an inhibitor of acti-
vation of complement function in blood culture systems. /. Clin. Micro-
biol. 48, 908-914

SASBMB


http://refhub.elsevier.com/S0021-9258(22)00425-2/sref41
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref41
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref42
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref42
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref42
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref42
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref42
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref43
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref43
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref44
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref44
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref44
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref44
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref45
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref45
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref45
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref46
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref46
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref46
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref47
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref47
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref47
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref48
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref48
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref48
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref48
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref49
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref49
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref49
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref49
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref50
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref50
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref50
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref51
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref51
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref52
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref52
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref52
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref52
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref53
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref53
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref54
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref54
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref54
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref54
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref55
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref55
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref55
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref55
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref55
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref56
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref56
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref57
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref57
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref58
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref58
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref58
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref59
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref59
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref59
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref60
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref60
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref60
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref60
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref61
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref61
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref61
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref62
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref62
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref62
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref63
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref63
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref63
http://refhub.elsevier.com/S0021-9258(22)00425-2/sref63

	Synergy of protease-binding sites within the ecotin homodimer is crucial for inhibition of MASP enzymes and for blocking le ...
	Results and discussion
	Overall description of the MASP-2:ecotin and the MASP-1:site1R ecotin complex structures
	Site1 and site2 point mutations do not alter the homodimer structure of ecotin
	Functional importance of site1 is highest on MASP-1, medium on MASP-2, and lowest on MASP-3
	Functional importance of site2 is lowest on MASP-1, medium on MASP-2, and highest on MASP-3
	Simultaneous weakening of site1 and site2 abolishes MASP-inhibitory potency of ecotin
	Effects of site1R and site2A alterations are largely additive
	Site1 and site2 apparently act synergistically against MASP-3
	Native preorganization of the binding site network of ecotin is a key for MASP-2 and MASP-3 inhibition
	Quaternary structures of MASP-inhibiting dimer and monomer ecotin variants
	Toward a congruent model of the MASP-dependent binding mechanism of ecotin
	The revealed cooperative effects further support the inhibitory mechanism model
	Functional relevance of the observed phenomena: complement LP inhibitory capacity of the ecotin variants
	LP inhibitory potency of ecotin in 50% serum
	Evolutionary aspects of the binding mechanism and target proteases of ecotin

	Conclusions
	Experimental procedures
	Ethics statement
	Bacterial strains and chemicals
	Subcloning of the ecotin genes
	Site-directed mutagenesis
	Recombinant complement proteases
	Expression and purification of monomeric ecotin variants
	Expression and purification of dimeric ecotin variants
	Measuring the equilibrium inhibitory constants
	Upper limit of KI determination
	Crystallization and structure determination of MASP-1:site1R ecotin and MASP-2:ecotin complexes
	Analysis of the quaternary structure of enzyme:inhibitor complexes
	Human serum samples
	LP-specific ELISAs in 2% serum
	LP inhibition tests in 50% serum

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


