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mitogen-activated protein kinases that have high flexibility

in their activation loop
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Microbial pathogens often target the host mitogen-activated
protein kinase (MAPK) network to suppress host immune
responses. We previously identified a bacterial type III secretion
system effector, termed NleD, a metalloprotease that inactivates
MAPKSs by specifically cleaving their activation loop. Here, we
show that NleDs form a growing family of virulence factors har-
bored by human and plant pathogens as well as insect sym-
bionts. These NleDs disable specifically Jun N-terminal kinases
(JNKs) and p38s that are required for host immune response,
whereas extracellular signal-regulated kinase (ERK), which is
essential for host cell viability, remains intact. We investigated
the mechanism that makes ERK resistant to NleD cleavage. Bio-
chemical and structural analyses revealed that NleD exclusively
targets activation loops with high conformational flexibility.
Accordingly, NleD cleaved the flexible loops of JNK and p38 but
not the rigid loop of ERK. Our findings elucidate a compelling
mechanism of native substrate proteolysis that is promoted by
entropy-driven specificity. We propose that such entropy-based
selectivity is a general attribute of proteolytic enzymes.

Mitogen-activated protein kinases (MAPKs) are serine/
threonine kinases conserved in all eukaryotes (1-4). MAPKs
are involved in fundamental cell processes, such as growth,
survival, and response to stressors (2—4). The MAPK family
comprises three main subfamilies, each including several iso-
forms. These subfamilies include the extracellular signal-
regulated kinases (ERK1 and ERK2), the c-Jun N-terminal ki-
nases (JNK1, JNK2, and JNK3), and the p38 kinases (p38c,
P38, p38y, and p385). MAPKs are activated in response to a
variety of stimuli. ERK1 and ERK2 are preferentially activated
in response to growth factors and mitogenic stimuli (5),
whereas JNK and p38 kinases are more responsive to stress-
associated stimuli. The latter include response to proinflam-
matory cytokines, such as tumor necrosis factor « and in-
terleukin-1B3, whose production is typically associated with
bacterial infection (6). All MAPKs share a similar structure,
consisting of the N and C lobes, with the active site and the
activation loop in a crevice between them. The activation
loop contains a TXY motif that includes two adjacent phos-
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phor-acceptors, threonine and tyrosine residues, separated
by a third variable residue. The X in the TXY motif is used as a
hallmark for the specific MAPK, i.e. proline for JNKs, glutamate
for ERKs, and glycine for p38s (7-9). Phosphorylation of both
threonine and tyrosine residues is essential for the maximal ac-
tivity of the MAPKs. The activated MAPKs phosphorylate a
substantial set of cellular and nuclear proteins, such as other ki-
nases, tumor suppressors, and transcription and translation fac-
tors (10). The activation loop in nonphosphorylated p38 and
JNK often exhibits high flexibility, whereas that of ERK typically
displays a defined conformation (11-13).

Pathogenic bacteria often produce toxins that target the
MAPK network to manipulate the host immune response
(14-16). Among these pathogens is enteropathogenic Esche-
richia coli (EPEC), which employs its type III secretion system
(T3SS) (1) to inject into infected host cells effector proteins
that manipulate MAPKs. These effectors include NleE, which
inhibits the activation of MAP3K7 (also called TAK1, for trans-
forming growth factor beta-activated kinase 1) (17, 18) and
NleD, which targets the JNK and p38 MAPKs. NleD is a Zn-de-
pendent protease that rapidly inactivates JNK and p38 by cleav-
ing them in their TXY motif between the X and Y residues (19).
Notably, in contrast to JNK and p38, ERK remains unaffected
by NleD (19). Thus, by employing NleD, EPEC inactivates p38
and JNK, which are required for the host immune response,
without affecting the ERK-dependent host cell viability.

Here, we show that NleD belongs to a large family of proteins
harbored by various bacterial species, including human and plant
pathogens and insect symbionts, all of which discriminate
between JNK/p38 and ERK. We revealed that NleD distinguishes
between the different MAPKSs, disabling only p38s and JNKs by a
mechanism involving entropy-driven selectivity. Accordingly, it
targets only flexible activation loops containing the TXY motif.
Our results provide the first example of a proteolytic enzyme
bearing entropy-driven selectivity toward its native substrate. We
estimate, however, that a similar mechanism is a widespread
strategy for enhancing substrate selectivity.

