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In the absence of an efficacious vaccine, chemotherapy remains crucial to prevent and treat malaria.
Given its key role in haemoglobin degradation, falcilysin constitutes an attractive target. Here, we
reveal the mechanism of enzymatic inhibition of falcilysin by MK-4815, an investigational new drug
with potent antimalarial activity. Using X-ray crystallography, we determine two binary complexes of
falcilysin in a closed state, bound with peptide substrates from the haemoglobin a and 8 chains
respectively. An antiparallel 3-sheet is formed between the substrate and enzyme, accounting for
sequence-independent recognition at positions P2 and P1. In contrast, numerous contacts favor
tyrosine and phenylalanine at the P1’ position of the substrate. Cryo-EM studies reveal a majority of
unbound falcilysin molecules adopting an open conformation. Addition of MK-4815 shifts about two-
thirds of falcilysin molecules to a closed state. These structures give atomic level pictures of the
proteolytic cycle, in which falcilysin interconverts between a closed state conducive to proteolysis,
and an open conformation amenable to substrate diffusion and products release. MK-4815 and
quinolines bind to an allosteric pocket next to a hinge region of falcilysin and hinders this dynamic
transition. These data should inform the design of potent inhibitors of falcilysin to combat malaria.

In total, 247 million cases of malaria were recorded in 2021, and about half a
million people die of the disease every year'. The continuous decrease in
malaria cases and deaths observed in the last two decades is now slowing
down'. No vaccine is widely available yet, although several candidates have
been tentatively deployed”. Malaria prevention, treatment, and containment
largely rely on controlling the mosquito vector and on chemotherapy. The
situation is aggravated by the emergence of parasites resistant to
artemisinin-based combination therapies that include—in addition to
dihydro-artemisinin—a longer half-life partner drug such as lumefantrine,
piperaquine or mefloquine™. The emergence of parasites resistant to
commonly used drugs has triggered concerted efforts to collect chemical
compounds showing promising efficacy in phenotypic cell-based assays’.
These compounds have been included in repositories such as the “Medicine
for Malaria Venture™. In many cases, though, their mode of action remains
poorly defined””.

MK-4815is a small molecule with promising antimalarial activity and a
good pharmacokinetics profile in mice and rhesus monkeys’. This drug
candidate was identified using an in vitro erythrocytic stage assay of Plas-
modium falciparum replication. MK-4815 accumulates in infected red
blood cells and is effective against the late trophozoite and early schizont
stages of the parasite. In addition to the wild-type parasite, several docu-
mented drug-resistant field isolates of P. falciparum were also sensitive to
treatment with MK-4815. In a Plasmodium berghei mouse model of malaria,
whereas untreated animals die about 10 days post-infection, treatment with
MK-4815 with a total dose of 50 mg/kg led to a cure. Given its attractive
profile, MK-4815 represents an orally active molecule that could be used in
combination therapy to treat malaria’.

To better understand the mechanism of actions of existing and
candidate antimalarial drugs such as MK-4815, we performed target
deconvolution studies using the cellular thermal shift assay coupled with
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mass spectrometry (MS-CETSA)'*"". Using MS-CETSA, we identified the
purine nucleoside phosphorylase from P. falciparum as a target of several
quinolines and of MMV000848'""". Falcilysin (FLN) was identified as a
promiscuous target of MMV000848, several quinoline drugs such as
chloroquine and mefloquine, and also of MK-4815"". Co-crystal structures
of FLN bound to quinolines and to MK-4815 revealed a putative allosteric
binding pocket distant from the protease active site'".

FLN is a large (Mr 139kDa) zinc metalloprotease of the M16C
family that mediates hemoglobin degradation in the digestive vacuole
(DV)'*". FLN cleaves small oligopeptides that are proteolytic products of
other upstream haemoglobinases such as falcipains, plasmepsins, and
histoaspartate (HAP) proteases'®"”. During its catalytic cycle, FLN first
adopts an open conformation allowing substrate diffusion into its large
catalytic chamber. Next, the protease adopts a closed state conducive to
substrate proteolysis, and finally, the enzyme reopens, releasing cleaved
products. The detailed molecular features of this cycle are not known
for FLN.

FLN has a preference for 11-15 amino acid-long peptides rich in
bulky and charged residues. Substrates have a polar or charged residue at
P1 position, a charged residue at P2, and an aromatic residue at P1’, but
overall, the structural basis for peptide recognition by FLN remains
elusive'®. FLN carries inverted “HXXEH” motifs at its active site, a
characteristic shared by several M16 proteases found in plants'’. Two
Arabidopsis endopeptidase, PreP1 and PreP2, are phylogenetically close
ancestors of FLN responsible for degrading transit/targeting peptides in
the chloroplast and mitochondria®. FLN also accumulates in the Plas-
modium apicoplast, the endosymbiotic analog of chloroplast, and, to a
lesser degree, in the mitochondrion”. In the apicoplast, FLN cleaves
free signal transit peptides from over 400 nuclear proteins essential
for the parasite metabolism, such as for fatty acid type II synthesis,
non-mevalonate isoprenoid synthesis, heme synthesis, and iron-sulfur
cluster assembly”’. Thus, FLN accumulation in the plastid or mito-
chondria may represent the ancestral localization of this enzyme, while
its presence in the DV could constitute an evolutionary diversion in the
trafficking process via the endocytic pathway"’. Either in its DV or api-
coplast locations, FLN functions as an endopeptidase, mediating orga-
nellar “clearance” of short polypeptides. FLN inhibition leads to massive
accumulations of short polypeptides that disrupt the normal function of
these organelles and, as a result, lead to parasite death. Inhibition of FLN
in the DV disrupts hemoglobin proteolysis, blocking the release of
hemoglobin-derived amino acids that represent a major metabolic source
for Plasmodium parasite during its asexual development™.

Among compounds imparting thermal stability to FLN, MK-4815
binds to FLN most tightly, with a dissociation constant K4 of 1.79 uM.
MK-4815 displays the strongest enzymatic inhibition with an ICs, value
of 1.61 uM at pH 7.5". In a killing assay using a parasite with partial
knockdown of FLN expression, a decrease in the ECs, value of MK-4815
correlated with a decrease in FLN expression. MK-4815 binds to a pocket
of FLN located ~24 A away from the metalloprotease active site'’.
This pocket is lined by residues Phe82, Phe527, Ile544, and Phe545, that
form a hydrophobic patch at the surface of the FLN catalytic chamber.
Other drugs such as quinoline or MMV000848 also bind to this pocket
largely exposed to the solvent''. A Lineweaver-Burk plot showed that
MK-4815 uses a non-competitive inhibition mechanism to inhibit FLN"".
Biophysical, enzymatic, and genetic evidence points to a degree of
involvement of FLN in the mechanism of action of MK-4815 in killing
the parasite.

Given FLN essentiality in the parasite life cycle, FLN appears as a
promising drug target against malaria, although no drug specifically tar-
geting this enzyme is available yet. Here we decided to explore how MK-
4815 and quinoline drugs inhibit FLN using a combination of structural
methods. The data reveal at the atomic level (i) how FLN recognizes its
hemoglobin peptide substrates, (ii) structural changes that occur during the
catalytic cycle, and (iii) suggest a mechanism for how MK-4815 and—by
analogy, quinolines—inhibit the proteolytic activity of FLN.

