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Emfourin (M4in) is a protein metalloprotease inhibitor
recently discovered in the bacterium Serratia proteamaculans
and the prototype of a new family of protein protease inhibitors
with an unknown mechanism of action. Protealysin-like pro-
teases (PLPs) of the thermolysin family are natural targets of
emfourin-like inhibitors widespread in bacteria and known in
archaea. The available data indicate the involvement of PLPs in
interbacterial interaction as well as bacterial interaction with
other organisms and likely in pathogenesis. Arguably,
emfourin-like inhibitors participate in the regulation of bac-
terial pathogenesis by controlling PLP activity. Here, we
determined the 3D structure of M4in using solution NMR
spectroscopy. The obtained structure demonstrated no signif-
icant similarity to known protein structures. This structure was
used to model the M4in-enzyme complex and the complex
model was verified by small-angle X-ray scattering. Based on
the model analysis, we propose a molecular mechanism for the
inhibitor, which was confirmed by site-directed mutagenesis.
We show that two spatially close flexible loop regions are
critical for the inhibitor—protease interaction. One region in-
cludes aspartic acid forming a coordination bond with catalytic
Zn** of the enzyme and the second region carries hydrophobic
amino acids interacting with protease substrate binding sites.
Such an active site structure corresponds to the noncanonical
inhibition mechanism. This is the first demonstration of such a
mechanism for protein inhibitors of thermolysin family met-
alloproteases, which puts forward M4in as a new basis for the
development of antibacterial agents relying on selective inhi-
bition of prominent factors of bacterial pathogenesis belonging
to this family.

Protein inhibitors of proteases (PIPs) appear to be one of the
key regulatory factors of proteolytic activity in all living sys-
tems. In certain significant cases, the biological functions and
mechanisms of PIP action are relatively well studied (e.g.,
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(1-7)). However, the bulk of PIPs remain largely underex-
plored. For instance, the MEROPS database of peptidases and
their protein inhibitors (www.ebi.ac.uk/merops/) (8) includes
1,142,788 sequences and 4431 identifiers of peptidases but as
low as 131,636 sequences and 686 identifiers of the inhibitors
(as of February 21, 2023). The physiological targets remain
unknown for most inhibitors and protein inhibitors are not
known for most proteases. For instance, 354 (~80%) out of 444
human proteases in MEROPS have no annotated inhibitors
and 13 (~14%) out of 94 inhibitors have no annotated targets
(9). Among prokaryotes, the biological function of inhibitors is
known in rare cases (10). Considering the critical role of
proteases in the regulation of numerous biochemical pathways,
the identification of new endogenous PIPs and their natural
targets as well as the elucidation of the physiological function
of the protease-inhibitor pairs seem critical for the under-
standing of protease biology and cellular regulation in general.

Emfourin (M4in) is a novel protein inhibitor of metal-
loproteases recently described by us in the bacterium Serratia
proteamaculans. M4in is the prototype of a new family 1104 in
the MEROPS database (www.ebi.ac.uk/merops/cgi-bin/
famsum?family=I1104). The genes encoding representatives of
the family, emfourin-like inhibitors (ELIs), are widespread in
bacteria and occur in archaea. In all these species, the ELI
genes are immediately downstream of genes encoding
protealysin-like proteases (PLPs), metalloproteases of the
MEROPS family M4 (https://www.ebi.ac.uk/merops/cgi-bin/
famsum?family=M4) and putative natural targets of ELIs. In
many cases, the protease and inhibitor genes form a bicistronic
operon. The biological role of the ELI-PLP association
currently remains unclear. These proteins are assumed to
participate in yet unidentified system of interbacterial
competition where PLPs are toxic effectors and ELIs function
as immunity proteins protecting sister cells (11). At the same
time, published data indicate the involvement of PLPs in
bacterial interaction with higher organisms and possibly in
pathogenesis (12—18). Yet, the available data are fragmentary
and the role of PLPs in the pathogenesis as well as the mo-
lecular mechanisms of their action remain obscure. It is not
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NMR structure of emfourin

improbable that ELIs function in cooperation with PLPs in this
context as well. Anyway, the PLP—ELI pairs can exemplify the
coevolution of proteases and their inhibitors and their inves-
tigation can uncover new mechanisms of proteolytic
regulation.

To date, M4in is the only characterized protein in the ELI
family. M4in is a potent slow-binding competitive inhibitor of
protealysin (PLN), a metalloprotease of S. proteamaculans and
a natural target of M4in. It was established that M4in interacts
with the active site region of PLN; however, the inhibition
mechanism remains to be elucidated. Experiments with ther-
molysin demonstrated that M4in can inhibit other M4 pepti-
dases that are not PLPs (11). This further substantiates the
investigation of ELIs. M4 proteases are synthesized by signif-
icant human pathogens Pseudomonas aeruginosa, Staphylo-
coccus aureus, Staphylococcus epidermidis, Burkholderia
cenocepacia, Enterococcus faecalis, Legionella pneumophila,
Clostridium perfringens, and several pathogenic Vibrio species
(19), which proposes their protein inhibitors as a promising
base for the development of new-generation antibacterial
agents (20, 21).

Here, solution NMR spectroscopy was used to determine the
3D structure of M4in. This structure has no significant similarity
to known PIP structures, which confirms that ELIs are a separate
family. The obtained M4in structure allowed us to generate a
model of M4in—PLN interaction and to propose a mechanism of
the inhibitor effect. This mechanism was corroborated by site-
directed mutagenesis. The data obtained indicate that the ELI
inhibition is critically governed by the Asp residue coordinating
the zinc ion in the enzyme active site as well as the hydrophobic
amino acid residues interacting with the enzyme region that
determines its substrate specificity.

Results
NMR structure of emfourin

Figure 1 shows the overlay of the 20 structures deposited in
the Protein Data Bank (PDB) under the numbers ranged by
target function (PDB ID: 6ZYG) and the cartoon of the
representative M4in structure selected from the ensemble.
Table 1 summarizes experimental restraints used for structure
calculations and structural statistics. The experimentally
determined secondary structure of M4in sufficiently corre-
sponds to that predicted from chemical shifts (Fig. S1, C and
D). The major element of the M4in molecule is the -sheet
composed of four antiparallel B-strands (Fig. 1): 1, Thrll-
Gly20; B2, GIn30-Ala34; B3, GIn71-Tyr81; and P4, Arg86-
Pro94. (The limits of the secondary structure elements
correspond to the ensemble model 1 with the lowest target
function.) One of the P-sheet surfaces interacts via hydro-
phobic contacts with two a-helices: the long al (Pro40-Thr53)
going into a loop of the 3;¢-helix (315-3 in Figs. 1 and S1; for
most of the 20 structures, 310-3 includes Leu54-Tyr56 region;
however, certain 3;y-helices start with GIn52 or Thr53) and
the short a2 (which includes the GIn100-Lys107 area in most
of these structures but sometimes ends with Leul05). In both
cases, the main chain transition from p-sheet to a-helix occurs
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within a short region via an insertion of an extra turn of the
310-helix (319-2, Leu35-Asp37, and 3,9-4, Glu95-Ser97). The
a2 helix is almost parallel to the p-sheet plane and the helix
position is further stabilized by the hydrogen bond Trp106-
NH®'""O=Gly29. Md4in features the presence of the dynami-
cally reconfigurable (according to the NOE and TALOS-N
data, see Experimental procedures for details) 3,p-2 helix
(Pro25-Leu27), whose rearrangement likely affects the neigh-
boring regions. The presence of antiparallel -strands together
with o- and 3;¢-helices in M4in molecule assigns the 3D fold
of this compact globule to the a+f type (22).