Results
NleDepgec cleaves all p38s and JNKs but not ERKs

We have previously shown that NleD of EPEC (NleDgpgc)
cleaves the activation loops of JNK2 and p38« at the TXY motif
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Figure 1. Cleavage of MAPK isoforms by NleDgpgc. A-C, HEK293T cells, transiently expressing different epitope-tagged isoforms of JNK (A), p38 (B), and ERK
(0), were infected with WT EPEC (WT) or the EPEC AnleD mutant, as indicated above the lanes. Proteins were extracted from the cells and subjected to Western
blot analysis using anti-HA (HA-JNKs and HA-ERK2) or anti-His antibody (His-p38s and His-ERK1). D, Recombinant purified NleDgpgc was incubated with
recombinant p38a, JNK2, or ERK2. Proteins were then resolved using SDS-PAGE and visualized by Coomassie staining. The cleavage of p38a results in a single
product band, as the two fragments exhibit almost identical molecular masses of 20.8 and 20.4 kDa. JNK2, however, has a C-terminal extension region that is
49 residues larger than that of p38a; thus, its cleavage results in two distinct bands. Intact and fragmented MAPKs are indicated by blue and red arrowheads,
respectively, and a green arrowhead indicates NleD. The incomplete cleavage of JNK and p38 proteins is likely due to the presence of misfolded subpopula-

tions of the MAPKs.

(TPY and TGY, respectively) between Pro/Gly and Tyr (19).
On the other hand, NleD does not proteolyze ERK2 (19). To fur-
ther examine NleD specificity, we assayed its activity toward the
different isoforms of ERK, JNK, and p38 (i.e. INK1, NK2, p38c,
P38, p38y, p388, ERK1, and ERK2) (20). For this purpose, we
expressed an epitope-tagged form of each of the above MAPK
isoforms in HEK293T cells and then infected them with WT
EPEC or an nleD-deficient mutant. Western blot analysis of pro-
teins extracted from the infected cells shows that NleDgpgc
cleaved all INKs and p38s but none of the ERKs (Fig. 1, A—C).
To further verify these findings, we assayed the in vitro activity
and specificity of purified NleDgpgc against purified MAPK sub-
strates. Similarly, we found that JNK2 and p38«, but not ERK2,
were cleaved by NleD (Fig. 1D), strengthening the premise that
NleDegpec is incapable of cleaving ERKs.

Inability to cleave ERK is a conserved property of NleDs

A database search using BLAST (21) identified numerous
NleD orthologues from different species that exhibit high
sequence identity. These NleD proteins were aligned and an-
alyzed for their phylogenetic relationships (22) (Fig. S1 and
Fig. 24). We then selected four NleDs for further analysis,
including those of Salmonella enterica serovar Arizonae
(NleDggya), the insect symbiont Hamiltonella defensa (NleDyp),
and the two NleD copies of Citrobacter rodentium (NleDcg; and
NleDcr»). These NleD orthologues were cloned in an expression
vector, and their proteolytic activity of cleaving selected MAP ki-
nases (JNK2, p383, and ERK1) was assayed using coexpression in
E. coli BL21. We found that similarly to NleDgpg, all the assayed
orthologues cleaved JNK2 and p38f3, but none of them cleaved
ERK1 (Fig. 2B). These results suggest that the inability to cleave

9410 J Biol. Chem. (2020) 295(28) 9409-9420

ERK proteins is conserved throughout the NleD family. The
question that arises is how NleD distinguishes ERK from the
highly similar p38 and JNK.

Cleavage of the ERK activation loop is restricted specifically in
its intrinsic context

The MAPKs differ at the X residue of their TXY motif. In
ERK, X is the negatively charged Glu, whereas in p38 and JNK,
X is the neutral Gly or Pro residue, respectively (Fig. S2). To
examine if the X residue plays a role in NleD selectivity, we gen-
erated a INK2 mutant whose TPY motif was converted to TEY
(P184E), as in ERK. The results showed that upon coexpression
with NleD, the JNK2 P184E mutant was cleaved with efficiency
similar to that of the WT JNK2 (Fig. 3A4), indicating that the
Glu in the ERK TEY motif is not the factor that impairs the
NleD ability to cleave ERK. These results also suggest that
the recognition of JNK2 by NleD is mediated by other determi-
nants, possibly related to the activation loop.

