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Arabidopsis thaliana metacaspase 9 (AtMC9) plays roles in clearing dead cells,
forming xylem vessels, and regulating immunity and programmed cell death in
plants. The protease’s activation is controlled by pH levels, but the exact
structural mechanism behind this has not been elucidated. In this work, we
report high-resolution crystal structures for AtMC9 under both active (pH 5.5
and pH 4.2) and inactive (pH 7.5) conditions. The three structures are similar
except for local conformations where their hydrogen bonding interactions
with solvents are mediated through the protonation of specific titratable
amino acid residues’ side chains. By combining structural analysis, molecular
dynamics simulations under constant pHs, and biochemical assays coupled
with site-directed mutagenesis, we show that the regulation of AtMC9 activa-
tion involves multiple titratable glutamate and histidine residues across the
three domains of p20, linker, and p10. Specifically, deprotonated Gluli2,
His193, and His208 can suppress AtMC9 proteolytic activity, while protonation
of Glu255 and His307 at acidic pH may promote it. This study provides valuable
insights into the pH-dependent activation of AtMC9 and could potentially lead
to improving crops with enhanced immunity and controlled cell death, ulti-

mately increasing agricultural productivity.

Metacaspases (MCs) play a prominent role in plant immunity, biotic and
abiotic stress-induced programmed cell death (PCD), aging, and cell
proliferation during plant development'™*. MCs are arginine/lysine-spe-
cific, caspase-like cysteine proteases that can be found in protists, fungi,
and plants®®. They cleave their substrates after arginine or lysine resi-
dues instead of the aspartate specificity seen with caspases®. There are
three major types of MCs. Type I MCs have a prodomain, which could
contain a proline-rich repeat or a zinc finger motif, at the N-terminus.
Type Il MCs, found almost exclusively in the green lineage that includes
plants and green algae, have an extended linker region between the p20
and p10 domains but without an obvious prodomain®®. Type Il MCs,
which are found in phytoplanktons such as diatoms and cryptophytes,
have only p20 and p10 domains with the p10 domain preceding the p20
domain and a very short linker region”,

Nine plant MCs were first identified in the Arabidopsis thaliana
genome®®. Among those MCs, metacaspases 9 (4tMC9) belongs to
type Il MCs, of which there are 6 in Arabidopsis, with AtMC4 and
AtMC9 being the most well-characterized®**". AtMC9 and AtMC4 are
also renamed as AtMCA-IIf and AtMCA-lla, respectively, based on the
recommendation by the plant cell death research community'%. AtMC9
is involved in the process of xylem development through its role in
corpse clearing during the later stages of tracheary element
differentiation". In addition, AtMC9 is required for the cleavage of the
Grim Reaper precursor (GRI) to produce the 11-residue GRIp elicitor
peptide that can activate PCD under oxidative stress via the trans-
membrane receptor kinase PRK5”. More recently, AtMC9 and other
type Il MCs of Arabidopsis were proposed as potential convertases for
PROPEP1 based on transient expression studies to process the
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precursor peptide PROPEPI into the phytocytokine Pep1**", which can
play vital roles in governing essential processes in plant development
and defense through its pattern recognition receptor (PRR) receptors
PEPR1/2'.

Unlike other type Il MCs that have been characterized thus far,
activation of AtMC9 is uniquely dependent on an acidic pH, but not
calcium, which is needed to activate Arabidopsis thaliana metacaspase
4 (AtMC4) and other type Il MCs such as AtMC5 and AtMC8 that have
pH optima at around 7.5°7°%°, AtMC9 can be found expressed in the
cytosol, which has a neutral pH under ambient conditions, while its
activation likely occurs in the apoplast, where GRI resides, which has an
acidic pH near 5”. In addition, there is evidence for possible nuclear-
localized AtMC9 when expressed in transgenic plants as a GFP fusion?.
A recent study reported the crystal structure of a non-functional
AtMC9 mutant (C147A) crystalized at pH 6.3 and used it to characterize
the mechanism of a specific inhibitor. The application of the AtMC9-
specific inhibitor provides evidence for an additional role of AtMC9 in
lateral root emergence®. However, it remains unclear how AtMC9’s
autolytic activation and subsequent substrate processing are regu-
lated by the pH shift from 7.5 to 5.5.

Here, we report three structures of AtMC9 at its active and inac-
tive pHs, along with molecular dynamics simulations under constant
pH conditions, and biochemical assays with site-directed mutagenesis
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Fig. 1| Structure and activity of AtMC9. a Schematics of major fragments pro-
duced in self-cleavage of AtMC9 and its cleavage of the GST-fused substrate PRO-
PEPI (residues 40-92) (GST-PROPEP1). Created in BioRender. Liu, H. (2025) https://
BioRender.com/x35j923. b pH-dependent self-cleavage and activation of AtMC9.
Data are representative of at least three independent experiments. ¢ pH-dependent
processing of GST-PROPEP1 by AtMC9. Data are representative of at least three

at conserved residues throughout the protein. Our work reveals
structural features that enable the combined use of titratable residues
to suppress activation at neutral to basic pH, while other residues
promote activation under acidic pH, resulting in tightly regulated
activation of AtMC9 only at acidic pHs.