The structure of M4in is stabilized by hydrogen bonds; their
full list used in the calculation as well as the method for their
identification are given in Fig. S1, A and B, and in Supporting
information Methods. In the case of the donor amino groups
of GIn9 and Glu41, the only possible hydrogen bond acceptors
are the carbonyl groups of side chains of the same residues.
Considering the steric hindrance of such hydrogen bond for-
mation and hence their lability, the standard (strict) con-
straints were set for interatomic distances to form the more
stable GIn9-NH~O%'-GIn9 bond (for which the chemical shift
temperature  coefficient of amide proton AS'HY/AT
~-1.5 ppb/K) and a more labile hydrogen bond involving the
Glu4l amino group (AS'HY/AT ~ 3.0 ppb/K) was left open.
Based on the NOE contacts, the conformation of some Pro
residues was set to “up” for Pro3, Pro25, Pro40, Pro63, and
Pro94; “down” for Pro66; and left unclear for Pro5, Pro55, and
Pro99.

Based on the rotational correlation time (1., ns) estimated
from "N CSA/dipolar cross-correlated transverse relaxation
NMR spectrum (23) as well as on the random coil index order
parameter (reflecting the mobility of the main chain atoms in
the millisecond range), high mobility regions relative to other
ones can be recognized in the M4in molecule. Apart from the
N- and C-terminal regions (Metl-Asn8 and Thr108-Glull3,
respectively), such regions include Glul8-Gly29 and Gly61-
Asp70 (Fig. 1, C and D).

All NMR spectra of M4in demonstrate multiple peaks of
several (at least two) minor conformations with the relative
intensity of about 1/8 of the corresponding major conforma-
tion signal. About half of minor signals are in the vicinity of the
major conformation peaks. M4in has nine proline residues and
some of them (Pro3, Pro5, Pro25, Pro63, and Pro66) reside
within the dynamic regions of the molecule, which suggests
conformational rearrangements caused by cis-trans isomeri-
zation of the peptide bonds proceeding two prolines; this could
give rise to two minor conformations with the relative pro-
portion of ~10% each and a third one (undetectable) with the
intensity of ~1%.

The comparison of the M4in spatial structure against the
PDB using the Dali web server (http://ekhidna2.biocenter.
helsinki.fi/dali/) (24) demonstrated no significant structural
similarity (Dali Z-score > 8 (25)) between M4in and other
known structures. At the same time, this comparison reveals a
fair amount of “gray area” structures with the Dali Z-score
from 2 to 4.6, i.e., having topological similarity to M4in. In
most cases, the similarity is limited to the p-structure with a
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Figure 1. Spatial structure and mobility of the M4in molecule. A, the cartoon representation of the ensemble model with the lowest CYANA target
function (first in the deposited set, PDB ID 6ZYG). The gray spheres indicate C* atoms of every fourth residue. B, the overlay of 20 calculated molecular
models of M4in. The structures were aligned by atoms of the main chain rigid regions 6 to 18, 31 to 60, and 71 to 112. This projection corresponds to that in
figure A. C, the distribution of rotational correlation time (1., ns). RMSDs are shown as error bars. The residues with overlapping spectral signals are indicated
by asterisks (their deviation can exceed the specified value). D, random coil index order parameter (RCI- $?) calculated by TALOS-N (its values reflect the
mobility of the main chain atoms in the millisecond range). The amino acid sequence in C and D is colored according to the secondary structure as in A.

PDB, Protein Data Bank.

fold similar (usually partially) to the B-sheet of M4in. At the
same time, proteins of the mago nashi family demonstrate
similarity not only in all four B-sheet strands but also in both
turns of the a2 helix and have a similar molecule topology in
general. The Dali results include 19 structures of mago nashi
proteins within different complexes (with the Z-score from 3.2
to 3.8). The highest Dali Z-scores are observed for the human
mago nashi protein homolog (PDB ID 2hyi, chain G, Dali

SASBMB

Z-score = 3.8) and Drosophila melanogaster mago nashi pro-
tein (PDB ID 2x1g, chain B, Dali Z-score = 3.7) (Fig. S2).
Eukaryotic proteins of the mago nashi family (http://pfam.
xfam.org/family/PF02792) are one of the core elements of
the exon junction complex, which in turn is a universal
messenger ribonucleoprotein component that is assembled
during splicing and binds to mRNAs upstream of exon-exon
junctions (26). Thus, the proteins most structurally similar to
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Table 1
Structural statistics: input and output data

Initial data for structure calculation

Total number of unique NOE constraints (upper/lower) 1719/30,996
Intraresidue 974/103
Interresidue 745/30,893

sequential (|i-j| = 1) 467/632
medium-range (1<|i-j|<4) 144/2596
long-range (|i-j|>4) 134/27,665

Upper/lower constraints on hydrogen bonds 120/120 (n* = 60)

Upper/lower constraints on disulfide bonds 0/0 (n = 0)

Constraints on dihedral angles, total 1049 (n = 458)
Without usage of CYANA macro ramaaco” 946 (n = 436)

angle @ of the main chain 84 (n = 84)
angle v of the main chain 88 (n = 88)
angle x of a side chain in a certain conformation 24 (n = 24)
angle X of a side chain with two possible conformations 10 (n = 5)
angle x* of a side cham in a certain conformatlon 1(n=1)
angles x' (n = 68), x (52), X' (19), x** (19), x* (12), X*' (21), x** 636 (n = 212)
(14), X* (4), and X° (3) for the formation of a hlndered
conformation at sp>-hybridized atoms, OH, CHs, and NH;*
groups (three intervals for each angle)
Additional constraints on the angles @ and y of some residues 103 (n = 22)
from flexible regions, which, according to a preliminary calcu-
lation, fell into energetically unfavorable areas on the Ram-
achandran map (obtained with ramaaco”)
angle @ of the main chain 49 (n = 10)
angle y of the main chain 54 (n =12)
Structure calculation quality parameters (20 models), PDB ID 6ZYG

Target function (A% mean + RMSD®)? 7.11 + 0.99

Number of violations (mean + RMSD®)
of upper/lower distance restraints (>0.2 A) 13 +4/3+2
of upper/lower distance restraints (>0.3 A) 5+2/1+1
per sum of van der Waals radii (>0.2 A, >03 A) 5+1,0+1
of dihedral angle restraints (>5°, >8°) 5+2,2+2

Averaged pairwise RMSD® among models (A, mean + RMSD)*
calculated for all backbone atoms 1.65 + 0.34
calculated for all heavy atoms 2.58 + 0.36
calculated for backbone atoms of “rigid” regions (6..18, 31..60, 1.02 + 0.21

71.112)
calculated for heavy atoms of “rigid” regions (6..18, 31..60, 71..112) 1.95 £ 0.21

Ramachandran map analysls % residues
in most favored regions 80.4
in additionally allowed regions 19.1
in generously allowed regions 0.2
in disallowed regions 0.4

“ Number of bonds or angles.

® CYANA macro for @, y angle restrictions within favorable areas on the Ramachandran map.

¢ Root mean square deviation.

4 Calculated in CYANA.

¢ Calculated by MOLMOL.

/ Calculated in CYANA accordingly with categories defined by the program Procheck (90).