Results

Crystal structures of falcilysin bound to hemoglobin peptide
substrates

A schematic view of the FLN amino-acid sequence and domain organiza-
tion is given in Fig. 1A. FLN can be broken into a N-terminal half (“N-half”)
spanning residues 1-630 and a C-terminal half (“C-half’, residues
651-1193). Residues 631-650, which comprise two short helical segments,
link these two domains in a flexible way, as detailed below (Fig. 1B). The
FLN active site comprises a catalytic zinc ion coordinated by H129, H133,
and E243. Mixing FLN with peptide substrates leads to cleavage and our
initial attempts to co-crystallize wild-type FLN with peptides resulted in
FLN crystals devoid of substrates or products. To capture a complex in the
pre-cleavage, substrate-bound state of the catalytic cycle, we generated a
proteolytically inactive mutant by mutating the general acid/base catalytic
residue E132 of FLN to glutamine (“E132Q” single FLN mutant). We were
able to co-crystallize this E132Q inactive mutant with two previously
reported hemoglobin peptide substrates'* comprising residues L34 to D47 of
the a chain and V33 to D47 of the {3 chain and determined their structures at
1.86 A and 2.3 A resolution, respectively (Table 1, Fig. 2). Hereafter, we
name these two peptide substrates “a-peptide” and “B-peptide” respectively.
Residues K40 to P44 of the a-peptide (Fig. 2A) and T38 to E43 of the B-
peptide (Fig. 2B) could be built unambiguously in the electron density maps
(Fig. 2C). Only weak density was visible for residues L34-T39 (a-peptide)
and for the C-termini of both peptides suggesting flexibility of these
segments.

In the FLN co-crystal structures bound with the hemoglobin a- and
B- peptide, a large inner catalytic chamber accommodates the peptide
substrates. This chamber, which has a total volume of 10,886 A® is created
by N-half abutting the C-half, constituting the closed form of FLN
(Fig. 2A, B). Overall, five residues of the a-peptide are ordered with an
average temperature factor of 53.3 A?, while six residues out of fifteen are
visible for the bound B-peptide with an average temperature factor of
56.2 A (Fig. 2 and Table 1). Importantly, in the vicinity of the FLN active
site, the bound a- and B-peptides adopt a common horseshoe-like con-
formation within the catalytic chamber: a r.m.s deviation of 0.20 A is
observed for the C, atoms of the five residues that could be superimposed
(Fig. 2C). Of note, in the native hemoglobin 3D structure, the corre-
sponding segments belong to two a-helices connected by a bend, which
shows that FLN recognizes a non-natively folded state of the substrate.
This observation is consistent with the putative downstream role of FLN
to only cleave fragments of hemoglobin that are proteolytic products of
upstream Plasmodium proteases'®".

Distances between the amino and carboxy termini of the ordered
residues of the a- and B-peptides are 11.0 A and 12.6 A, respectively. Visible
residues occupy total volumes of 688 A* and 869 A’, respectively, which
represent only about 6.3% and 8% of the total volume of the catalytic
chamber, respectively. Residues from both the N-half and C-half of FLN
make interactions with the peptides (Fig. 2C-E). Electrostatics surfaces
display a negative potential in the N-half chamber and an overall positive
potential in the C-half chamber (Fig. 2E). Starting from an open state, these
oppositely charged surfaces are likely to help bring together the N-half and
C-half of the enzyme to form a closed state capable of fully encasing the
peptide substrate, conducive to proteolysis.

To examine whether peptide binding to FLN could provoke direct
steric hindrance with the MK-4815 inhibitor, we compared the peptide-
FLN binary complexes with previously reported structures of inhibitors
bound to FLN'"": these inhibitors bind to a common hydrophobic pocket in
the N-half of FLN located at a distance of about 24 A from the catalytic zinc
ion. A superimposition of the binary complexes of FLN bound with MK-
4815 and the hemoglobin peptides is shown in Fig. 2D. This overlay shows
that the nearest distance between MK-4815 and the ordered part of the
peptide substrates is 18.7 A to residue K40 of a-peptide and 15.5 A to residue
T38 of B-peptide (Fig. 2D). This observation rules out direct competition
between the inhibitor and substrate and indicates an allosteric mode of
inhibition.
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Fig. 1 | Falcilysin domain and sequence structure. A Schematic representation of
FLN domain structure with catalytic residues labeled. Helix al13, proposed to actasa
hinge region in the open-to-closed transition, is labeled. B Amino-acid sequence of
FLN with the secondary structure displayed on top of the sequence. The catalytic

residue E132, as well as zinc-coordinating residues H129, H133, and E243, are
colored in red. Residues from helix al3 are in bold. Linker residues connecting
N-half and C-half are underlined. The figure was generated using ESPript. #: 3¢-
helix, TT: f-turn and TTT: « turn.
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Table 1| Data collection and refinement statistics of crystals of
falcilysin complexed with peptide substrates derived from the
hemoglobin a- and B-chains

Falcilysin E132Q a-
peptide complex

Falcilysin E132Q B-
peptide complex

Data collection

Space group P2,242, P2,2,2,

Cell dimensions

a,b,c (A) 94.12,105.72, 125.36 94.09, 105.87, 114.91
a, B,y () 90, 90, 90 90, 90, 90
Resolution (&) 50.00-1.86 (1.93-1.86) 50.00-2.30 (2.38-2.30)
R 0.088 (1.402) 0.143 (0.903)
/0l 19.10 (1.79) 10.30 (2.23)
CCi)2 0.999 (0.771) 0.996 (0.748)
Completeness (%) 99.90 (99.17) 99.91 (99.90)
Redundancy 13.7 (13.7) 7.4(7.1)
Refinement
Resolution (A) 46.09-1.86 48.08-2.30
No. of reflections 1,04,687 (10,280) 51,607 (5041)
Ruork/Rireec™® 0.189/0.210 0.205/0.251
No. of atoms
Protein 8881 8886
Peptide 46 58
Water 764 301
B-factors (A%
Protein 37.18 41.47
Peptide 53.29 56.17
Water 43.50 46.38
R.m.s. deviations
Bond lengths (A) 0.010 0.006
Bond angles (°) 1.26 0.81
PDB 8WXW 8WXZ

accession codes

“Statistics for the highest-resolution shell are shown in parentheses.

mee,ge =5hZi|lhi — <In>|/Zn,; Ini, Where Iy, is the ith observation of the reflection h, while </y> is its
mean intensity.

°Ruwork = Z||Fobs| — |Feaicll/Z|Fobs|- Calculated over 95% of reflections.

“Riec Was calculated with 5% of reflections excluded from the whole refinement procedure.

Specificity of hemoglobin substrate recognition by
falcilysin

Despite its very large catalytic chamber, FLN is unable to cleave the complete
hemoglobin protein or denatured globin polypeptides and preferentially
cleaves peptides that are intermediate products of hemoglobin
degradation'®. An alignment of the amino-acid sequences of the a- and -
peptides based on their common orientation in the binary complexes is
shown in Fig. 3A. The most noticeable feature is the formation of a B-strand
by residues P2 to P1’ of the peptide substrates, which form an antiparallel -
sheet with strand 5 of FLN (Fig. 3B, C). The (®,¥) angles observed for
residues at positions P2 and P1 are close to typical values observed for
antiparallel B-strands™ (Fig. S1). At position P1’, while the @ angles fall
within the range observed for typical B-strands, the ¥ angles are -45.62° for
the a-peptide and -39.17° for the B-peptide, thus ending the B-strand. Both
the amino and carbonyl groups of residues P2’ establish hydrogen bonds
with the side chain of N161. This pattern of substrate recognition appears to
be a general feature in M16 metalloproteases: An antiparallel -sheet with
the peptide substrate was observed in other M16 metalloproteases bound to
their substrates, such as in the yeast mitochondrial processing peptidase'’,

the human insulin-degrading enzyme™, and the Arabidopsis thaliana pre-
sequence protease’. In contrast, the human pre-sequence protease was
reported to form a parallel B-sheet with its peptide substrate™.