Results

pH-dependent AtMC9 activation for autolysis and structural
changes

The AtMC9 zymogen is activated by protons, which lead to autolytic
self-cleavage after Argl83 in the linker domain that relieves the auto-
inhibitory function of the linker, similar to that found with AtMC4 upon
calcium activation™”"°, After the cleavage and clearance of the linker
from the active site, AtMC9 is activated to process substrates in an
acidic environment’. Calcium-activated AtMC4 converts PROPEPI to
the Pepl elicitor by cleavage at the site of Arg69™. We observed a
similar cleavage pattern with a GST-tagged PROPEP1 substrate by
AtMC4" and propose that AtIMC9 may likely cleave at the same target
site in PROPEP1 (Fig. 1a). We thus produced recombinant AtMC9 and
GST-fused PROPEP1 and performed pH-dependent AtMC9 activation
(Fig. 1b) and substrate processing assays (Fig. 1c) in vitro. As expected,
AtMC9 is inactive at a neutral or higher pH; while it is activated and
autolyzed at an acidic pH starting around pH 5.6, and more obvious at
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independent experiments. d AtMC9 C147G mutant structures at pH 4.2 (gray), pH
5.5 (purple), and pH 7.5 (colored differently by three domains). e Molecular
dynamics trajectories showing the distance between the catalytic C147 sulfur and
Argl83’s carbonyl carbon over 50 ns at pH 7.5 (green), 5.5 (red), and 4.2 (blue).
Source data are provided as a Source Data file.
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Fig. 2 | A conserved negatively charged residue, Glul12, in the p20 domain
contributes to AtMC9 activation and substrate processing. a Comparison of the
interactions involving Glul12 at three different pHs. b Comparison of representa-
tive frames of the pH 4.2 (gray), 5.5 (purple), and 7.5 (green/marine/orange)
simulations showing interactions involving Glul12. Interactions at each pH are
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displayed as each pH'’s respective color but with pH 7.5 displayed as red. c Self-
cleavage in E112K. For the wild-type (WT) sample, pH 8 was used in the incubation to
compare with the mutant. Data are representative of two independent experi-
ments. d Substrate GST-PROPEPI1 processing by E112K. Data are representative of
two independent experiments. Source data are provided as a Source Data file.

pH 5.0 or lower. Similarly, AtMC9 starts to actively process its substrate
GST-PROPEPI at around pH 5.6, with the most PEP1 peptides produced
at pH 5.0. At a lower pH (pH < 4.6), AtMC9 activity begins to decrease
and is not as efficient in processing its substrate. It appeared that
AtMC9 is activated within a pH range between 4.6 and 5.6, similar to
what was previously reported®.

To reveal the structural determinants for pH-dependent activa-
tion, we produced a Cysl47 to Glyl47 inactive mutant (C147G) of
AtMC9, crystallized it at either acidic pHs (pH 4.2 and 5.5) where the
zymogen is expected to be active or at higher pH where the zymogen
stays inactive (pH 7.5), and determined their structures (Fig. 1d). The
structures at different pHs are largely similar to each other with the
largest root mean square deviation (RMSD) of 1.4 A between pH 5.5 and
pH 7.5. In the solved structures, Argl83 from the linker domain is
inserted into the catalytic pocket and blocks its access by a substrate
(Supplementary Fig. 1), analogous to Lys225 in the case of the calcium-
dependent AtMC4'". The Argl83 carbonyl carbon is sandwiched by
the two catalytic residues of Cys147 (Glyl47 in structure) and His95. For
a type Il MC, the AtMC9 structure exhibits a relatively short linker
domain positioned between its p20 and p10 domains compared to
others®?°, Among the structures at the three pHs, differences are found
in the loops L2, L5, and L9 with part of L2 and LS disordered (Fig. 1d).

Although the AtMC9 structures at active and inactive pHs are
rather similar, we found that the pH 5.5 structure is in space group P2;
while the pH 4.2 and 7.5 structures are in space group I2, suggesting
that pH may alter AtMC9’s molecular packing behavior during its
crystallization process. To reveal the dynamics of the pH-dependent
activation of AtMC9, we performed molecular dynamics simulations
under constant pH conditions®, with three replicates for each of the
three structures. To understand the dynamic process of AtMC9 acti-
vation, we measured the distance between the catalytic residue Cys147
thiol group and the carbonyl carbon of Argl83 with respect to the
simulated trajectory throughout 50 ns (Fig. 1e). The smaller the dis-
tance between the two atoms, the more interactions between Cys147
and Argl83, and more efficient activation by cleavage would be

predicted. The simulations show that at the beginning (first 10 ns) of
each simulation, the distances are between 3.3 A and 3.6 A. After that,
the distances increased dramatically to around 5.5A at pH 7.5, sug-
gesting pH 7.5 is not favorable for activation. For the simulation at pH
4.2 and 5.5, the distances remained the same, thus likely more favor-
able for activation. The results from constant pH simulations at the
three pHs, which indicate that structural perturbations at more basic
pHs resulted in unfavorable distance between Cys147 and Argl83 for
catalysis, are consistent with those from in vitro autolytic activation
(Fig. 1b) and substrate processing assays (Fig. 1c).