M4in have no significant amino acid similarity with it, have solution. One can see that the values of R, (2.35 + 0.05 nm)

different functions, and belong to remote biological taxa.

Overall, M4in demonstrates no structural similarity with
known PIPs, which confirms the recognition of the family of
ELIs and indicates that ELIs do not belong to any known PIP
clans (according to the MEROPS classification).

Model of emfourin-PLN interaction

The PLN-M4in interaction was studied by small-angle X-
ray scattering (SAXS) of their complex in solution. The SAXS
experiments demonstrated (in accordance with the previous
data (11)) that PLN and M4in are monomeric in solution
throughout the concentration range used (see Supporting
information Results, Fig. 24, and Table S1 for details).

The SAXS analysis of the PLN-M4in solution (Table S1)
yields the experimental V}, = (71 £ 5) nm?, which is consistent
with the protein complex (that has a 1:1 stoichiometry) in

4 Biol. Chem. (2023) 299(4) 104585

and D, (7.6 £ 0.2 nm) for the PLN-M4in complex are
significantly higher than those for standalone PLN and M4in
calculated from their atomic structures (PDB ID: 2VQX, R, =
1.9 nm and Dy, = 6.1 nm for PLN; PDB ID: 6ZYG, R, =
1.7 nm and D, = 5.4 nm for M4in). The overall parameters
of PLN-M4in solution indicate an elongated structure of the
protein complex and its p(r) function has an asymmetric tail
(Fig. 2B). The 1:1 stoichiometry of the PLN-M4in complex
coincides with the previous SAXS data collected at the X-ray
lab source (11).

The macromolecular shapes of individual proteins and the
PLN-M4in complex have been reconstructed by ab initio
modeling using only the experimental X-ray scattering data.
The ab initio low-resolution models displayed in Figure 2, C-E
have been generated by DAMMIN (see Experimental
procedures for details). The ab initio low-resolution shape of
M4in (Fig. 2C) fits the experimental data with x> = 1.16

U
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Figure 2. Experimental X-ray scattering pattern, distance distribution functions, and SAXS-based structural models of protealysin (PLN), emfourin
(M4in), and PLN-M4in complex. A, small-angle X-ray scattering patterns of PLN-M4in complex (blue curve), PLN (red curve), and M4in (green curve).
Experimental data are displayed as dots with error bars; the scattering from the ab initio model by DAMMIN, as solid lines; and the calculated curves from the
atomic models computed by CRYSOL from the crystallographic model of PLN (PDB ID: 2VQX), NMR model of M4in (PDB ID: 6ZYG), and the rigid body model
of PLN-M4in complex (obtained by ROSIE), as dashed lines. The plots display the logarithm of the scattering intensity as a function of the momentum
transfer. The curves are shifted down by one logarithmic unit for clarity. B, the distance distribution functions estimated by GNOM. The color scheme is the
same as in A. G, ab initio bead model of M4in obtained by DAMMIN (gray semitransparent spheres) superimposed on the NMR M4in model in ribbons format
(green). The right view was obtained by a 90° clockwise rotation around the vertical axis. D, ab initio bead model of PLN obtained by DAMMIN (gray
semitransparent spheres) superimposed on the crystallographic model of PLN in ribbons format (red). The right was obtained by a 90° clockwise rotation
around the vertical axis. E, ab initio bead model of the PLN-M4in complex obtained by DAMMIN (gray semitransparent spheres) superimposed on the rigid
body model of PLN-M4in complex obtained by ROSIE (red and green structures of PLN and M4in, respectively, in ribbons format). The right was obtained by
a 90° clockwise rotation around the vertical axis. The figures were generated using the VMD program (89). PDB, Protein Data Bank.

(Fig. 24, solid line). The model has an elongated ellipsoidal experimental data (x> = 1.20, (Fig. 24, dashed line). Both
shape. The scattering curve from the NMR-derived model models overlap (Fig. 2C). A typical low-resolution shape of the
(PDB ID: 6ZYG) calculated by CRYSOL also agrees with the PLN protein reconstructed ab initio (Fig. 2D) fits the
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experimental data with x> = 0.99 (Fig. 24, solid line). The
scattering curve from the crystallographic model (PDB ID:
2VQX) calculated by CRYSOL also agrees with the experi-
mental data ()(2 = 1.15, Fig. 24, dashed line). Both models
overlap (Fig. 2D). The ab initio low-resolution model of the
PLN-M4in complex (Fig. 2E) obtained by DAMMIN fits the
experimental data with x> = 0.97 (Fig. 24, solid line). The
model has an elongated shape with a moderate twisting along
the long axis.

We used high-resolution atomic models of PLN (PDB ID:
2VQX) and M4in (PDB ID: 6ZYG) to build the rigid-body
model of the PLN-M4in complex for comparison with the
SAXS data. The positions and orientations of M4in with
respect to PLN were refined using the SASREF program.
Originally, several runs without contact restrains were per-
formed, and in ~10% of cases, M4in contacted the active re-
gion of PLN (involving the following PLN residues: Tyr126,

A 404
 3.03

5 2.0
1.0

Glul29, Tyr130, GInQ131, Asn132, Phel34, Trp135, Asn136,
Aspl46, 1le149, Phel50, Phel53, Vall59, His162, Alal63 cor-
responding to Glul63 in the active protein, His166, Tyrl76,
Asp259, His264, Leu265, Leu216, Leu226, Arg227, Tyr236,
Pro245, and Asn260; numbering after the PLN precursor).
Importantly, the latter models allowed M4in contact with the
active site of PLN either by the region containing Asp70 and
Phe21 of M4in (~20% of cases) or by the opposite part
embracing the N- and C-termini of M4in (~80% of cases).
Since the SAXS analysis of the PLN-M4in complex struc-
ture allowed no conclusion about the inhibitor—enzyme
interface, sequences of ELIs were compared. Nine out of 14
most conserved amino acid residues (Fig. 3A) proved buried in
the protein globule in M4in (Fig. 3B). Five of them (Ilel3,
Phe74, Val76, Leul05, and Trpl06 in M4in; numbering after
Md4in) are hydrophobic and are likely incorporated into the
hydrophobic core of the protein. Argl7 and Glu95 (roughly

oolB & = 8 8 %8 3 & & s e
4.04
@ 3.05
8 2.0
1.04
0.01=

4.04
® 3.0
8 2.04

Figure 3. Conserved amino acids in emfourin-like inhibitors. A, LOGO presentation of the consensus sequence of emfourin-like inhibitors. Colored
pentagons indicate conserved residues discussed in the text; the colors are as in panel B. Numbering after emfourin. B, localization of the most conserved
amino acids specified in panel A in emfourin. Buried residues are marked green, surface amino acids presumably forming the inhibitor active site are marked
pink; and Thr11 corresponding to the start methionine in 2/3 of ELIs sequences is marked blue-gray. Oxygen and nitrogen atoms are marked red and blue,

respectively.
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half of ELIs have Asp at position 95) form an intramolecular
ionic bond (the distance between oxygen atoms in the y-
carboxyl group of Glu95 and nitrogen atoms of the guanidine
group of Argl7 is at least 2.7 A in the structures calculated
from NMR data); in addition, the carboxyl group of Glu95
interacts with the guanidine group of Arg72 (with the distance
of at least 2.7 A). The hydrocarbon part of the side radical of
Arg72 as well as the Phe residue present at this position in
most ELIs is apparently incorporated into the hydrophobic
core of the molecule. Thus, the residues 13, 17, 72, 74, 76, 95,
105, and 106 have a structural function and are likely not
involved in the interaction of ELIs with proteases. The
conserved positions in ELIs include Metl1 (Thr in M4in). The
N-terminus of 2/3 of ELIs is ten residues shorter than M4in;
consequently, position 11 corresponds to the first residue of
the polypeptide chain. Thus, this residue buried in M4in and
involved in an intramolecular hydrogen bond cannot be
considered as a possible element of the protein—protein
interface.