Since the size and composition of the activation loops of
the MAP kinases differ (Fig. S2), we also examined their role
in imposing the inhibitory effect of ERK on NleD. To this
end, we swapped the complete activation loops between the
MAPKs and assayed NleD activity. We generated three var-
iants, including ERK2, replacing the activation loops with
that of JNK2 (ERK4_jnk) or that of p38a (ERK4_p3s). Simi-
larly, we constructed a p38a containing the activation loop
of ERK2 (p38a_gri) (Fig. 3B). We next tested the capability
of NleD to cleave the purified MPAK variants (i.e. ERKa_jni,
ERK4 . p3s, and p384_gri)- NleD cleaved all swapped variants,
including p38, gri, containing the ERK activation loop in
the context of p38 (Fig. 3C). These results indicate that the
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Figure 2. NleD orthologues cleave JNK and p38 but not ERK. A, An NleD orthologue phylogenetic tree was created with Clustal Omega. Proteins selected
for further analysis are highlighted in boldface. B, NleD orthologues of C. rodentium (NleDcg; and NleDcg,), S. enterica serovar Arizonae (NleDsgn), and H.
defensa (NleDyp) were coexpressed in E. coli BL21 together with hexahistidine-tagged MAP kinases (i.e. p3883, JNK2, or ERK1). Proteins were then extracted
from the bacteria, and MAPK cleavage was probed by Western blot analysis using the anti-6His antibody. Intact and fragmented MAPKs are indicated by blue

and red arrowheads, respectively.

size and composition of the activation loops per se are not
the prevailing factors that restrict ERK cleavage by NleD.

The search for MAPK regions accountable for NleD specificity

Since the ERK activation loop resists cleavage by NleD only
within its native context, we assumed that other regions of ERK
play a role in restricting NleD activity. We further predicted
that these ERK regions differ from the corresponding JNK and
p38 regions, which might even promote p38 and JNK cleavage.
The first candidate region that we assayed was the common
docking motif (CD), localized at the N-lobe distal from the
active site (Fig. S2) (23-26). The CD is the primary recognition
site of MAPKs for interactions with upstream activators, sub-
strates, and phosphatases. To test whether the CD is required
for targeting MAPKs by NleD, we mutated the CD of JNK2 and
p38a and examined NleD activity. To this end, we constructed
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a mutant in the p38 CD (D316N) (27) and four mutants of the
JNK CD, including three single-residue replacements (D326A,
E329A, and E331A) and a triple mutant (28). The results show
that all assayed JNK2 and p38« variants were efficiently cleaved
by NleDgpec (Fig. 4A), emphasizing that the CD region does
not play a role in NleD specificity.

We then conducted a structure-based analysis to identify
ERK sequences positioned in spatial proximity to the activation
loop cleavage site and identified four such regions. These
included short segments of the G-helix (G), the MAP kinase
insert MKI (M), and the L16 (L) and «EF/aF (F) loops (Fig. 4B,
Fig. S2). We subsequently generated several ERK2 replacement
variants, or combinations of them, producing altogether nine
variants, described in detail in the supporting information
(Table S2). We next expressed and purified each of the variants
and assayed for their proteolysis by NleD. The results clearly
showed that none of these variants were cleaved by NleD

J. Biol. Chem. (2020) 295(28) 9409-9420 9411


https://www.jbc.org/cgi/content/full/RA120.013590/DC1
https://www.jbc.org/cgi/content/full/RA120.013590/DC1
https://www.jbc.org/cgi/content/full/RA120.013590/DC1

Differential cleavage of MAP kinases by NleD effector

A INK2  WT P184E
NleD - + - +
- 100
; B . —— 75
'_'_' :_' " |63
- 48
- 35
> [—"
B
Ve A
K p38 # KpsBA-ERK \

f\ INK GRKHNK

C  p38me - + +
NleD + + -
50 —
-— <
37 o
2 -
20 - —— (
ERK, jnk + + +
NleD + + -
50 -
<
37 -
| — -
20 - - <
ERKppsg - + +
NleD + + -
50 =
- -— <
P - —
20 P £ §

Figure 3. The impact of the X residue within the TXY motif and the activation loop context on NleD substrate specificity. A, INK2 WT or JNK2-P184E
mutant was coexpressed in E. coli BL21 with NleD (+) or vector control (—). Proteins were extracted from the expressing bacteria and subjected to Western
blot analysis using an anti-JNK antibody. Intact and cleaved JNKs are indicated by blue and red arrowheads, respectively. B, Schematic view of native p38a,
ERK2, and JNK2 and the activation loop swapped variants. C, Purified proteins variants were incubated with purified NleDgpec, and, as negative controls, the
MAPK variants and NleD were incubated separately. For cleavage analysis, proteins were subjected to SDS-PAGE and visualized by Coomassie staining. Intact
and cleaved MAPKs are indicated by blue and red arrowheads, respectively. A green arrowhead indicates NleD protein.