Our structural, biochemical, and computational analyses of
AtMC9 at inactive and active pHs provide the basis to further char-
acterize the pH-dependent activation of this protease by protons. To
delineate the specific structural determinants contributing to the pH-
dependent activation and function of AtMC9, we performed sequence
alignments of AtMC9 orthologs from different plant phyla (Supple-
mentary Fig. 2), but excluding other type Il metacapses whose acti-
vation is calcium dependent”?**, and identified among these
conserved residues for which their protonation states and local
structures may contribute to zymogen activation and catalytic activ-
ities. Based on pKa calculation and residue conservation within each
of the AtMC9 orthologs as criteria, we selected residues with titratable
carboxylates or imidazoles for further characterization (Supplemen-
tary Table 1).

A conserved glutamate Glul12 in the p20 domain of AtMC9
contributes to its activation

In our pKa calculations, we found that a conserved residue Glul12 has
an increased pKa of 7.32 or higher at all three pHs (Supplementary
Table 1). The theoretical pKa of a glutamate is 4.5. This increased pKa
and its conservation across type Il MCs suggest a potential role in
activation. Under the three pHs, we observed Glul12 in AtMC9 inter-
acts with Asp124 via an H-bond, which stabilizes it (Fig. 2a, Supple-
mentary Fig. 3). Our constant pH simulation shows that Glull2 is
protonated at pH 5.5 and 4.2, and deprotonated at pH 7.5

Nature Communications | (2025)16:4973


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60253-y

D124
E112

<1 80 5203

S
wiwi o W4
c MC9-H193A WT
kDa vH 4.0 4.6 5.0 5.6 6.0 6.6 7.0 7.6 8.0
50 = -
37 = - S - M
25 — =hea
20 ==
MC9-H193A+GST-PROPEP1
e
kDa (1 4.0 4.65.05.6 6.0 6.6 7.0 7.6 8.0
50 = =
37 = . |[«— mco-H193A

) 4 — «— GST-PROPEP1

S R S G3T AreRT
- - — «— GST/pre20
<“— pre10

25 =—
20 -

Fig. 3 | Two histidine residues in the linker domain regulate self-cleavage
activation and substrate processing. a Comparison of the interactions involving
H193 and H208 at pH 4.2, 5.5 and 7.5. Interactions and water molecules at each pH
are displayed as each pH’s respective color but with pH 7.5 displayed as red.

b Comparison of representative frames of the pH 4.2 (gray), 5.5 (purple), and 7.5
(marine/green) simulations showing interactions found in and around the linker
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domain. ¢ Self-cleavage in H193A. d Self-cleavage in H208A. e Substrate processing
of GST-PROPEP1 by H193A. f Substrate processing of GST-PROPEP1 by H208A. WT:
For the wild-type AtMC9 sample in panels ¢ and d, pH 8 was used in the incubation
to compare with the mutant. Data are representative of two independent experi-
ments for (c-f). Source data are provided as a Source Data file.

(Supplementary Table 2), consistent with the pKa calculation. Inter-
estingly, protonated Glull2 has an additional H-bond interaction with
the Gly150 carbonyl oxygen, likely pushing Hisl48 and catalytic resi-
due Cysl147 toward the self-cleavage site of Argl83 (Fig. 2b). In con-
trast, at pH 7.5, Glull2 is mostly deprotonated and does not have an
interaction with Gly150. Consequently, His148 and Cys147 tend to be
farther away from their active positions (Fig. 1e).

We hypothesize that the H-bond interaction between Glul12 and
Gly150 carbonyl oxygen may contribute directly to AtMC9 activation.
To test this hypothesis, we mutated Glull2 to a positively charged
residue Lys112 which might also form an H-bond with Gly150 for acti-
vation. As shown in Fig. 2¢, d, E112K is indeed activated and can process
the substrate GST-PROPEP1 to produce Pepl peptide even at a basic pH
of 8. Compared to the wild-type (WT), E112K is not only staying acti-
vated at a higher pH, but it could also be more active at low pHs for
both self-activation and substrate processing.

Histidine residues in the linker domain suppress AtMC9
activation

Type-ll MCs have a linker domain that has been shown to regulate
autolytic activation and substrate processing’*°. Sequence alignment
of AtMC9 and its homologs from other plant phyla showed two
conserved histidine residues His193 and His208 in its linker domain
(Supplementary Fig. 2). The imidazole ring of histidine has two titra-
table groups, which are either protonated or deprotonated

depending on their local environment. Our crystal structures show
that the His193 imidazole ring attracts several water molecules at pH
5.5 compared to pH 4.2 and pH 7.5 (Fig. 3a and Supplementary Fig. 4).
Similarly, His208 attracts two water molecules at pH 5.5. At all three
pHs, the imidazole ring of His193 interacts with the phenyl group of
Phel19, which is located in L6 between Glull2 and Asp124 through -
stacking. In contrast, His208 is stabilized by interacting with small
side-chain residues Thr198 and Thr202 (Fig. 3a). In addition, the
His208 side chain rotates by 27.5° when pH decreases from pH 7.5 to
4.2 (Supplementary Fig. 5), suggesting its imidazole ring may have a
different protonation state at different pHs (Supplementary Table 2).
Both His193 and His208 are close to the inhibitory residue Argl83 in
our resolved AtMC9 structures. Based on the structure and location of
the two histidine residues at the three different pHs, we propose that
these two residues may be involved in the folding and stabilization of
the linker domain to suppress AtMC9 activation under neutral to
higher pH conditions. Results from constant pH molecular dynamics
simulations also suggest that His193 and His208 are involved in the
folding and stabilization of the linker region to modulate AtMC9
activity. At all three pHs, the deprotonated Ns of His208 interacts with
Thr198 and the protonated N interacts with either Thr202 (pH 4.2
and 5.5) or Ser203 (pH 7.5). The mi-stacking between His193 and Phel19
observed in the crystal structures appears to either become disrupted
or undergo a change in conformation from mt-shaped stacking (Fig. 3b
and Supplementary Table 2).
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cleavage activation and substrate processing. a Interactions involving Glu255
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simulations showing interactions involving Glu255 and His307. ¢ Self-cleavage in
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f Substrate processing of GST-PROPEP1 by H309A. WT: For the wild-type

AtMC9 sample in (c, d), pH 8 was used in the incubation to compare with the
mutant. Data are representative of two independent experiments for (c—f). Source
data are provided as a Source Data file.