The other five conserved amino acid residues (Gly19, Gly20,
Phe21, Ala22, and Asp70) form a compact cluster at the sur-
face of M4in corresponding to one of two regions capable of
interacting with the active site of PLN according to the SAXS
data. The side chains of Phe21, Ala22, and Asp70 are exposed
to the solvent in the majority of structural models (PDB ID:
6ZYG) calculated from the NMR data; i.e., these residues can
be involved in protein—protein interactions. It should be noted
that, according to NMR studies, the 18 to 29 and 61 to 70
regions are the most flexible parts of the molecule (Fig. 1, C
and D). Essentially, the hydrophobic Phe and Ala residues
correspond to the PLN substrate specificity (27, 28) and Asp
can form coordination bonds with metal ions. Thus, Phe21
and Ala22 presumably occupy the S'1 and S'2 substrate-

A
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binding sites of the enzyme (as designated by Schechter and
Berger (29)) and Asp70 interacts with the zinc ion in the active
site to displace the catalytic water, thus, inactivating the
enzyme.

On the basis of these observations, we decided to check our
hypothesis and impose the contact restrains during the
refinement SASREF process between the active region of PLN
and the Asp70 residue of Md4in, in particular, between Zn>* in
the active site of PLN and the oxygen atom of Asp70 of M4in
(the distance between these atoms should not exceed 2.2 A,
otherwise the penalty terms are added). The obtained models
neatly fitted the experimental SAXS data, which confirms our
hypothesis; however, these models contained a significant
degree of overlap between side chains in the contact region
(that is not taken into account during SASREF modeling).

Based on the assumption of the interaction between the B-
carboxyl group of Asp70 and the zinc atom of the PLN active
site as well as of side chains of Phe21 and Ala22 and the S'1
and S'2 sites of the enzyme, we modeled the PLN-M4in
complex using the local protein—protein docking approach.
The docking was performed for all models of M4in structures
calculated from the NMR data. Since the positions of the loops
harboring residues 70, 21, and 22 as well as of the corre-
sponding side chains varied from model to model, the docking
results were also different. However, the geometry of the re-
gion containing Asp70, Phe21, and Ala22 in the 3D structure
of M4in corresponded to that of the PLN active site cleft in all
cases. The best results were observed for the model 15 of
6ZYG (Fig. 4, Supporting information 1, and Supporting
information 2). In this case, the interacting molecule parts
have complementary geometry and the side chain positions of
the M4in residues 70 and 21 correspond to the above
assumption. In addition, the side chain of Phe23 in M4in

Figure 4. Molecular docking model of emfourin (blue cartoons) and protealysin (wheat surface) interaction. A, general view of the complex. B,
magnified region of the active site; dashed line marks the section plane for panel C. C, view on the plane indicated by the dashed line from the arrow side in
panel B. Asp70, Phe21, and Phe23 are indicated in magenta; the green sphere is the Zn>* of the protealysin active site. The figure was generated using the

PyMOL Molecular Graphics System.
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(which is not conserved in other ELIs) occupies the hydro-
phobic pocket of PLN in this model (Fig. 4), which is occupied
by Met14 of the propeptide, an intramolecular inhibitor, in the
PLN precursor molecule (28). This allows us to propose that
Phe23 can substantially contribute to the inhibitor—protease
interaction, at least for M4in and PLN.

Thus, the molecular docking results give credence to the
putative Asp70-Zn**/Phe21-S'1 interaction. It is further
confirmed by the good agreement of the generated docking
model with the SAXS analysis of the PLN-M4in complex. The
best fit of such a refined model with x* = 1.14 is displayed in
Figure 2A (dashed line). The docking model closely corre-
sponds to the ab initio envelope of the PLN-M4in complex
(Fig. 2E) and qualitatively agrees with the previous two-phase
ab initio model of the PLN-M4in complex (11).

Site-directed mutagenesis and production of emfourin
variants

Asp70, Phe21, Ala22, and Phe23 were selected as targets of
site-directed mutagenesis of M4in. The generated M4in mu-
tants are listed in Table 2. All these variants had a C-terminal
Hise-tag to simplify protein isolation and the Cys68-Ser sub-
stitution prohibiting the formation of inactive covalent dimers
(11). The M4in variants were expressed in Escherichia coli and
purified to electrophoretic homogeneity using metal-chelate
affinity chromatography and gel permeation chromatography
(GPC) (The purification process is shown in Fig. S3 and
Table S2).

It should be noted that a fair amount of self-aggregates were
detected apart from the monomeric M4in in GPC fraction-
ation of samples after metal-chelate affinity chromatography.
The proportion of aggregates varied for different inhibitor
variants. It was about 20% for the reference protein with the

Hise-tag and Cys68-Ser substitution (M4inHg) as well as the
F21S, A22S, F23S, F21S-A22S, A22S-F23S, F21S-F23S, and
F21S-A22S-F23S variants (for designations see Table 2). In all
variants with the Asp70 modification (D70A, D70S, D70N,
D70E, and D70A-F21S-A22S-F23S), the aggregate proportion
was much higher, up to 50%. Upon storage, the monomeric
protein samples after GPC gradually formed aggregates. Thus,
M4in with an extra Hiss-tag at the C-terminus tends to
aggregate. To exclude the effect of aggregation on the studied
properties of the proteins, the monomer fractions after high-
performance GPC were switched to an appropriate buffer by
gel filtration on desalting columns and immediately used to
determine the CD spectra and activity.

The CD spectra for all M4in mutant proteins (Fig. S4) were
quite similar (the relative contributions of a-helices, B-sheets,
turns, and random coils were 32 + 3,23 + 9,19 + 5, and 27 +
3%, respectively) and mostly consistent with those predicted
for the ensemble of M4in NMR structures reported here (the
relative contributions of a-helices, B-sheets, turns, and random
coils were 28 + 2; 30 £ 2,4 + 2, and 38 + 1%, respectively). The
coincidence of the spectra shows that the mutations induced
no significant changes in the 3D structure of M4in.

Inhibition of PLN activity by emfourin variants

The effect of M4in mutants on the proteolytic activity of
PLN was analyzed using the internally quenched fluorescent
peptide substrate Abz-RSVIK(Dnp) reported previously (30).
The hydrolysis kinetics was determined for two substrate
concentrations (30 and 90 pM) and six concentrations of each
M4in variant. The concentration ranges for M4in variants
were selected based on the inhibitory activity of each protein
(Fig. S5). The characteristics of M4in variants are presented in
Table 2.