The P1-P1’ peptide cleavage sites are T41-Y42 for the a-peptide and
R40-F41 for the B-peptide. The corresponding scissile amide bonds are
brought in close proximity with the Q132 sidechain (E132 in the wild-type
enzyme) via the precise positioning of the substrate afforded by the for-
mation of an antiparallel -sheet (Fig. 3B, C). Structure-based alignment
allowed us to unambiguously assign residues P8 to P6’ revealing some
conserved residues between both substrates: leucine or valine are found at
position P8, phenylalanine or tyrosine at P6, proline at P5, threonine at P3.
Position P1 is occupied by threonine and arginine in the a- and p-peptide,
respectively, with polar contacts established by the corresponding side-
chains (Fig. 3A, B). On the prime side of the cleavage site, tyrosine (Y42) or
phenylalanine (F41) are found at P1’, and a phenylalanine is strictly con-
served at positions P2’ and P5’ (Fig. 3A). An extensive network of interac-
tions between the P1’ residue and residue R1043 from FLN appears crucial
for conferring specificity to peptide recognition: R1043 forms a cation-m
interaction with the aromatic groups of Y42 (a-peptide) and F41 (B-peptide)
respectively (Fig. 3B, C). Hydrogen bonds are also observed between the
guanidinium side chain of R1043 with the P1’ backbone carbonyl group,
between the P1” main chain amine group and the carbonyl oxygen atom of
A162 (Fig. 3B, C), and between the hydroxyl group of Y42 with the side
chain of N146 (Fig. 3B). The requirement for phenylalanine at P2’ appears to
derive from the conformation of the substrate which is stabilized in part via
intramolecular contacts between the aromatic rings of the P1’ and P2’
residues (Fig. 3B, C).

To test the importance of these interactions identified via crystal-
lography for substrate recognition, we examined the impact of the N161A
and R1043A mutations both on substrate binding and enzyme activity.
Compared to the E132Q FLN single mutant, which binds to the a-peptide
with a K4 of 933 nM and to the B-peptide with a Ky of 499 nM, the E132Q/
N161A and E132Q/R1043A double mutants do not bind the hemoglobin
peptides (Fig. S2). Consistently, the enzyme activity of wild-type FLN is
abolished by the N161A mutation or the R1043A mutation (Fig. S3), further
demonstrating the essential roles of N161 and R1043 in stabilizing the
interaction between FLN and the a- and B-peptides.

Thermostabilization of FLN in the presence of the hemoglobin pep-
tides was observed using differential scanning fluorimetry: the presence of
200 uM a-peptide and B-peptide increases the thermal stability of FLN by
7.1°Cand 5.6 °C, respectively (Fig. S4A). These values are higher compared
with thermal stabilization imparted by the MK-4815 inhibitor: upon
binding MK-4815, the stability of FLN is increased by 2.2 °C (Fig. S4B).

Catalytic mechanism and conformation of the

active site

The carbonyl carbon atom of the P1 residue of hemoglobin a- and B-peptide
is located 4.4 A and 4.1 A away, respectively, from Q132 of the FLN single
mutant (Fig. 3D, E). Although both distances are in agreement with the
accepted catalytic mechanism for mono-metallic metallopeptidases', the
zinc coordination differs between the two complexes. In the FLN a-peptide
complex, the zinc ion is tetrahedrally coordinated by H129, H133, E243, and
a water molecule with the latter also forming two hydrogen bonds with the
backbone of a-peptide (Fig. 3D). In contrast, in the FLN B-peptide complex,
the water molecule coordinating the zinc ion is absent (Fig. 3E). Instead, the
fourth zinc coordinating atom is contributed by the carbonyl oxygen atom
of the scissile amide bond (Fig. 3E). Structural superimposition of the two
binary complexes reveals a slightly more closed conformation in the com-
plex with the B-peptide compared to the a-peptide (Fig. 3F). This quaternary
movement with an overall r.m.s deviation of 1.60 A, is accompanied by a
shift of the zinc ion towards the B-peptide and of zinc-coordinating residues
H129, H133, E243, as seen in a magnified view of the active site (Fig. 3G). As
aresult, the distance between the zinc ion and the p-peptide carbonyl group
isreduced from 4 A to only2 A. Hereafter, we will refer to the conformations
of FLN in the a-peptide complex as closed conformation 1 (“C1” state) and
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Fig. 2 | Co-crystal structures of FLN in complex
with two hemoglobin peptide substrates. A FLN in
complex with the hemoglobin a-peptide. Residues
K40 to P44 could be built with confidence and are
displayed as sticks colored in orange. B FLN in
complex with the hemoglobin B-peptide. Residues
T38 to E43 are colored in purple. Overlayed are
F,—F_ electron density difference Fourier maps
where the peptides were omitted from calculation,
displayed as mesh, and contoured at 20 level above
the mean. The zinc ion is shown as a gray sphere, and
zinc-coordinating residues as cyan sticks. The
N-terminus and C-terminus of FLN are labeled in
bold. The N-terminal half of FLN is colored in cyan,
its C-terminal half in green; linker connecting the
two halves is blue. C magnified views of the a- and -
peptides with the “omit” electron density maps
calculated as in panels (A) and (B). D Superposition
of FLN-MK-4815 complex structure (PDB acces-
sion code: 7DIJ) with the FLN-a- and B-peptide
complex structures. Distances between the drug and
each peptide are indicated. MK-4815 is depicted as
gray sticks. E Display of FLN electrostatics mole-
cular surface for its N-half and C-half. Peptide
substrate from hemoglobin a chain and MK-4815
are shown as sticks and zinc ion as a gray sphere.

¥ E43

in the B-peptide complex as closed conformation 2 (“C2” state). A slight
opening of FLN when adopting its “C2” state by a rotation of approximately
4.4° would suffice to switch to the “C1” state (Fig. 3F and Supplementary
Video 1). In addition, the difference in conformation between the “C1” and
“C2” states was also reflected in the corresponding unit cell dimensions, with
the slightly more compact “C2” state crystallizing with a smaller c-axis
dimension (Table 1). Searching structures deposited with the PDB and
based on r.m.s deviations between superimposed structures (Table 2), we
found that the “C2” conformation was only observed in a free FLN structure
(PDB accession code: 3S5K), while the “C1” conformation was observed in
several FLN crystal structures, including free FLN structures (PDB accession
codes: 3851, 3S5H, 3S5M) and FLN-inhibitor complexes (PDB accession
codes: 7VPE, 7DI7, 7DIA, 7DIJ, 8HO4, 8HO5). However, the biological
relevance of the existence of two closed conformations in various crystal
structures of FLN remains uncertain. Here, through a comparison between

the FLN-a and B-peptide complexes, we found that an apparently minor
overall conformational difference between the “C1” and “C2” states is
accompanied by a significant difference in zinc coordination network at the
FLN active site: In the catalytic mechanism of mono-metallic peptidases,
direct binding of the carbonyl oxygen from the scissile bond to zinc is
essential for Michaelis complex formation. The zinc ion helps to polarize the
oxygen atom so that the carbonyl carbon becomes susceptible to nucleo-
philic attack by a solvent molecule. Hence, the “C2” state observed in the -
peptide complex likely represents a catalytically active closed state of FLN,
while the “C1” state observed in the a-peptide complex possibly constitutes
an inactive closed state, because the zinc is not directly coordinated by the
carbonyl oxygen of the scissile peptide bond.