To further investigate the roles of these two histidine residues, we
produced His193A and His208A mutants. Both mutants have increased
activation and substrate processing activities at acidic pHs and
remained active to a higher pH of 6.0 (Fig. 3c-f) compared to the WT
(Fig. 1b, c). However, neither mutant appears to alter the repression of
activity at pH 6.6 or higher, which implies that while the two mutants
can enhance the activity of AtMC9 at acidic pHs by removing their
inhibitory interactions with other residues such as Phel19 and Thr202,
unlike that of E112K, they are insufficient to overcome the remaining
inhibitory interactions at pH 6.6 or higher. The two conserved, AtMC9-
specific, histidine residues in the linker domain may thus help suppress
the activation of AtMC9 at a pH above 6.0 and minimize the back-
ground activity of the zymogen. They may not be directly involved in
the repositioning of the critical Argl83 to the active site to drive
autolytic cleavage at acidic pHs.

Residues Glu255 and His307 in the p10 domain mediate AtMC9
activation at acidic pH

Based on sequence alignment between AtMC9 homologs, titratable
Glu255 and His307 from the p10 domain are also conserved® (Sup-
plementary Fig. 2). pKa calculation shows that Glu255 is deprotonated
in all three structures (Supplementary Table 1). At all three pHs, Glu255

interacts with GIn252 and the imidazole nitrogen of His307. His307
interacts with the carbonyl oxygen of His305, which in turn interacts
with Thrl75 in the linker domain. Further investigation reveals that at
pH 4.2 and 5.5, His307 forms an H-bond with a nearby water molecule,
while at pH 7.5, this interaction is not observed. This suggests that the
protonation state of the imidazole ring of this residue is affected by pH
(Fig. 4a and Supplementary Fig. 6). Through molecular dynamics
simulations under constant pHs, it is predicted that the two titratable
nitrogen groups of His307 can be either protonated or deprotonated
at different pHs, potentially explaining its varying interactions with
nearby water molecules (Fig. 4b). Glu255 on the L8 loop interacts with
the active-site residue His148 via a main-chain H-bond. The interaction
between Glu255 and His307 could push the Cys147 side chain toward
the cleavage site of Argl83. In addition, His307 may regulate the flex-
ibility of the L2 loop through its indirect interaction with Thr175, which
could further enhance AtMC9 activation by promoting the release of
Argl83 from its inhibitory location at the catalytic site.

To validate the predicted roles of these two residues in AtMC9
activation and substrate processing, we produced E255A and H307A
mutants as well as an E225A-H307A double mutant. The activation
assay shows that all three mutants are inhibited for autolytic activation
compared to the WT (Fig. 4c, d and Supplementary Fig. 7a).
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Consequently, they are highly inefficient in processing the substrate
GST-PROPEP1 (Fig. 4e, f and Supplementary Fig. 7b) in comparison to
the WT AtMC9 protein (Fig. 1). Although the E225A-H307A double
mutant can undergo some autolytic activation at a pH of 5.0 or lower, it
has the lowest substrate processing activity among all mutants. Even at
pH 4.0, the majority of the added GST-PROPEP1 remains unprocessed
under our assay conditions (Supplementary Fig. 7b). These results
indicate that these two residues in the pl0 domain are critically
important to promote the acidic pH-dependent AtMC9 activation, in
contrast to the activation-suppressing residues in the linker and p20
domains described above.

Quantification of AtMC9 activation with a fluorogenic peptide

To quantify the activity of AtMC9 and its mutants, we measured the
GRRase activity>”*° using a fluorogenic substrate Boc-Gly-Arg-
Arg-MCA (GRR-MCA) under various pH conditions. We mixed GRR-
MCA with buffers ranging from pH 3.6 to 9.6 and added WT AtMC9 or
its mutants to initiate the activation, and the produced fluorescent
signals after release of the peptide were measured using a plate reader
as shown in Fig. 5. Except for the C147G active site mutant, which is
inactive in all pHs tested, WT and other mutants showed varying
GRRase activity between pH 3.6 and pH 9.6, extending our activation
assays using SDS-PAGE analysis (Figs. 1-4). For the WT and most of the
active mutants, with the exception of the H307A variant, the optimal

GRRase activity was measured at pH 4.6, which is lower than the pre-
vious report of pH 5.5°.