Table 2
Characteristics of emfourin variants®
Position K; (M) k,3 (aM~1s7h ks (sh

Emfourin variant 21 22 23 70 Ki/K; (M4inH6)b Mean + SE Mean + SE Mean + SE Type
M4in w/o Hise-tag F A F D 1 (5.2 £ 1.4)10°" (89 +20)10° (50 +12)-10*  Slow
M4inHg F A F D 1 (5.9 £1.9)-10"  (1.9+0.1)102 (1.1 +0.1)-10°  Slow
D70A F A F A 1119 (6.6 +0.9)-107° ND ND Fast
D70S F A F S 339 (2.0 £ 0.5)-1078 ND ND Fast
D70N F A F N 149 (8.8 + 1.0)-107° ND ND Fast
D70E F A F E 63 (37 £ 25)-107 ND ND Fast
F21S KR A F D (87 + 2110 (17 +0.1):10> (1.5 +0.3)-10°  Slow
A22S F F D 4 (2.6 +06)-10°  (55+12)10° (14 +02)-10%  Slow
F23S F A D 6 (3.6 £ 05)-107"° (4.0 +05)-10° (14 +0.1)-10*  Slow
F21S-F23S A ﬂ D 132 (7.8 + 4.0)-107° ND ND Fast
F21S-A22S S F D 29 (1.7 + 0.4)-107° ND ND Fast
A22S-F23S F S D 4 (25 +1.1)-10%° (9.3 +14)-10° (2.0 +04)-10°  Slow
F21S-A22S-F23S S D 407 (24 £ 1.0)-107° ND ND Fast
D70A-F21S-A22S-F23S S 42,373 (2.5 £ 0.6)-107° (1.1 £ 04)-10° (28 +£0.1)-10°  Slow

Abbreviations: ND, not determined; SE, standard error.
The gray shading indicates amino acid substitutions.

“ In the case of D70A, F21S, F21S-A22S, A22S-F23S, and F21S-A22S-F23S, two independent protein samples were isolated. Three independent experiments were conducted for
each sample; the constant values were calculated for all six experiments. In other cases, the constant values were calculated for three independent experiments for each protein

sample.
b Rounded to integers.
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The data obtained demonstrate that the introduced Hisg-tag
has no effect on the inhibitory properties of M4in.

Noteworthily, some of the modifications (D70S, D70A,
D70N, D70E, F21S-A22S, F21S-F23S, and F21S-A22S-F23S)
switch the M4in inhibition pattern from slow binding to the
classical fast inhibition (Table 2 and Fig. S5). (In slow-binding
inhibition, the equilibrium between enzyme, inhibitor, and
enzyme—inhibitor complex is established slowly on a time
scale of seconds to minutes (31).) This inhibition switch largely
correlates with the increased inhibition constant (K)): it is
observed after this parameter increases at least 10-fold.
However, this trend is not corroborated by the D70A-F21S-
A22S-F23S variant with the lowest inhibitory activity and the
slow binding (Table 2).

All Asp70 substitutions significantly affect the M4in inhib-
itor activity: the calculated inhibition constants (K;) increase by
~2 to 3 orders of magnitude (Table 2). These effect increases
in the series Glu—Asn—Ser—Ala, which agrees with the
assumed coordination bond between the Asp70 side chain and
Zn** of the enzyme active site. The Asp70-Glu substitution
(D70E) has the least effect, apparently, due to the side chain
elongation along with the retention of the charge and the ca-
pacity for zinc ion coordination. Asp70 replacement with
uncharged Asn (D70N) has a greater effect on the inhibitory
properties, which can be attributed to the suppressed elec-
trostatic interaction. Asp70 replacement with the polar Ser
(D70S), whose side chain cannot form coordination bonds,
further increases the K. Finally, the substitution with a hy-
drophobic side group with the minimal affinity for Zn>* shows
the greatest drop in the M4in inhibitor activity.

Single Phe21, Ala22, or Phe23 substitutions for Ser (F21S,
A22S, and F23S, respectively, in Table 2) had a relatively weak
effect on M4in inhibitory activity, K; increased 1.5 to 6 times.
The double substitutions (F21S-F23S, A22S-F23S, and F21S-
A22S) induced more significant changes, K; increased up to
130 times. It should be noted that the analysis of double mu-
tants revealed the synergetic effect of F21S and A22S as well as
of F21S and F23S (the K; increase was much higher than their
independent action). An opposite effect was observed for the
A22S and F23S combination (the effect was lower than ex-
pected). The maximum effect (a 400-fold increase in K;) was
observed for the combination of all three substitutions (F21S-
A22S-F23S). Thus, the cluster of hydrophobic amino acids 21 to
23 significantly contributes to M4in activity, which corroborates
the proposed interaction of the 21 to 23 region with the §'
substrate-binding region of the protease.

Yet, the contribution of individual amino acids to the
interaction can hardly be unambiguously evaluated conceiv-
ably due to the mutual influence of neighboring residues and
the decreased overall hydrophobicity of the 21 to 23 region
after polar Ser introduction. Nevertheless, the comparative
analysis of single and double substitutions (Table 2) suggests
that Ala22 has the least impact on the inhibitor—protease
interaction, while Phe21 and Phe23 equally contribute to the
binding. Notice that ELIs always have a hydrophobic amino
acid at position 21, commonly Phe; position 22 is typically
occupied by Ala or more rarely Gly and Thr. Position 23 is less
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conserved with Gly being the most common residue (Fig. 3).
Thus, the protease interaction with amino acids corresponding
to positions 21 and 22 in M4in is similarly realized in nearly all
ELI-PLP pairs, while the role of the residue at position 23 can
vary. Considering that this position is often occupied by Gly,
the main chain flexibility or conformation rather than the
interaction of the side group of residues 23 with the substrate-
binding site of the protease can be critical in many cases.

Thus, our data indicate that Asp70 and the 21 to 23 cluster
of hydrophobic residues in M4in directly interact with the
protease active site and can be two key elements of the in-
hibitor active site. Hence, simultaneous inactivation of both
these elements should dramatically decrease M4in activity.
Indeed, a combination of four mutations Asp70-Ala, Phe21-
Ser, Ala22-Ser, and Phe23-Ser (D70A-F21S-A22S-F23S)
tremendously increased the K; by more than four orders of
magnitude. Yet, this increase is roughly ten times lower than
could be expected for an independent effect of the triple F21S-
A22S-F23S mutation and the D70A substitution.

Overall, one can conclude that M4in and likely other ELIs
do not imply the “canonical mechanism” (also known as the
“standard” or “Laskowski” mechanism) with the substrate-like
interaction between PIP and enzyme (32, 33).

Discussion

This study presents the first 3D structure of the recently
discovered protein inhibitor of M4 peptidases, M4in, which
provided the basis for the investigation of its molecular
mechanism. It was shown that two spatially close flexible loop
regions are critical for the inhibitor—protease interaction. The
former region includes aspartic acid residue forming a coor-
dination bond with Zn** of the enzyme active site and the
latter carries hydrophobic amino acids corresponding to the
protease substrate specificity and interacting with the subsites
of its S’ region (as designated by Schechter and Berger (29)).
Such active site structure corresponds to the noncanonical
mechanism of action typical for proteinaceous metalloprotease
inhibitors.