Having observed two distinct closed conformations, “C1” and “C2”
in FLN-hemoglobin peptide binary complexes, we next explored the
open forms of FLN. We also examined the impact of the allosteric
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Fig. 3 | Falcilysin-peptide substrates interactions.
A Amino-acid sequence alignment of the hemo-
globin a- and B-peptides. Residues that could be
built in clear electron density are colored in orange
and purple for the a- and B-peptide respectively.
Vertical arrows indicate proteolytic cleavage site by
FLN. Substrate positions having either conserved or
chemically similar amino acids are shown in bold.
Residues at P2, P1,and P1’ positions form a f strand.
B, C Detailed view of the interactions between FLN
and the hemoglobin a-peptide (B) and p-peptide
(C). Hydrogen bonds are displayed as yellow dashes;
cation-mt and 7T interactions as black dashes; salt
bridge: orange dash; zinc-coordination: purple
dashes. Residues K40, T41, and Y42 of a-peptide
(panel B) and residues Q39, R40, and F41 of p-
peptide (panel C) form a B-strand antiparallel to
strand 5 of FLN. D, E Magnified view of the active
site with tetrahedral coordination of the zinc ion.
The fourth coordinating atom is a water molecule
(red sphere) in the a-peptide complex (panel D) and
a carbonyl oxygen in the -peptide complex (panel
E). Distances in A between the carbonyl carbon of
the scissile bond and Q132 are labeled in gray.

hemoglobin a chain:

B strand

P8 P7 P6 P5 P4 P3 P2 P1 |P1' P2’ P3' P4 P5' P6’
L34-535-F36-P37-T38-T39-KA0-T41"Y42-F43-P44-HAS-FA6-DAT

hemoglobin [3 chain: V33-V34-Y35-P36-W37-T38-Q39-R40-F41-F42-E43-S44-F45-G46-D47

C

F Superimposition of complexes between the FLN D E
and a-peptide and the FLN- B-peptide complex. The %m 29 Q132
overlay was based on the C-half of FLN. N-half
domains are shown as molecular surfaces colored in 120 Wag',zfﬁ §
cyan (a-peptide complex) and gray (B-peptide 2_-2- qzuz_i L '\ 4.4
complex). The linker and C-halves are shown as T2, 25 . P
ribbons. FLN adopts a slightly more closed con- E243
formation when bound with the p-peptide (“C2”)
than in the a-peptide complex (“C1”), see text. H133
G Magnified view of the FLN active site. The slightly
more closed conformation in the B-peptide complex F N-half G
is accompanied by a shift in the position of the zinc
ion toward the B-peptide. o =

- = a complex (C1)

% 44°
{3 complex (C2)
' T41/R407<<( -
& Y42/FAT]
S
C-half

inhibitor MK-4815 on the distribution of FLN molecules adopting either
open or closed states.

The binding of the MK-4815 inhibitor shifts the equili-
brium between an open and a partially closed con-
formation of falcilysin

Thus far, crystal structures have captured FLN in closed conformations
(“C1” or “C2”). To capture an open form of FLN, we employed single-
particle cryo-EM as grid vitrification is likely to freeze molecules in a variety
of conformations, thus providing a reasonably accurate sampling of struc-
tures adopted by FLN in solution. Two data sets were collected: (i) free FLN
and (ii) FLN preincubated with MK-4815 (Table 3). 2D classification fol-
lowed by 3D reconstructions (Fig. 4A, B, Figs. S5 and S6) revealed that in
both data sets, FLN molecules could adopt either an open or a partially
closed (“pC”) conformation described below. Remarkably, the ratio between
the number of molecules adopting these two conformations appears
reversed between these two data sets (Fig. 4C, D). Out of 556,773 particles

selected after initial 2D & 3D classification in the free FLN data set, 385,133
particles are in the open conformation, and 171,640 particles are in the “pC”
conformation (Fig. S5). Consistently, after 3D refinement, 101,660 particles
are in the open conformation, and 50,355 particles are in the “pC” con-
formation (Fig. 4C, Fig. S5), also giving an open/pC ratio of about 2:1. In
contrast, in the FLN-MK-4815 mixture data set, out of 257,766 particles
selected after initial 2D & 3D classification, 88,926 particles are in the open
conformation, and 168,840 particles adopt the “pC” conformation (Fig. S6).
After final 3D refinement, 45,566 particles are in the open conformation,
and 98,298 particles are in the “pC” conformation (Fig. 4D, Fig. S6), giving a
reversed open/pC ratio of about 1:2.

Cryo-EM maps of the open and “pC” conformations adopted by FLN
when frozen on the grids are displayed in Fig. 4C, D and a summary of
structural parameters characterizing the open and the three closed
conformations of FLN, “pC”, “C1”, and “C2” is given in Table 2. Compared
to the “PC” conformation, the “open” state results from an outward rotation
by approximately 27° of one-half domain with respect to the other
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(Supplementary Video 1). The rotation axis runs approximately midway
through the cavity between the two domains (Fig. 4E). This rotation
movement results in the full opening of FLN to substrates, giving the largest
inter-domain distance of approximately 25 A at one extremity of the
molecule (Fig. 4E). At the other end of the molecule, the position of helix a13
in the N-half spanning residues 499-518 remains largely unaffected, when
either the N-half or C-halfis used for superimposition between the open and
“pC” structures (Fig. 5A). As this helix lies along the rotation axis, it was
therefore termed ‘hinge helix’. Nonetheless, a small but noticeable move-
ment of helix al3 accompanies this opening movement. In addition, a
movement of the linker compensating for the change in the relative position
between N-half and C-half is observed.

Figure 4F shows a comparison between the “pC” closed conformation
and the closed conformation “C1” of FLN (identified using X-ray crystal-
lography). Having overlapped C-half domains, a residual rotation of about
4° is needed to bring the N-half domains in coincidence (structural para-
meters are detailed in Table 2).

Of note, the FLN open conformation is highly similar between the
two cryo-EM data sets with an overall r.m.s deviation of 0.45 A. Likewise,
at the resolution of the reconstruction obtained for the partially closed
structures (pC), its structure in the free FLN dataset is indistinguishable
from pC in the dataset where FLN was incubated with MK-4815. In the
latter data set, strong electron density for MK-4815 was found only in
molecules adopting the “pC” conformation, while only background
electron density was observed at the corresponding location in molecules
adopting the open conformation (Fig. 4D). An attempt to fit MK-4815
into the electron density of molecules having the open conformation led
to too close contacts (1.7 A) between the inhibitor and residues 1513 and
L514 (Fig. 4D inset). In contrast, in the “pC” conformation seen in the
FLN-MK-4815 mixture (Fig. 4D), MK-4815 was fitted into density
confidently without steric clash and with the same binding orientation as
in the FLN-MK-4815 crystal structure'. Taken together, we conclude
that the binding of MK-4815 shifts the equilibrium in the distribution of
FLN molecules by promoting the formation of the partially closed “pC”
conformation of FLN. This conclusion is supported by (i) the shift in the
open/pC ratio of FLN molecules adopting either the open form or the
“pC” state following the addition of MK-4815 to obtain the mixed data
set and (ii) the observation of a very similar binding mode of MK-4815 to
FLN in both the crystal structure and in the cryo-EM derived complex
with the inhibitor.

The MK-4815 binding pocket is altered during the
transition between the open and partially closed con-
formations of falcilysin

As the MK-4815 binding pocket is located next to helix al3, its shape can
be affected by even slight movement of this hinge helix. As seen above,
MK-4815 was excluded from the binding pocket when FLN adopts its
open conformation, due to steric hindrance. In contrast, MK-4815 could
bind to FLN in its “pC” state (Fig. 5A). In turn, incubation with and
binding of MK-4815 affects the equilibrium between the various con-
formations adopted by FLN in solution, by shifting the population to a
majority of FLN molecules having the pC conformation and depleting
the population with an open state.