Among the mutants tested, the E112K mutant shows significantly
increased GRRase activity compared with the WT at both the lower
pHs of 4.6 and 3.6 while it also remains active at the high pHs of 7.6 to
9.6, albeit at a lower level, at which the WT enzyme is inactive (Fig. 5).
The activation of the E112K variant at basic pHs is consistent with our
SDS-PAGE self-cleavage assays and the interpretation that the
deprotonated Glull2 residue plays an inhibitory role to suppress
AtMC9 activation (Fig. 2c, d), while its significant enhancement of
AtMC9 activity even at acidic pHs may result from the introduction of
a lysine residue in place of Glull2. Linker domain histidine mutant
H193A, and to a lesser extent H208A, show increased GRRase activity
at pH 3.6-6.6, consistent with their increased activation and substrate
processing activity at lower pH levels (Fig. 3c-f). Unlike the
E112K mutant, however, these two AtMC9 variants do not show sig-
nificant activity at the high pH range of 7.6-9.6 (Fig. 5). Among the
gain-of-function mutants we tested, HI93A exhibited the highest
GRRase activity at pHs < 7.6 (Fig. 5). In contrast to these, the E255A
and H307A mutants from the pl0 domain showed reduced self-
cleavage and GST-PROPEP1 processing activity compared to the
AtMC9 wild type (Fig. 4c-f). Consistent with these results, both E255A
and H307A displayed lower than WT GRRase activity between pH 3.6
and 6.6.
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Fig. 6 | Proposed mechanism of AtMC9 activation and regulation. Surface model
of the structures surrounding the active site region of AtMC9, with the key mod-
ulating residues outlined and labeled. Blue down-arrows signify decreased activa-
tion. The red up-arrow indicates increased activation. Black spindles represent
suppressive functions as Glul12 keeps Cys147 away from cleaving the inhibitory
Argl83 in the active site at a neutral pH or higher. In contrast, the Black arrow
indicates the activating function of Glu255 and His307, as these residues may push
Cys147 toward Argl83 under acidic pH conditions.

Interestingly, while the E255A mutant stays inactive at higher pHs
like the WT, the H307A enzyme displayed a low level of activity in the
basic pHs from 7.6 to 9.6. As our structural work suggested, depro-
tonation of His307 at higher pHs could be involved in restricting the
Cysl47 active site residue to approach Argl83. It's H307A variant,
which has a small side chain, may remove this constraint under higher
than neutral pH to enable the protease to attain some level of activa-
tion even under pH 9.6. In summary, our site-specific mutagenesis
coupled with biochemical analysis of the selected residues in all three
domains of AtMC9 demonstrated that they are critical residues for
shaping the pH dependence of AtMC9 autoactivation.

Discussion

AtMC9 and its orthologs from other plant phyla require an acidic pH
for their activation and function. Therefore, its pH-dependent auto-
activation and substrate processing functions have to be precisely
regulated. Based on the results presented in this work, we propose a
regulatory model for its pH-dependent activation mechanism (Fig. 6).
After AtMC9 is synthesized and accumulates in the cytosol as a
zymogen, it is inactive at pH 7.5. To suppress spurious activation in
neutral or basic pH of the cytosol under ambient conditions, AtMC9
deploys several strategies including deprotonated Glull2 in the p20
domain and the imidazole groups of two histidine residues (His193 and
His208) from the linker domain to restraint the active site Cys147 from
approaching Argl83, the target residue for autolysis. In contrast, the
p10 domain provides the main driver upon transition to acidic pHs for
the protease’s autolytic activation through protonation of Glu255 and
His307 under acidic pHs, while under these conditions, His193 and
His208 will be reprotonated and no longer exert their repressive
functions. As predicted by this model, these residues are all highly
conserved in orthologous positions in proteins of the AtMC9 clade
(Supplementary Fig. 2) and correlate well with previously identified
“Signature” residues that could define this subgroup of type Il MCs®.
Consistent with our findings, recent site-specific mutagenesis of
Glu246 residue in tomato SIMCS8, which is orthologous to Glu255 in
AtMC9, also revealed its importance for autolytic activation as well as
its role in defense against biotrophic pathogens®. After exposure of
AtMC9 to an acidic environment such as that found in the apoplast,
AtMC9 is activated at a pH of 5.6 or lower, where it can process its
targets, such as GRI. Alterations in the pH of the cellular milieu,

analogous to calcium spikes™", also have the potential to trigger the

rapid and transient activation of protease zymogens such as AtMC9 in
the cytosol to process targets such as PROPEPIL.

In this study, we identified several titratable residues that mod-
ulate AtMC9 activation and activity in a pH-dependent manner. For
example, mutations of Glull2 and His193 were shown to increase the
activation and shift the enzyme’s activity profile toward a more neutral
pH range. These findings suggest that pH sensitivity is modulated
through the cooperative interaction of multiple titratable residues
rather than being governed by a single residue or switch. Functionally,
although AtMC9 is synthesized in the cytosol, its site of action is often
associated with low-pH environments arising from biological pro-
cesses such as xylem vessel differentiation and stress-triggered
immune responses. These contexts involve cellular acidification
through vacuolar rupture, oxidative bursts, or the hypersensitive
response, providing the acidic conditions necessary for activation.

pH-dependent activation is a broadly conserved mechanism across
biological systems. For example, human pepsin is activated in the sto-
mach at pH 2-3%; lysosomal cathepsins function optimally in the acidic
lysosomal lumen (pH 4-5)”; LeSBT1 which is a subtilase from tomato
plants shows the hightest activity at acidic pH*; and parasite proteases,
such as FheCL1 from Fasciola hepatica, become active in the host’s acidic
gut”. These examples support the notion that pH can serve as a reg-
ulatory cue to localize protease activity spatially and temporally.