The canonical mechanism also known as the Laskowski
mechanism is primarily typical for protein inhibitors of serine
proteases. The protein—inhibitor binding in this case is similar
to the substrate binding. The enzyme active site interacts with
reactive loop, which is hydrolyzed by the protease. But unlike
substrate, the cleaved inhibitor remains in the active site since
the rigid structure of the inhibitor protein preserves the spatial
structure of the reactive loop unaltered (34). Interestingly,
metallopeptidase inhibitors utilizing the canonical Laskowski
mechanism were found for the M4 family, which includes
PLPs, natural ELI targets. These are the insect metal-
lopeptidase inhibitor (IMPI) from Galleria mellonella (21, 35,
36), which belongs to the I8 MEROPS inhibitor family, and
Streptomyces metalloproteinase inhibitor from Streptomyces
nigrescens (37) of the 136 family. Apparently, the canonical
mechanism towards M4 peptidases also applies to the in-
hibitors of the I16 family produced by streptomycetes, such as
Streptomyces subtilisin inhibitor, alkaline protease inhibitor-
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2¢, and plasminostreptin (38, 39). Other known inhibitors of
M4 peptidases belong to the 139 family of a2-macroglobulins.
These proteins affect a wide range of endopeptidases irre-
spective of their catalytic type as molecular traps that do not
block the active site but restrict substrate access to the pep-
tidases in a molecular-size-dependent way (40). Thus, M4in is
the first M4 peptidases inhibitor utilizing the true noncanon-
ical mechanism.

The noncanonical mechanism of action of metallopeptidase
inhibitors is implemented, as with M4in, by means of the
group coordinating the zinc ion in the enzyme active site and
correct positioning of this group is provided by accessory in-
teractions often including the S and S’ substrate-binding re-
gions of the protease. At the same time, zinc coordination
most commonly relies on the terminal amino acids of the in-
hibitor. In endopeptidases inhibitors, these are N-terminal
residues commonly interacting with the metal ion via the
carbonyl oxygen and terminal amino group (similar to tissue
inhibitors of metalloproteinases, TIMPs, of the MEROPS
family I35 (41-43) and apron from P. aeruginosa of the 138
family (44)) or occasionally via the carbonyl oxygen alone (as
in the metallopeptidase inhibitor of Erwinia chrysanthemi of
family 138 (45)). In metallopeptidase inhibitors of families 137,
144, 146, 168, and 192, the side carboxyl group of the inhibitor
C-terminal residues interacts with the zinc ion (46). Zn** co-
ordination by a side chain of a nonterminal amino acid has
been reported only for inhibitors of the astacin family of
metalloendopeptidases: fetuin-Bs (FBs) of subfamily I25C (47,
48) and sizzled from Xenopus laevis of family 193 (49). In both
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cases as well as in PLN inhibition by M4in, the B-carboxyl
group of aspartic acid interacts with the zinc ion.

The 3D structures of the FB complexes with archetypal
crayfish astacin have been determined for the mouse (PDB ID
6HT9 (47)) and human (PDB ID 6SAZ (48)) FBs, which makes it
possible to compare the mechanisms of action of FBs and M4in.
As mentioned above, in both cases the side carboxyl group of
Asp forming the coordination bond with the zinc ion of the
enzyme active site is the key element (Fig. 5). In both cases, Asp
positioning is realized through the interaction between the loop
amino acids (that are spatially close to Asp) and the substrate-
binding sites in a way similar to the substrate residues. In both
cases, the whole construct is mounted on similarly disposed
three antiparallel B strands. Arguably, the active site idea is
generally similar in M4in and FBs, although particular re-
alizations differ significantly. Namely, M4in interacts with the
§'1, §'2, and S'3 sites of the enzyme (apparently, other ELIs
interact only with S'1 and S'2). FBs also interact with the S’ re-
gion but within the S'2 and S'3 sites as well as with the non-
primed side of the substrate-binding site, thus occupying the S2,
S3, and S4 sites. Consequently, the active site of M4in is more
compact; however, the inhibition constants in M4in and FBs fall
within the subnanomolar range (47, 48) despite the smaller
number of contacts between the M4in active site and the
enzyme. Regarding the differences, FBs are composed of two
cystatin-like domains (unlike the single-domain M4in) and the
region with amino acids binding the S2-S4 subsites and the
downstream crucial Asp are in the interdomain linker; they also
have disulfide bonds (unlike M4in). Overall, this indicates that
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Figure 5. Schematic interaction of metalloproteases with autonomous protein inhibitors and propeptides with Asp coordinating a zinc ion in the

active site.
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the similarity of the active sites of FBs and M4in results from
convergent evolution coming from the similarity of the active
sites of metalloproteinases rather than from the common origin
of the inhibitors.

Apart from autonomous protein inhibitors, the activity of
cognate enzymes can be suppressed by propeptides. Their
structure and the mechanisms of latency in metallopeptidase
zymogens are diverse (50). Predominantly, the inhibition relies
on the coordination of zinc ion in the active site. Similar to
autonomous PIPs, N- or C-terminal amino acids of the pro-
peptide can interact with Zn**; however, zinc coordination by
a side chain of a nonterminal amino acid is more common.
This propeptide mechanism is called the zinc-ligand switch
since the side chain interacting with Zn>* displaces the cata-
lytic water, one of the zinc ligands in the active site of met-
alloproteases. Depending on specific amino acids involved in
zinc coordination, they are referred to as Cys-, Asn-, Glu-,
His-, and Asp-switches.

The Asp-switch inhibition was demonstrated for astacin
(PDB ID 3LQO (51)) and meprin  (PDB ID 4GWM (52)) of
the M12 family as well as for karilysin (PDB ID 4R3V (53)) of
the M10 family. The propeptides utilize a different way to
approach zinc than autonomous PIPs. The propeptide region
resides in the active site cleft in reverse orientation to a sub-
strate. In this case, the side chains of certain amino acids on
both sides of Asp interact with the substrate-binding sites in
the S and §' regions (Fig. 5). Moreover, extra nonsubstrate-like
interactions take place between the propeptide and the enzyme
in the active site cleft.

Thus, the inhibition mechanism based on the catalytic
water displacement from the active site of metalloproteases
involving zinc coordination by side groups of different
amino acids is universal for both autonomous PIPs and
propeptides. However, it is the major mechanism in pro-
peptides (50), while it is quite rare in autonomous PIPs and
includes only the Asp-mediated variant. This disproportion
should have a reason incidental to the evolution of pro-
peptides as nonautonomous protein modules, which is
indicated by the critical differences in the interaction of
autonomous PIPs and propeptides with the enzyme active
site specified above. However, the incidence of particular
mechanisms can be rectified as more metalloprotease in-
hibitors are described.

As concerns the M4in inhibition mechanism, it should be
noted that the targets of ELIs are peptidases of the M4 family
produced in a variety of bacterial pathogens of humans and
these peptidases are considered potential drug targets (19). In
conditions of increasing bacterial resistance to antibiotics,
such alternative targets become increasingly attractive; how-
ever, attempts to develop conventional small-molecule drugs
against new targets often fail due to the low-target selectivity
of such drugs (54). Therapeutic proteins can possibly solve this
problem.

To date, no selective low-molecular—weight inhibitors of
M4 peptidases, factors of bacterial pathogenesis, are known.
This substantiated the development of novel antimicrobial
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drugs against infections caused by P. aeruginosa and S. aureus
based on IMPI from G. mellonella, the only PIP of M4 pep-
tidases with a thoroughly described mechanism of action (20,
21, 55). Our data propose M4in as a new framework for the
development of highly selective therapeutic inhibitors of M4
peptidases with critical differences in the mechanism relative
to the IMPI-based approach, which can extend the repertoire
of new-age antibacterial agents.

Experimental procedures
Production of PLN and emfourin

Mature active PLN carrying a C-terminal Hisg-tag and M4in
without the tag carrying the Cys68-Ser mutation were over-
produced in E. coli and purified as described (11, 56). The
recombinant '*C- and '’N-labeled M4in without the tag car-
rying the Cys68-Ser substitution was produced as described
(57).