During the transition from the “pC” to the open conformation, the
interdomain rotation opens one side of FLN and decreases inter-domain
distance on the other side (Fig. 5A, B). As a result, the C-half is shifted
toward the hinge helix (Fig. 5A). In particular, I739 in the C-half is displaced
by a distance of 4.7 A towards the position occupied by the side chain of
K515 in the “pC” conformation. In turn, the sidechain of K515 rotates by an
angle of 60° and shifts by 1.8 A, leaving room for residue 1739 (Fig. 5C). Of
note, while in the “pC” conformation, I513 is 3.6 A away from MK-4815, the
distance is reduced to 2.5 A in the open conformation. Thus, MK-4815
preferentially binds to FLN in its “pC” conformation and hinders the
movement of the hinge helix that accompanies the “pC’-to-open state
transition of FLN.

Table 2 | Structural comparison between the open, “C1”, “C2”
and partially closed “pC” structures

State PDB R.m.s deviation R.m.s deviation Opening
code based on C-half based on N-half angle (°)

superimposition (f\) superimposition (i\)
N-half al3 C-half al3

C1 8WXW  N.A? N.A. N.A. N.A. 1.0

C1 3S5H 0.67 0.76 0.68 0.53 2.3

C1 385l 0.59 0.71 0.55 0.56 2.2

C1 3S5M 0.55 0.71 0.55 0.50 2.3

C1 7DI7 0.50 0.28 0.48 0.27 2.2

C1 7DIA 0.53 0.28 0.36 0.24 1.6

C1 7DIJ 0.39 0.46 0.31 0.37 1.2

C1 7VPE 0.37 0.37 0.30 0.26 1.6

C1 8HO4 0.64 0.44 0.67 0.36 2.1

C1 8HO5 0.49 0.27 0.28 0.24 2.0

c2 8WXZ  1.60 0.55 1.76 0.53 -3.4

c2 385K 1.44 0.76 1.49 0.68 N.A°

pC 8WYX 1.97 0.71 2.30 0.85 5.2

pC SWYT 1.97 0.71 2.30 0.85 5.2

open 8WYY 19.0 4.29 17.3 1.53 32.5

open  8WYU 18.9 417 17.2 1.44 32.8

*FLN-a peptide complex (this work, PDB code: 8WXW) was used as the reference for superposition.
K217 of PDB 3S5K is disordered.

R.m.s deviations were calculated for the N- or C-half Ca atoms between different conformations.
Smaller yet noticeable changes in hinge helix a13 are also presented. Opening angles between the
N-halves and C-halves are quantified by measuring the K217-E516-P1069 angle. A negative angle
value denotes an opening between the two half domains in the opposite direction.

Discussion
Here using two human hemoglobin peptides of 14 and 15 amino acids,
derived from o and { chain, respectively, we studied the molecular basis
for substrate recognition and cleavage by FLN, a key event providing
amino acids for the parasite metabolism. Sequence conservation and a
shared mode of binding between the two hemoglobin peptides suggest
that these structures represent a good model for hemoglobin cleavage by
FLN. However, it is not known whether they depict accurately how
FLN recognizes sequences from apicoplast proteins that are digested
by FLN. To solve this issue, we attempted to co-crystallize FLN
E132Q inactive mutant with a peptide having the apicoplast sequence:
“FKNTQKDGVSL/QILKK/K/RSNQVNEF” derived from a 24-residues
ACP transit peptide”, where “/” indicates the putative cleavage sites.
However, co-crystallization with this peptide only gave free FLN crystals,
although previously reported mass spectrometry results proposed that
FLN could cleave ACP transit peptide”’. Preferred amino acids at posi-
tions ranging from P5 to P5’ for optimal FLN activity were systematically
studied and the current data give a 3D explanation for these substrate
preferences'®. These structures give the first structural insights, to our
knowledge, into the interaction between FLN and hemoglobin peptides
which are well-documented biological substrates of FLN. Specificity
results from an extensive set of interactions between a-peptide Y42 at P1’
(F41 in the B-peptide) with FLN, providing a structural explanation for
the preference of tyrosine and phenylalanine at the P1” position reported
previously'®. This is consistent with the observation that the P1° position
constitutes the major determinant of metalloprotease specificity'’. The
requirement of residues at other positions appears less stringent,
although P2 and P1 are polar or charged in the example reported here.
Both peptide substrates interact extensively with residues from both
N-half and C-half of FLN. Such interactions are likely to favor a closed
conformation as a result of peptide substrate binding. In contrast, after
proteolysis, two shorter peptide products occupy the catalytic chamber,
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Table 3 | Cryo-EM data collection, processing, and structure
refinement

Data sets Free falcilysin Falcilysin + MK-4815
Conformations Open Partially Open Partially
closed closed
(EMD- (EMD- (EMD- (EMD-
37941) 37940) 37939) 37938)
(PDB (PDB 8WYX) (PDB (PDB 8WYT)
8WYY) 8WYU)
Data collection and
processing
Magnification 215,000 215,000
Voltage (kV) 300 300
Electron exposure 40 40
(e~/R?
Defocus range (um) -2.5 -2.5
to 0.5 to —0.5
Pixel size (A) 0.573 0.58
Symmetry imposed C1 C1
Initial particle 385,133 171,640 88,926 168,840
images (no.)
Final particle 101,660 50,355 45,566 98,298
images (no.)
Map resolution (A) 3.1 35 3.2 2.7
FSC threshold
=0.143
3D-FSC sphericity 0.863 0.778 0.770 0.864
Refinement
Initial model used 3S5M 3S5M 3S5M 3S5M
(PDB code)
Model resolution (A) 3.12 417 3.43 2.77
FSC threshold = 0.5
Map sharpening B —79.48 —-101.68 —75.98 —66.33
factor (A?)
Model composition
Non-hydrogenatoms 8795 8809 8819 8826
Protein residues 1069 1070 1072 1070
MK-4815 0 0 0 1
Zinc 1 1 1 1
B factors (A?)
Protein 109.09 156.03 116.19 83.47
MK-4815 N.A. N.A. N.A. 68.72
Zinc 162.00 175.20 158.98 137.20
R.m.s. deviations
Bond lengths (A) 0.007 0.005 0.006 0.006
Bond angles (°) 0.746 0.569 0.808 0.574
Validation
MolProbity score 1.90 1.72 2.07 1.70
Clashscore 12.64 10.00 18.85 9.82
Poor rotamers (%) 0.20 0.20 0.51 0.20
Ramachandran plot
Favored (%) 95.85 96.80 95.77 96.89
Allowed (%) 4.05 3.20 4.23 3.1
Disallowed (%) 0.09 0.00 0.00 0.00

each of which interacts almost exclusively with either the N-half or C-half
domain of FLN, thus releasing constraints favoring the closed conforma-
tion. Consequently, in the absence of inhibitors, following proteolysis, FLN
can open up again, allowing the release of the peptide products and the
initiation of a new catalytic cycle.

Human presequence protease (hPreP) is another mitochondrial M16C
metalloprotease, that shares only 23% amino-acid sequence identity with
FLN and was recently captured in multiple conformations, including an
open state and several closed conformations™. A side-by-side structural
comparison between FLN and hPreP reveals conserved overall architectures
(Fig. 6): both 3D structures consist of an N-terminal half, a C-terminal half,
and a linker connecting the two halves in a flexible manner. Following
superimposition of 775 Ca atoms, the two open structures of FLN and
hPreP differ by an r.m.s deviation of 2.2 A (Fig. 6A) and the two closed
structures by an r.m.s deviation of 1.9 A over 744 Ca atoms (Fig. 6B). Most
importantly, a hinge helix is present in both FLN and hPreP enzymes and
known allosteric inhibitors bind in a pocket next to it (Fig. 6B). Consistently,
this hinge helix was called “switch B” in hPreP and was proposed to mediate
the open to closed transition of hPreP*, in a manner consistent with what
we propose here for FLN.