The results from our molecular dynamics simulations can help
rationalize the findings from our in vitro cleavage assays. The distance of
the active site Cysl147 sulfur atom from the carbonyl carbon of Argl83
was seen to increase at pH 7.5 (Fig. 1e). This is in line with the lower
activity at pH 7.5 because the sulfur atom of the catalytic cysteine would
likely need to be in proximity of Argl83’s carbonyl carbon to initiate
catalysis”. The simulations reveal the regulatory roles of titratable resi-
dues in the p20, linker, and p10 domains for AtMC9 activation as sum-
marized in Supplementary Table 2 and Supplementary Fig. 8, and a
comparison of the structures obtained under three different pHs as
shown in Supplementary Fig. 9 and Supplementary Movies 1and 2. While
the simulations carried out in this study can be used to support and
interpret our experimental findings, they do come with limitations. For
example, the current study only allows for certain amino acids to be
titratable, but it may be beneficial to include cysteine in future work to
better understand the catalytic process.

Although previous fluorogenic peptide substrate cleavage assays
indicated an optimal pH of around 5.5 for AtMC9 activity’, our GRRase
activity assay of AtMC9 and its mutants shows an optimal pH of 4.6
(Fig. 5). This shift in optimal pH may be attributed to differences in how
our recombinant AtMC9 was produced, purified or the exact buffers
that were used. For example, in the previous study’, dithiothreitol
(DTT, 10 mM) and a high substrate concentration (50 uM) were used in
a buffer composed of 50 mM acetic acid, 50 mM MES, and 100 mM
Tris. In our work, we did not include DTT and used a lower con-
centration of substrate (10 uM). Nevertheless, the pH-dependent
activation profiles are similar, and AtMC9 is activated at a low pH.

Recently, the structure of an AtMC9-C147A mutant at pH 6.3 was
reported”. By superimposing our obtained pH 7.5 AtMC9-C147G
mutant structure with the pH 6.3 AtMC9-C147A mutant structure, we
found that the linker domain does not align well between them, par-
ticularly the segment from Argl83 to His241. Notably, the His193 and
His208 residues in the linker occupy different positions in these
structures (Supplementary Fig. 10a). The activation of type Il MCs is
either calcium-dependent in AtMC4 or acidic pH-dependent in AtMC9.
In AtMC4, a negatively charged loop L5 was proposed to have a critical
role in AtMC4 activation and substrate processing. Interactions
between calcium and the negatively charged L5 loop may destabilize
the electrostatic interactions between L5 and the linker domain,
leading to AftMC4 activation'. In contrast, AftMC9’s L5 does not contain
negatively charged glutamate or aspartate residues and is disordered

Nature Communications | (2025)16:4973


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60253-y

in crystal structures under all three pHs (Fig. 1d), while its linker
domain is quite different and shorter than that of AtMC4 (Supple-
mentary Fig. 10b). Therefore, AtMC9 does not utilize calcium for its
activation. Instead, AtMC9 deploys titratable residues to precisely
regulate its activation and substrate processing under acidic condi-
tions through both positive and negative functions to tune its specific
range of activity.

Our comprehensive investigation of the activation mechanism for
AtMC9 sheds light on the structural foundation underlying pH-
dependent MC activation, offering insights into the molecular details
of its activation in response to both abiotic and biotic stresses, when pH
changes in different subcellular compartments can play critical signaling
functions®*°*', From our site-specific mutagenesis of titratable residues
that are highly conserved between AtMC9 orthologs in diverse plant
phyla, our work created several types of gain-of-function mutants of
AtMC9 in addition to several regulatory mutants that have lost autolytic
activity. These AtMC9 variants with novel activities and pH profiles could
help future studies to dissect the function of this MC in plant defense
and stress responses, while they may also provide tools to investigate
potential strategies for crop protection through controlled manipula-
tion of the downstream pathways from this phytocytokine convertase in
crop plants. This advance can hold promise for engineering more resi-
lient crops tailored for enhanced food and biomass production.

Methods
Protein production for AtMC9
The full-length, WT AtMC9 (residues 1-325) was cloned into the pET-
15b vector (Novagen) between the Thrombin and Bpu sites using the
Gibson assembly cloning method and standard PCR-based protocols.
Mutagenesis of AtMC9 was performed using a QS5 Site-Directed
Mutagenesis kit following the manufacturer’s protocol. Primers used
for cloning and mutagenesis were listed in Supplementary Data 1.
Protein overexpression and purification of AtMC9 followed
AtMC4 overexpression and purification conditions’”. Proteins were
overexpressed in Escherichia coli C43 (DE3) cells at 15°C for 16 h
induced by the addition of 0.2 mM IPTG (final) to the cell culture at an
ODgoo of 0.5-0.6. Harvested cells were resuspended in a lysis buffer
that contains 25 mM Tris, pH 8.0, 250 mM NaCl, 0.5 mM TCEP (tris
2-carboxyethyl phosphine), 10% glycerol, and protease inhibitors. Cells
were lysed by using an EmulsiFlex-C3 Homogenizer (Avestin, Ottawa,
Canada). After centrifugation at 18,000 x g for 1h, the supernatants
were collected for a two-step purification by nickel-nitrilotriacetic acid
(NTA) affinity chromatography (HisTrap FF column, GE Healthcare,
Inc.) and size exclusion chromatography (Superdex-200 10/300 GL
column, GE Healthcare, Inc.). Eluted protein was concentrated to
30 mg/ml by using a 10 kDa molecular weight cutoff Amicon Ultra-15
centrifugal filter (Millipore, Inc.).