NMR experiments and data processing

NMR sample of recombinant 0.37 mM '*C,'’N-labeled
M4in with 18 mM phosphate (Na,HPO,/NaH,PO,) and 0.05%
NaNj3, pH 6.5, was prepared in 10% D,0O/90% H,O. A set of 2D
and 3D NMR spectra (including various variants of 3D NOESY
spectra) were previously recorded and IH, 13C, and N reso-
nance NMR signals were assigned (57). In addition, some
NMR spectra were collected for molecular structure and dy-
namics analysis. These were obtained in spin-echo difference
2D BC-{®N} 'H-'3C-constant time-heteronuclear single
quantum coherence (CT-HSQC) (58), 2D "*C-{"*CO} 'H/"*C-
CT-HSQC (59), and 2D BC-{3CA} H-'3C-CT-HSQC (60)
experiments for J-couplings measurement; moreover, 2D
"H-'""N-CLEANEX spectrum (61) and several 'H-'>N-HSQC
spectra at different temperatures (298 K, 300 K, 303 K, 305 K,
308 K) were acquired for hydrogen bonds recognition. The >N
CSA/dipolar cross-correlated transverse relaxation experi-
ments were acquired in an interleaved manner for the refer-
ence and attenuated spectra using a 2D 'H-15N-ct-TROSY-
HSQC-based pulse sequence (23) with the constant period of
26.9 ms and the relaxation period of 10.8 ms to characterize
backbone mobility. All these experiments were recorded at
303 K (unless otherwise indicated) on a 600 MHz AVANCE III
spectrometer (Bruker BioSpin) and a 700 MHz Varian NMR-
system spectrometer (Varian-Agilent) both equipped with
5 mm pulsed-field gradient triple-resonance cryoprobes.

NMR spectra analysis and NOESY cross-peak integration
were performed in the CARA (62) program. All NMR spectra
of M4in revealed multiple peaks corresponding to the major
and several minor protein conformations, the latter with an
occupancy of ~10% or less (see Results). The set of M4in
structures was calculated in CYANA (63) with the constraints
on interproton distances estimated from the NOE connectiv-
ities observed for the major protein conformation as well as on
the angles ® and y derived from the 'H,'*C,'°N-chemical
shifts by the TALOS-N software (64) (see Supporting
information Methods for more details).
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The NOE data analysis did not allow us to unambiguously
define the angle between the -layer and the large helix Pro40-
Tyr56 due to the proximity of chemical shifts of some methyl
groups in the studied protein. This angle could have two
slightly different values depending on the interpretation of the
NOE contacts; hence, two sets of structures with slightly wider
and slightly narrower angles between the long helix and the -
layer were calculated. Then each of these structures from two
sets was fitted into the experimental SAXS curve with the
calculation of the x> value. The set-averaged value of x> turned
out to be somewhat lower in the variant with the smaller angle
describing a more compact molecule that corresponds the
main conformation of the protein in solution. This allowed us
to clarify the assignment of some NOESY interresidue cross-
peaks.

For the Pro25-Leu27 region, a contradiction was found
between the chemical shift values corresponding to the 3;4-
helix turn according to TALOS-N and the NOE data, which
indicates the absence of this helix. To eliminate the collision,
the resulting set of structures was calculated based on the
assumption of a dynamically reconfigurable turn of the helix.

For the characterization of the M4in intramolecular dy-
namics, the effective rotational correlation times T. were
evaluated for the backbone amide groups based on the >N
CSA/dipolar cross-correlated transverse relaxation experi-
ment. The t, values were calculated from the peak intensities
of the reference and attenuated spectra (23) and the un-
certainties were estimated from the noise RMSD.

As a result of the M4in spatial structure calculation, protons
of many methylene and amino groups as well as the carbons of
methyl groups were stereo assigned. Refined assignments have
been deposited in the Biological Magnetic Resonance Bank
(65) as entry ID 34546. The "H-'>N-HSQC and "H-"*C-HSQC
NMR spectra with a complete assignment including the stereo
assignment are given in Figs. S6 and S7.

Sequence analysis

The described set of 908 ELI sequences (11) was used. Se-
quences were aligned using the Clustal Omega program
(https://www.ebi.ac.uk/Tools/msa/clustalo/) (66). Fifteen se-
quences with incomplete N- or C-terminal regions were
excluded from the alignment. In the remaining alignment, the
regions missing in M4in (GenBank accession no. ARS03586)
were removed. The resulting set of aligned sequences was used
to generate the logo by WebLogo version 3.7.4 (http://
weblogo.threeplusone.com) (67).

Molecular docking

Molecular docking was conducted by the Rosetta online
server (ROSIE) using the local protein—protein docking pro-
tocol (rosie.rosettacommons.org/docking2) (68). Docking
partners included each of the 20 M4in models deposited in the
PDB (ID: 6ZYG) as well as the 3D structure model of mature
PLN based on the crystal structure of PLN precursor (PDB ID:
2VQX) generated by the deletion of the propeptide region and
including the 51 to 341 residues (numbering corresponds to
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the precursor sequence). The starting positions for docking
were obtained by positioning M4in structure models relative
to that of mature PLN so that the Asp70 side chain of M4in
was close to Zn>* of PLN catalytic site and the side chain of
Phe21 of M4in was directed toward the S1’-S2' substrate-
binding site (28) of the enzyme. The mature PLN structure
and the starting positions of partners were created using
the PyMOL Molecular Graphics System, Version 2.4
(Schrodinger).

SAXS measurements and data processing

The M4in without the histidine tag and with the Cys68-Ser
mutation was used for SAXS analysis. Synchrotron radiation
SAXS experiments were performed at the P12 beamline of
EMBL at the PETRA III storage ring, DESY Hamburg (69).
The samples were loaded using a robotic sample changer (70)
into a flow-through capillary 1.7 mm in diameter. The solu-
tions of PLN, M4in, and the PLN-M4in complex (with 1:1
stoichiometry) were measured at solute concentration ranges
0.63 to 10.0 mg/ml, 1.0 to 16.0 mg/ml, and 3.0 to 12.0 mg/ml,
respectively, in 50 mM Tris—HCI buffer, pH 7.3. The data were
recorded using a Pilatus 2M detector (DECTRIS) with 20 x
0.05 s exposure time at the sample-detector distance of 3.0 m
and wavelength of 0.124 nm covering the momentum transfer
range from 0.02 nm™' to 7.0 nm™". The temperature was kept
at 20 °C. The data collection and reduction were performed
using the BECQUEREL software (71) and the SASFLOW
pipeline (72), including the comparison of frames for radiation
damage, averaging, and buffer subtraction. The averaged
frames were normalized to the transmitted beam using a
beam-stop with an integrated photodiode (73). No measurable
radiation damage was detected by comparing successive time
frames. The difference data were extrapolated to zero solute
concentration following standard procedures. All data ma-
nipulations were performed using the PRIMUS program (74)
of the ATSAS package (75).

The radius of gyration R, of solute and the forward scat-
tering I(0) were evaluated from the Guinier approximation
(76) at small angles (s < 1.3/R;) (assuming that the intensity
follows the equation I(s) = 1(0) exp(-1/ 3(SRg)2) as well as from
the entire scattering pattern by the GNOM program (77) using
indirect Fourier transformation. In the latter case, the distance
distribution functions p(r) and the maximum particle di-
mensions Dy, were also computed.