However, some noticeable differences do exist between FLN and
hPreP: Free FLN particles preferentially adopt an open conformation as
shown in this study, while free hPreP particles (74%) are mostly found in a
“partially open conformation”. The latter corresponds to a nearly closed
conformation’’. Moreover, the two proteins share only low sequence
identity and behave differently in solution: Prep-C is denatured during the
vitrification process™. In contrast, no denaturation issue during vitrification
was observed for FLN. Taken together, these differences suggest the exis-
tence of a common ancestor for both metalloproteases. During evolution, a
significant degree of divergence between FLN and hPreP was introduced,
suggesting that inhibitors of one enzyme might not be effective against the
other despite an overall conserved mode of action.

Several insightful biochemical and structural studies on the M16
family of zinc metalloproteases have been published, and some of the
earlier studies already reported that conformational dynamics plays a
crucial role in the functions of these enzymes'®'**. In this study, we
observed three closed conformations adopted by FLN: two closed con-
formations (“C1” and “C2”) were trapped using X-ray crystallography,
and one partially closed conformation, “pC”, was observed using cryo-
EM-based reconstructions. While the “pC” conformation might act as an
intermediate between the closed and open conformations, we cannot
completely rule out that the structural difference between the pC and
closed conformations are an artifact originating from the various struc-
ture determination techniques employed: cryo-EM vs crystallography.
To allow for substrate binding and product release, FLN needs to adopt
an open conformation'' for which a structure was hitherto lacking. The
question has been answered in this study leading to the identification of a
hinge region between the N-half and C-half of FLN, next to the inter-
domain linker (Fig. 4E). During the opening of the enzyme, the two
halves rotate along the hinge, resulting in a final opening angle of
approximately 32.5° and an inter-domain distance of approximately
25 A, large enough for peptide entry and exit. While the N-half and
C-half are covalently connected by the linker, they also appear to interact
with each other noncovalently through residues near the hinge.

The observation of a partially closed “pC” conformation of FLN cap-
tured in cryo-EM was a surprise as it was previously not described. Being
slightly more open than the “C1” conformation (Fig. 4F), the “pC” con-
formation might constitute a metastable intermediate between the closed
conformations (“C1” and “C2”) and the open conformation. In this scheme,
upon cleavage of the peptide substrate, FLN would first transition from the
closed conformations into the “pC” conformation before opening up further
into the fully “open” conformation.

Although the promiscuous allosteric pocket in FLN appears as
“druggable” as it leads to enzymatic inhibition, for instance, after MK-4815
binding, as demonstrated here, a direct causal link with the mode of action in
killing the parasite could not be established unequivocally for several drugs
and thus constitutes a limitation of our studies''. Nonetheless, this study has
provided detailed experimental evidence for the putative allosteric mode of
inhibition that was proposed earlier, and that can, in principle, be exploited
to design more potent inhibitors of FLN. This mode of action for FLN
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Fig. 4 | Cryo-EM reconstructions of Falcilysin in
the presence and absence of MK-4815. A Raw
micrograph and 2D classes of free FLN particles.

B Raw micrograph and 2D classes of MK-4815-
treated FLN particles. C Falcilysin 3D reconstruc-
tions in the absence of MK-4815. A majority of FLN
particles are in the open conformation, and a min-
ority are in the partially closed (“pC”) conformation.

FLN structures are colored in “rainbow colors” from
N- (blue) to C-terminal end (red), with transparent
cryo-EM electron density maps overlaid.

D Falcilysin 3D reconstructions in the presence of
MK-4815. A majority of FLN particles adopt the
partially closed conformation (“pC”), and a minor-
ity in the open conformation. Cryo-EM electron
density map for FLN preincubated with MK-4815
are displayed at 30 (lower panels). In the open
conformation, fitting MK-4815 resulted in too close
contact with the side chain of I513 and L514.
Moreover, the map at position MK-4815 is weak,
suggesting only very low occupancy. In the partially
closed conformation, MK-4815 has strong density,
and fitting MK-4815 introduces no steric hindrance
with nearby residues. E Falcilysin open structure
displayed as a molecular surface. N-half: purple, C-
half: red. Linker: yellow ribbon. The dotted line
depicts the hinge axis between N-half and C-half.
F Superimposition of the partially closed con-
formation (“pC” obtained in the cryo-EM recon-
structions) and the closed conformation (“C1”
obtained using X-ray crystallography with the a-
peptide). The overlay is based on C-halves. N-halves
are shown as molecular surfaces. Linkers and
C-halves are shown as ribbons. When in its “pC”
state, FLN adopts a slightly more open conformation
than in the “C1” state (please see text).

101,660 particles
open,3.1A

45,566 particle
open,3.2A

50,355 particles
pC,35A

8,298 particle
pC, 27 A

57 L514

17ANI513

inhibition by MK-4815 and by other compounds, such as quinolines, that
bind to the same pocket is illustrated in Fig. 7 and outlined below.

In the absence of inhibitors or substrates, FLN preferably adopts an
open conformation with a minor population of FLN molecules in the
closed conformation. Binding of an allosteric inhibitor such as MK-4815
causes FLN to close up by inducing a movement of the hinge helix
(Fig. 7A), thus reducing the available population of enzymes in the open
conformation able to enter the catalytic cycle (Fig. 7B-E) as only the open
conformation allows diffusion of the substrate (Fig. 7C). Upon substrate
binding, interactions with both N-half and C-half induce closure of FLN
(Fig. 7D). Next, substrate hydrolysis produces two shorter peptides no
longer covalently linked, thus weakening the substrate-mediated inter-
actions between N-half and C-half (Fig. 7E). As a result, FLN can open
up and products are released, leading to the start of the next catalytic
cycle (Fig. 7B).

The binding of MK-4815 is unlikely to compete with substrate binding
(Fig. S7C) and might help to induce the closed conformation (Fig. S7D).
Given the long distance from the zinc ion, MK-4815 is also unlikely to exert
any direct effect on the hydrolysis reaction. Besides sequestering FLN
molecules and preventing them from entering the catalytic cycle (Fig. 7A),
MK-4815 could also exert its inhibitory effects by another mean (Fig. S7): by
inhibiting the last step of the catalytic cycle: the transition from the closed to

open conformations needed to allow the release of the products. This
transition requires coordinated movement of the hinge helix, which results
in a steric clash with MK-4815, and hence is hindered by MK-4815 binding
(Fig. S7E). In summary, MK-4815 is an allosteric inhibitor that likely works
both by (i) sequestering FLN molecules in a closed state and preventing
them from entering the catalytic cycle (Fig. 7A) and (ii) by slowing down the
release of the products trapped in the FLN catalytic chamber in the post-
cleavage closed state (Fig. S7E).

In addition to MK-4815, we previously reported four other inhibitors
of FLN and captured FLN-inhibitor complex crystal structures in the “C1”
closed conformation'’ (MMV000848, PDB accession number: 8HO4;
MMV665806, 8HOS5; mefloquine, 7DIA; chloroquine, 7DI7). These four
inhibitors bind to the same allosteric pocket as MK-4815, next to the hinge
helix. It is, therefore, likely that these inhibitors also function by trapping
FLN in a closed conformation. Consistent with this hypothesis, when
N-halves of the open conformation and the FLN-inhibitor complex struc-
tures are structurally aligned, we observe steric clashes between the inhibi-
tors and the open FLN, due to the movement of 1739 and the hinge helix
when transitioning from the closed to open conformations (Fig. S8).