Protein production for GST-PROPEP1

The coding sequence for AtPROPEPI (residues 40-92 to remove the
possible cleavage at the R6/R7 site)" (from clone 06-11-NO9 of RIKEN,
Japan) was inserted into the BamHI and Xhol sites of the pGEX-4T-1
vector (GE Healthcare, Inc.) using standard PCR-based techniques. The
GST-fusion protein was overexpressed in Escherichia coli BL21 (DE3)
pLysS cells at 16 °C for 20 h upon induction with 0.2 mM IPTG (final) at
an ODgp of 0.5-0.6. Harvested cells were resuspended in a lysis buffer
containing 25 mM Tris, pH 8.0, 150 mM NaCl, 10 mM DTT, 5% glycerol,
and protease inhibitors. Cells were lysed by using an EmulsiFlex-C3
Homogenizer (Avestin, Ottawa, Canada), followed by the addition of
Triton X-100 (Sigma) to a final concentration of 1% and stirring at 4 °C
for 1 h. Subsequently, the lysates were centrifuged at 18,000 x g for 1 h,
and the supernatant was subjected to purification using Glutathione
Sepharose 4B resin and a PD10 column, following the manufacturer’s
protocols (GE Healthcare, Inc.). The resin was washed with a wash
buffer containing 25 mM HEPES, pH 8.0, 150 mM NaCl, 10 mM DTT,

0.2 mM AEBSF, and 5% glycerol. The GST-PROPEP1 protein was eluted
using a wash buffer supplemented with 10 mM glutathione and 0.1%
Triton X-100.

Crystallization

Crystallization of AtMC9 C147G was performed by using the sitting-
drop vapor diffusion method. For crystallization, 1uL of 30 mg/ml
protein was mixed with an equal volume of various crystallization
reagents. After optimization, the best crystallization conditions are pH
7.5 (0.2 M ammonium sulfate, 0.1 M Tris and 20% w/v PEG 5000 MME),
pH 4.2 (0.2 M Sodium chloride, 0.1 M Phosphate/citrate and 20 % w/v
PEG 8000), and pH 5.5 (0.1 M sodium acetate, 0.2 M ammonium sulfate
and 20% w/v PEG 5000 MME). For cryo-crystallography, 10% glycerol
was added as a cryoprotectant before crystals were plunge-frozen into
liquid nitrogen.

Diffraction data collection and processing

All crystallographic data were collected at the NSLS-Il FMX and AMX
beamlines, employing an Eiger 16 M detector for FMX and an Eiger 9 M
detector for AMX, both at a cryogenic temperature of 100K. The
indexed and integrated data sets were processed using DIALS*, while
the scaling and merging steps were carried out using the CCP4 pro-
grams (v8.0) POINTNESS and AIMLESS®. Following data processing, a
rejection of outlier crystals and frames was implemented using a
developed procedure in PyMDA®". Detailed statistics for data collec-
tion and reduction are shown in Supplementary Table 3.

Structure determination
The structure of the AtMC9 C147G mutant was determined using
molecular replacement in PHENIX (v1.19)*** using a model predicted
by AlphaFold2*. The structures underwent iterative rebuilding and
refinement using COOT (v0.9.8.91) and phenix.refine, respectively***.
Non-crystallographic symmetry was employed for restraints and TLS
parameters were used to model anisotropy. The refined Rwork/Rfree
values for the structures at pH 7.5, pH 5.5, and pH 4.2 are 0.197/0.215,
0.219/0.231, and 0.185/0.206, respectively. The final models were
validated using the program MOLPROBITY?. Detailed refinement sta-
tistics are shown in Supplementary Table 3. The structure figures were
prepared using PyMOL?.

The protonation states of titratable residues at pHs 7.5, 5.5, and
4.2 were calculated using the program Propka3 version 3.4.0%. Water
molecules were retained, and the pKa values were determined at the
same pH used for crystallization.

In vitro pH-dependent cleavage assays

To assess AtMC9 self-cleavage activity, 5 uM of purified AtMC9 or its
mutants were incubated for 15min at room temperature in a 15 L
reaction buffer comprising varying pHs from pH 4.0 to 8.0, 150 mM
NaCl, 10% glycerol, and 0.5 mM TCEP.

To assess the cleavage of substrate GST-PROPEP1 by AtMC9 and
its mutants, 5pM of purified protein and 10 uM of purified GST-
PROPEP1 were incubated for 15 min at room temperature in a 15 puL
reaction buffer containing a pH gradient reagent ranging from pH 4.0
to 8.0, 150 mM NacCl, 10% glycerol, and 0.5mM TCEP. The reactions
were stopped by adding an SDS-PAGE sample buffer. The proteins
were then separated using 4-20% gradient precast PAGE gels (Gen-
script, Piscataway, NJ) and visualized through Coomassie blue staining.