The excluded volume of the hydrated protein molecule (V/,)
was calculated using the Porod approximation (78) in which
the intensity I(s) was modified by subtraction of an appropriate
constant from each data point to force the s™* decay of the
intensity at higher angles following the Porod’s law (78) for
homogeneous particles.

The DAMMIN program (79) was employed to construct
low-resolution ab initio bead models of PLN-M4in complex
and individual proteins that best fitted the experimental scat-
tering data. DAMMIN employs a simulated annealing pro-
cedure to build a compact bead configuration inside a sphere
with the diameter D,,,, that fits the experimental data I(s) to
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minimize the discrepancy between experimental and calcu-
lated intensities (x> fit quality factor).

The mature PLN model generated from the high-resolution
crystallographic atomic model of unprocessed PLN precursor
(PDB ID: 2VQX) and the NMR model of M4in (PDB ID:
6ZYG) as described above were used to reconstruct the rigid
body model of the PLN-M4in complex using the SASREF
program (80). The latter program employs a simulated
annealing protocol to generate an interconnected assembly of
subunits without steric clashes fitting the scattering data. The
scattering amplitudes from the atomic coordinates of the
proteins were calculated by CRYSOL (81). The superposition
of ab initio and atomic models was performed using the
SUPALM program (82).

Site-directed mutagenesis and production of emfourin
variants

The plasmids pD70A (encodes variant of M4in with the
Asp70-Ala substitution), pD70S (Asp70-Ser), pD70N (Asp70-
Asn), pD70E (Asp70-Glu), pF21S (Phe21-Ser), pA22S
(Ala22-Ser), pF23S (Phe23-Ser), pF21S-F23S (Phe21-Ser and
Phe23-Ser), pF21S-A22S (Phe21-Ser and Ala22-Ser), pA22S-
F23S (Ala22-Ser and Phe23-Ser), pF21S-A22S-F23S (Phe21-
Ser, Ala22-Ser, and Phe23-Ser), and pD70A-F21S-A22S-F23S
(Asp70-Ser, Phe21-Ser, Ala22-Ser, and Phe23-Ser) were
derived from the pM4in-His/S plasmid encoding the M4in
variant with the Cys68-Ser mutation and a C-terminal Hisg-tag
(11) using PCR and standard molecular cloning techniques. A
detailed description of the construction procedure is provided
in Supporting information Methods and Table S3.

E. coli BL-21 (DE3) cells were transformed with pM4in-His/
S, pD70A, pD70S, pD70N, pD70E, pF21S, pA22S, pF23S,
pE21S-A22S, pA22S-F23S, pE21S-F23S, pF21S-A22S-F23S, or
pD70A-F21S-A22S-F23S and grown in 250 ml of auto-
induction medium (10 g/l peptone, 5 g/l yeast extract, 5 ml/l
glycerol, 0.5 g/l glucose, 2 g/l lactose, 7.1 g/l Nay,HPO,, 6.8 g/l
KH,PO,, 3.3 g/l (NH,4),SO,4, and 0.2 g/l MgCl,) containing
100 pg/ml ampicillin under vigorous agitation (220 rpm) at 37
°C for 2 h and then at 16 °C for 96 h. The cell suspension at
Agoo = 12 was centrifuged at 4000g and 4 °C for 15 min. The
pellet was frozen and stored at —20 °C. A pellet aliquot cor-
responding to 100 ml of culture was resuspended in 15 ml of
50 mM Tris—HCI buffer, pH 8.0. The resulting suspension was
ultrasonicated (Omni Sonic Ruptor 4000) at 4 °C, 30% power,
and 30% pulser for 12 min. After centrifugation (9000g, 4 °C,
15 min), the supernatant was loaded onto a 1.5 x 1 cm column
with Ni-NTA XPure Agarose Resin (UBPBio) equilibrated
with the same buffer. The column was washed with 6 ml of the
same buffer and with a step gradient of 10, 100, and 250 mM
imidazole in 30 ml of the same buffer at a flow rate of 0.5 ml/
min. Proteins were eluted with 100 mM imidazole in the same
buffer. The fractions with the highest content of the protein
(according to electrophoresis) were combined and concen-
trated to a volume of 2 ml by ultrafiltration on an Amicon
Ultra-15 centrifugal filter device (Millipore). A 0.5 ml aliquot
of the resulting sample was loaded onto a Superdex 75
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Increase 10/300 GL column (GE Healthcare) equilibrated with
50 mM Tris—HCI containing 0.15 M NaCl, pH 7.4 and eluted
with the same buffer at a flow rate of 0.5 ml/min. The fractions
containing the target protein (according to electrophoresis)
were combined and concentrated to a volume of 2 ml by ul-
trafiltration on an Amicon Ultra-15 centrifugal filter device
(Millipore). The concentrate was loaded onto a PD-10
Desalting Column (GE Healthcare) equilibrated with 10 mM
Tris—HCI, pH 7.4 and eluted with the same buffer. The ob-
tained sample of the target protein was centrifuged (9000g,
4 °C, 5 min) and immediately used for activity analysis and
registration of CD spectra. The purification process of pM4in
variants is shown in Fig. S3 and Table S2.

Hydrolysis of Abz-RSVIK(Dnp) by PLN in the presence of
emfourin variants and the determination of inhibition
constant

The inhibition assay was performed using an internally
quenched fluorescent peptide substrate, 2-aminobenzoyl-
L-arginyl-L-seryl-L-valyl-L-isoleucyl-L-(e-2,4-dinitrophenyl)
lysine (Abz-RSVIK(Dnp)) (30) as described (11, 83) with minor
modifications. The PLN concentration in the reaction mixture
was 50 pM and the Abz-RSVIK(Dnp) concentration was 30 or
90 puM. The concentrations of M4in variants varied depending
on their activities and ranged from 50 pM to 10 uM (Fig. S5).
The concentrations of PLN, M4in variants, and the substrate
were determined spectrophotometrically as described (11).
The reactions were performed in 50 mM Tris—HCI, pH 7.4.
Three independent measurements were made for each pair of
substrate and inhibitor concentrations. Time-related fluores-
cence changes were monitored on a CLARIOstar Plus
microplate reader (BMG Labtech). For slow-binding inhibi-
tion, the experimental kinetic curves were fitted by the inte-
grated rate equation and the inhibition constants were
calculated as described elsewhere (11). For classical inhibition,
the inhibition constants were obtained using the Dixon
method (84, 85). Data analysis was performed using GraphPad
Prism version 8.0 (GraphPad Software, www.graphpad.com).

CD spectroscopy

For CD spectroscopy-based folding verification, the proteins
were diluted to 0.16 mg/ml in 10 mM Tris—HCI, pH 7.4, and
centrifuged (9000g, 4 °C, 5 min) prior to all measurements.
The CD spectra were registered on a Chirascan VX Spectro-
photometer (Applied Photophysics) in cuvettes of 0.05 c¢cm
optical path. All spectra were analyzed by the DichroWeb
software (dichroweb.cryst.bbk.ac.uk) using the CDSSTR
method and the reference dataset 4 (86). PDBMD2CD server
was used to predict CD spectra from protein structure (87).

Data availability

All data are contained within the article. Assigned resonance
NMR signals have been deposited in the Biological Magnetic
Resonance Bank with the accession code 34546. Atomic co-
ordinates have been deposited in the PDB with the accession
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code 6ZYG. The SAXS data were deposited in the SASBDB
database (88) with the accession code SASDHNT7.
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