In conclusion, we have identified a mechanism accounting for an
allosteric mode of FLN inhibition that can be used to design more potent
drugs that could be used as antimalarials.
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Fig. 5 | Structure of falcilysin in its open and

partially closed conformations. A, B Structure A
alignment based on N-halves (panel A) or C-halves
(panel B). The partially closed “pC” conformation of
FLN is colored in cyan (N-half), blue (linker), and
green (C-half); the open conformation of FLN is
colored in purple (N-half), yellow (linker), and red
(C-half). Rotations of N-half and C-half when
transitioning from open to “pC” states are indicated
by double-headed arrows. MK-4815 binds to the
N-half domain in “pC” conformation next to the

MK-4815

hinge hel}/

N-half
Va

hinge helix a13, which makes direct contact with the
C-half domain. C Magnified views of the hinge helix
from two orthogonal directions. The open and “pC”
conformations are aligned based on N-halves and open
displayed as ribbons following the same color code
as in panel (A). During the transition from the “pC” C-half
to open conformations, 1739 moves towards the
position occupied by the K515 side chain in the “pC”
state. As aresult, the hinge helix is shifted toward the X
binding pocket of MK-4815. In the “pC” con- C \ \
formation, 1513 is 3.6 A away from MK-4815. In the \“ y,
open conformation, 1513 would be too close to MK- =) .77,7;/:/
4815, causing steric hindrance. Thus, the binding of N-half MK-4815 \ MK-4815 N-half
MK-4815 disfavors open conformation (see text).
25A%36A
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Materials and methods

Falcilysin cloning, expression, and purification

The procedures for wild-type FLN have been described previously''. The
N-terminal 58 residues of FLN, which probably contain a signal peptide'’,
were excluded in the recombinant protein design, and the final construct
only contains the mature form of FLN. Alternatively, FLN was proposed as a
peripheral membrane protein'® which might be the role played by the
N-terminal 58 residues.

Residue 59-1193 of the FLN gene, denoted as Q76NL8 in UniProtKB
with a corresponding gene ID of 814283, was synthesized and incorporated
into the pNIC28-Bsa4 vector downstream of a 6xHis tagand a TEV cleavage
site, resulting in the construction of pNIC-FLN59-1193. This was achieved
through ligation-independent cloning (LIC), utilizing a forward primer (5'-
TACTTCCAATCCATGGAGTGGATACATGAG-3') and a reverse pri-
mer (5-TATCCACCTTTACTGTCATTCTATTAATACCTTTTTAAAT
TC-3'). Following the transformation of BL21 (DE3) Rosetta T1R cells with
pNIC-FLN59-1193, cultivation was conducted at 37 °C until the optical
density at 600 nm (ODggonm) reached 0.6. Induction of protein expression
was accomplished by supplementing the culture with 0.5 mM IPTG for a
duration of 16 hours at 16 °C. Bacterial harvesting was carried out through
centrifugation, and subsequently, cells were resuspended in a solution
comprising 100 mM Na HEPES, 500 mM NaCl, 10 mM Imidazole, 10% (v/
v) glycerol, 0.5 mM TCEP, at a pH of 7.5. Mechanical lysis was performed
using an LM20 microfluidizer, and the resultant lysate was clarified by
centrifugation at 50,000¢ for 1 h. Protein purification was executed through

affinity chromatography utilizing Ni-NTA beads (GE Healthcare), with
elution performed in a buffer consisting of 20 mM Na HEPES, 500 mM
NacCl, 500 mM Imidazole, 10% (v/v) glycerol, 0.5 mM TCEP, ata pH of 7.5.
Subsequent size exclusion chromatography employed a Hiload 16/600
Superdex 200 pg column (GE Healthcare), equilibrated in a buffer com-
prising 20 mM Na HEPES, 300 mM NaCl, 10% (v/v) glycerol, 0.5 mM
TCEP, at a pH of 7.5. The purity of the protein was assessed through SDS-
PAGE prior to a concentration to 22 mg mL~". The concentrated protein
was then flash-frozen and stored at —80 °C until its utilization. The FLN
mutants were generated by site-directed mutagenesis and subsequently
confirmed by DNA sequencing. The expression and purification of the
mutants were performed following the procedures used for the wild-type
falcilysin.

Co-crystallization, X-ray diffraction data collection, data pro-
cessing, and structure solution

The hemoglobin a chain peptide (LSFPTTKTYFPHED) and the hemo-
globin B chain peptide (VVYPWTQRFFESFGD) were ordered from
GenScript’s custom peptide synthesis service, with purities exceeding
98%. Mixtures of recombinant falcilysin E132Q mutant protein at
19 mg mL ™" (141 uM) and either the hemoglobin a chain peptide or the
hemoglobin B chain peptide at 400 uM were incubated on ice for
10 minutes, prior to crystallization screen with commercial kits (JCSG-
plus™ & Morpheus from Molecular Dimensions; Index & PEG/Ion
Screen™ from Hampton Research) using a mosquito crystallization
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Fig. 6 | Comparison of the open conformation of
falcilysin and human presequence protease. A The
open conformation of FLN displayed as ribbons
(this work, PDB accession number: SWYY) and
hPreP (PDB accession number: 6XOU); N-half are
colored in cyan; C-half: green; hinge helix: red; lin-
ker region of FLN: purple. Disordered regions are
indicated by dashes. B Closed conformation of FLN
(this work, PDB accession number: 7DIJ) and hPreP
(PDB accession number: 4RPU). The same color
code asin panel (A) is used. Both allosteric inhibitors
MK4815 (this work) and MB60 (PDB code: 4RPU)
are displayed as gray spheres and bind next to the
hinge region, impeding the dynamics of the
metalloprotease.

FLN closed

hPreP open

hPreP closed

robot (TTP Labtech). After 15 days, rod-like crystals were observed for
the falcilysin a-peptide complex in JCSG-plus™ D1 well (24% w/v PEG
1500 and 20% v/v glycerol) with a protein-to-buffer ratio of 1:1, and for
the falcilysin B-peptide complex in Morpheus F1 well (0.12 M mono-
saccharides, 0.1 M imidazole/MES monohydrate pH 6.5, 20% v/v PEG
500 and 10% w/v PEG 20000) with a protein-to-buffer ratio of 1:2.
Crystals were fished and flash-frozen in liquid nitrogen, followed by
shipment to Australian synchrotron beamline MX II where X-ray dif-
fraction intensities were collected at a wavelength of 0.9537 A. Next, data
integration and scaling were performed using XDS”, followed by
molecular replacement using Phenix Phaser™ with the free falcilysin
structure as the search probe (PDB accession code: 3S5M). Subsequently,
model refinement was performed by phenix.refine” interspersed with
manual adjustment in COOT™. Finally, peptides were manually built
into the active-site electron densities that could not be explained by
falcilysin residues, followed by automatic refinement via phenix.refine.
The Ramachandran plot analysis for the a-complex shows that 97.67% of
the dihedral angles are in the favored regions, 2.33% are in the allowed
regions, and there are no outliers. For the f-complex, 97.21% of the
dihedral angles are in the favored regions, 2.79% are in the allowed
regions, and there are no outliers, indicating that both structures have
high stereochemical quality. F,-F. omit maps were generated by refine-
ment with the peptides omitted. Data collection and refinement statistics
are shown in Table 1. Residues V375-5403, N699 to T721, and N966 to
V977 in the complex between FLN and the a-peptide are flexible.
Likewise, residues V375-S406, K698-D715, and N966-M978 are flexible
in the FLN (-peptide complex.