Molecular dynamics simulations

The AtMC9 Cl147G crystal structures were prepared for molecular
dynamics simulations. For structures at each pH, UCSF Chimera (v1.15)*°
was used to convert the structures to their WT sequences by introducing
a G147C mutation. To fill in the residues (104-106 and 165-170) that were
missing in the pH 5.5 structure, AlphaFold2 was used to model AtMC9
using the WT sequence™®. The top-ranked, relaxed structure produced
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by AlphaFold2 was then aligned with the pH 5.5 crystal structure using
PYMOL (v2.5.2)*. All residues of the AlphaFold structure were removed
except for the missing loops. PyMOL'’s Builder function was then used to
create bonds between the AlphaFold2-built loops and the pH 5.5 crystal
structure, followed by the implementation of the “Clean” command.
This same procedure was used for missing residues 103-107 of the pH
4.2 and pH 7.5 structures.

All simulations were performed using a modified version of
GROMACS (v2021)***2, Simulation systems setup is summarized in
Supplementary Table 4. To ensure the systems were as accurate as
possible, we chose all-atom models with explicit solvents for constant
pH simulations to address the roles of protonation states of glutamate
and histidine residues in AtMC9. The program pHbuilder (v1.2.1) was
then used to setup constant pH simulations for each structure at their
respective pH, using the workflow on the program’s GitLab*. The
topology for each system was generated using the CHARMM36-
mar2019-cphmd forcefield, the TIP3P water model**, and a cubic per-
iodic box with the distance flag set to 1.5 nm. For each system, Arg, Lys,
Glu, Asp, and His residues were made titratable. The systems were then
solvated after which the provided clean_after solvate python script
was used to remove poorly placed water molecules. Sodium chloride
was then added to each system to neutralize the charge of the system
as well as have a salt concentration of 150 mM. Energy minimization
was performed using the steepest descent for 50ns. Next, NVT
ensemble relaxation was performed for 10 ps using PME electrostatics
and the v-rescale thermostat with a reference temperature of 300 K*.
Bonds were constrained using the LINCS algorithm. The second round
of relaxation lasted 10 ps using the NPT ensemble with the c-rescale
barostat and a reference pressure of 1bar*. Finally, production simu-
lations were run in triplicate for each pH using the equilibrated
structure for each pH. Different seeds (Id-seed) were used for each
replica. The production simulations used the previously mentioned
electrostatics, thermostat, and barostat. Simulations were 50 ns in
length with a step size of 2 fs and frames written every 50 ps, leading to
1000 frames for each trajectory. The timescale of 50 ns is chosen for
the simulations because protonation/deprotonation events were
observed for multiple titrable residues.

Molecular dynamics trajectory analysis

The triplicates at each pH were concatenated into a single trajectory
and clusters of each concatenation (150 ns total time) were produced
using the gmx cluster tool. For each pH every 30 frames were skipped,
and the default clustering method (single linkage) was used to cluster
frames based on the protein sidechain atoms, leading to 100 clustered
frames. A cutoff distance of 0.2 nm was used for pH 4.2 and pH 5.5,
whereas a cutoff distance of 0.22 nm was used for pH 7.5. At pH 4.2,
twenty-nine clusters were produced with an average RMSD of 0.27 nm
where the most populated cluster contained 29 frames (29% of the
simulation). At pH 5.5, eighteen clusters were produced with an aver-
age RMSD of 0.28 nm where the most populated cluster contained 24
frames (24% of the simulation). At pH 7.5, three clusters were produced
with an average RMSD of 0.28 nm, where the most populated cluster
contained 88 frames (88% of the simulation). To produce a repre-
sentative structure at each pH, the structure from the middle frame of
the most populated cluster was used. For the creation of figures,
hydrogens were either kept or removed for residues of interest,
depending on average A values (Supplementary Table 2). The supple-
mental movie was created using the third replica of each pH (Sup-
plementary Movies 1 and 2). All trajectories were aligned to the first
frame of the pH 7.5 trajectory using VMD (v1.9.3)". A smoothing size of
5 was used for visualization.

In vitro cleavage assays of a fluorogenic substrate
To quantify the activity of AtMC9 or its mutants in this study, we
adapted the previously established enzyme assay protocol®®, with

several modifications. Specifically, 0.1 uM of purified AtMC9 or each of
its mutants were incubated in a 100 pL reaction buffer with varying
pHs from pH 3.6 to 9.6, 150 mM NacCl, and 10 puM of the fluorogenic
substrate Boc-Gly-Arg-Arg-MCA (Boc-GRR-MCA; Peptides Interna-
tional, KY) on 96-well flat bottom black plates (Greiner Bio-One,
Monroe, NC) at 30 °C. The released 7-amino-4-methyl-coumarin (AMC)
was continuously monitored for 60 min with 1-min intervals using a
microtiter plate reader (Synergy HT, BIO-TEK, Santa Clara, CA) at
360 nm excitation wavelength and 460 nm emission wavelength. The
relative fluorescence units in each well were measured after the AMC
was released.

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

Data availability

Atomic coordinates and structure factor files have been deposited in
the RCSB Protein Data Bank (PDB) under the accession code 9N3F
(C147G mutant at pH7.5), 9N3E (C147G mutant at pH 5.5), and 9N3D
(C147G mutant at pH 4.2). PDB codes of previously published struc-
tures used in this work are 8A53 (AtMC9 C147A at pH 6.3) and 6W8R
(AtMC4 C139A). Simulation input and output coordinates are provided
as Supplementary Data 2. Source data are provided with this paper.
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