Cryo-EM data collection, processing, and model building

Both the free recombinant falcilysin wild-type protein at 0.5 mgmL ™"
(3.7 uM) and the falcilysin-MK-4815 mixture consisting of the recombinant
falcilysin wild-type protein at 0.5 mg mL ™" (3.7 uM) and MK-4815 at 50 uM
were incubated on ice for 10 min, prior to application to cryo-EM grids.
Quantifoil holey carbon-coated 300 mesh copper R 1.2/1.3 grids were glow-
discharged for 1 min before mounting to Vitrobot tweezers. Four micro-
litres of the free falcilysin or falcilysin-MK-4815 mixture at 0.5 mg mL ™" was
applied to the cryo-EM grids and blotted for 5 s with blot force 1 at 4 °C and
100% humidity using Vitrobot, followed by plunge-freezing in liquid ethane
and transfer into liquid nitrogen. Images were obtained on a Titan Krios
microscope (FEI) operated at 300 keV with Falcon 4i Direct Electron
Detector (Thermo Fisher Scientific, USA), with automatic data acquisition
using EPU following collection parameters as shown in Table 3.

Data processing was performed using RELION 3.1°' (see workflow in
Figs. S5 and S6). The dose-fractionated image stacks were subjected to
beam-induced motion correction, followed by contrast transfer function
(CTF) estimation by CTFFIND4™. For the MK-4815 treated data set, the
selection of 961,731 particles from 6764 micrographs was done by autopick
via the Laplacian of Gaussian (LoG) method, and particles were extracted
with data binned by a factor of 2 (box size 128 and pixel size 1.16 A).
Contaminants and bad particles were discarded after reference-free 2D
classification and initial 3D classification (257,766 particles left). After 3D
refinement and classification, particles were separated into closed-form
(168,840) and open-form (88,926 particles). In each state, particles with low
resolution of either closed-form or open-form were excluded after 3D
classification. Selected particles from each population were subjected to
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Fig. 7 | Proposed mechanism of FLN inhibition by
MK-4815. A MK-4815 preferentially binds to FLN
in a closed conformation, thereby restricting the
movements of its hinge helix and preventing tran-
sition to an open conformation. B As a result, in the
presence of MK-4815, only a minority of FLN
molecules adopt an open conformation and are
available for catalysis. C When FLN is in an open
conformation, its peptide substrates are able to dif-
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fuse into the catalytic chamber, leading to a transient
complex between the open state of FLN and the
substrate. D Binding of the peptide substrate induces
the closed conformation of FLN and a concomitant
movement of the hinge helix. E Cleavage of the
peptide substrate into products weakens the inter-
action between the N-half and C-half, allowing the
opening of FLN and the release of proteolytic pro-
ducts. In the presence of MK-4815, the transition
from the closed state “E” to the open state “B” is
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the hinge helix, when the enzyme converts from
open to closed conformations, are indicated by

substrate

Zn

MK-4815

® & o &xx—~

hinge helix

/
& % products

-

opening &
products release

binding
induced
closure

D
hydrolysis

h

cleavage

§‘/ +8 é¢>

©

closed

dashed arrows. The “favored” direction of the
equilibria between different states is denoted by a
large arrow, while the “disfavored” direction by a
small arrow. For visualization, drawings are not
to scale.

Bayesian polishing for per-particle, reference-based beam-induced motion
correction.

Similarly, for the no-drug treated data set (free falcilysin),
the selection of 2,511,554 particles from 18,180 micrographs was made
by auto-pick via the LoG method, and particles were extracted with
data binned by a factor of 2 (box size 128 and pixel size 1.146 A).
Contaminants and bad particles were discarded after reference-free 2D
classification and initial 3D classification (leaving 171,640 particles of
closed-form, and 385,133 particles of open-form). After 3D refinement
and classification, particles with low resolution of either closed-form or
open-form were excluded, and selected particles from each population
were subjected to Bayesian polishing.

The binary masks were generated for the postprocessing procedure,
and the resolution estimations were based on the gold-standard Fourier
shell correlation (FSC)=0.143 criterion”. The models of the N-half,
C-half and linker were generated from the falcilysin crystal structure
(PDB accession number: 7DIJ), and manually fitted to the maps in
ChimeraX™. All models were subjected to Phenix real-space refinement
and manually refined in COOT**”. 3D-FSC sphericity values were cal-
culated using the 3DFSC Processing Server (https://3dfsc.salk.edu/)™.
FSC curves of 3D reconstructions and local resolution maps are included
in Fig. S9.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed using a MICROCAL
PEAQ-ITC instrument (Malvern) operated at 25 °C, with 500 rpm stirring
speed in a buffer containing 50 mM sodium acetate, 300 mM NaCl, 0.5 mM
TCEP, and 0.2% (v/v) DMSO. The a-peptide (LSFPTTKTYFPHFD) or B-
peptide (VVYPWTQRFFESFGD), at a concentration of 200 uM, was
titrated into 20 pM of the FLN mutants. The titration process was started
with an initial injection of 0.4 pL over 0.8s, followed by 19 subsequent
injections of 2 UL over 3 s each, with a spacing of 120 seconds between each
injection.

Enzymatic assay
The enzyme activities of the wild-type FLN enzyme, E132Q single mutant,
N161A single mutant, and R1043A single mutant were measured in a

buffer containing 50 mM sodium acetate, 300 mM NaCl, 0.5 mM TCEP,
and 02% DMSO, using fluorescently labeled a-peptide (Dabcyl-
LSFPTTKTYFPHFD-Edans) or p-peptide (Dabcyl-VVYPWTQRE-
FESFGD-Edans) as substrate. A TECAN 10 M plate reader, operated at
336 nm and 495 nm wavelengths for excitation and emission, respectively,
was used to monitor FLN protease activity. The reaction was started with the
automated addition of the enzyme (either wild-type FLN or one of the
mutants) into the peptide substrate, and the reaction was followed for a total
duration of 1 min. The initial velocity was determined automatically using
Magellan® software provided by the manufacturer. The measurements were
performed in triplicate in the presence of varying concentrations of the
fluorescently labeled a-peptide or p-peptide. Background subtraction was
performed by measuring the addition of buffer alone into a range of con-
centrations of peptides. FLN enzymatic activity was normalized after
background subtraction.

Differential scanning fluorimetry

Differential scanning fluorimetry experiments were performed in a buffer
containing 20 mM Na HEPES at pH 7.5, 300 mM NaCl, 5% (v/v) glycerol,
and 1 mM TCEP with a total volume of 25 pL. To test the stabilization effect
of MK-4815 on FLN, 5 uM wild-type recombinant FLN protein was incu-
bated with 5x SYPRO orange dye and varying concentrations of MK-4815,
followed by RFU measurement using CFX96 Touch Real-Time PCR
Detection System (Bio-Rad) on the FRET channel at temperatures ranging
from 25°C to 95°C. Subsequently, raw RFU values were exported and
analyzed using the GraphPad Prism software to determine the melting
temperatures (T,,,) of FLN. To test the stabilization effect of hemoglobin
peptides on FLN, the E132Q mutant was used instead of the wild-
type enzyme, to prevent peptide cleavage by FLN. For this assay, a con-
centration of 5 uM recombinant FLN E132Q mutant protein was incubated
with 5x SYPRO orange dye, and varying concentrations of a-peptide
(LSFPTTKTYFPHED) or B-peptide (VVYPWTQRFFESFGD), followed by
RFU measurement from 25 °C to 95 °C.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability

Atomic coordinates and structure factors for the falcilysin-hemoglobin
peptide complexes reported here have been deposited with the PDB (www.
resb.org) with access codes SWXW (FLN-a-peptide complex) and SWXZ
(FLN-pB-peptide complex). Experimental cryo-EM Coulomb potential maps
have been deposited with the EMDB with access codes EMD-37941, and
EMD-37940 for the open (8WYY) and partially closed (8WYX) structures
of free falcilysin and EMD-37939, EMD-37938 for the open (8WYU) and
partially closed (8WYT) structures obtained in the presence of MK-4815
with the latter containing the bound inhibitor. Source data for enzymatic
assay and DSF are included in Supplementary Data 1. All other data are
available from the corresponding author upon reasonable request.
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