(Fig. 4, C—E), indicating that the four regions neighboring the
ERK activation loop (L16, L&EF/aF, G-helix, and MKI) are not
accountable for NleD selectivity.

MAPK cleavage by NleD correlates with the flexibility of the
activation loop

Analysis of the PDB database revealed that the activation
loops of p38 and JNK are mostly unstructured (flexible),
whereas those of ERK exhibit generally a defined structure
(11-13). Thus, we investigated whether only flexible loops are
recognized and proteolyzed by NleD. To this end, we deter-
mined the crystal structure of ERK, 35 and p38,_gri (Table 1,
Fig. 5), both shown to be cleavable NleD substrates (Fig. 3C).
We also solved the structure of the ERK variant containing the
G helix of p38 (ERKg.p3s), which was shown to be resistant to
NleD proteolysis (Fig. 4E). In the latter variant, the ERK2 G-he-
lix residues **’KHY**' were replaced by the respective
*26TDH?*® residues from p38a. Structural analysis showed that
the three chimeric MAPKs consist of the canonical two-lobe
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topology, highly similar to the WT MAPKs (Fig. 54). The struc-
ture of p38, pri showed that the activation loop originating
from ERK did not have indicative electron density, exhibiting
high flexibility (Fig. 5B). Similarly, the structure of ERK4_p3s
showed that its activation loop, derived from p38, also exhibits
high flexibility, similar to that of the p38,_gri loop (Fig. 5B). In
contrast, the loop of ERKg_p35 showed a defined and rigid con-
formation (Fig. 5). Taken together, our results showed that
ERK4 . p3s and p38a_gri, which exhibit a disordered (flexible)
activation loop, were cleaved by NleD, whereas ERKg_pss,
which has a loop with defined conformation, remained intact
(Fig. 3C, Fig. 5, and Table 2). The observed conformation and
the rigidity of the activation loop in ERK2 and ERKg_p3g is not a
result of crystal packing, as the majority of its interactions are
intramolecular. The introduction of the loop of p38a into
ERK2 (ERK4_p3s) also results in the same crystal packing, yet
the loop displays flexibility. Thus, we postulated that local con-
formational flexibility of the activation loop is a primary factor
promoting JNK/p38 cleavage by NleD and that the rigidity of
the ERK loop hinders its cleavage.

SASBMB
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Table 1
Data collection and refinement statistics
Parameter P38a-ErK ERKA 35 ERKg.p3s
PDB entry 6QYX 6RFO 6RFP
ESRF beamling ID23-2 ID23-1 ID23-1
Wavelength (A) 0.873 0.972 0.972
Space group P2,2,2, P2, P2,

a = 68.86, b =74.50, c = 75.28
52.95-1.66 (1.72—1.66)
46,102 (4,589)

Unit cell parameters (A)
Resolution range (A) (outer shell)
No. of unique reflections

a=48.00, b = 68.69, c = 60.23, B = 109.13°
45.35-1.70 (1.73-1.70)
40,460 (2,160)

a=4874,b=6881,c=6081,p =110.14°
45.76-1.742 (1.79-1.74)
38,438 (2,840)

Redundancy 4.2 4.0 3.7
Regm(D)” 0.068 (0.862) 0.062 (0.716) 0.047 (0.661)
Completeness 99.1 (99.06) 99.4 (98.8) 99.4(99.8)
Il 9.8 (1.0) 10.0 (1.0) 16.10 (1.92)
CC(1/2) 99.8 (39.6) 99.8 (48.9) 99.9 (77.8)
No. of protein atoms 2,731 2,590 2,762
No. of ligand atoms 20, 15
No. of solvent atoms 204 173 227
R factor 18.5 15.6 14.6
Riree” 24.2 21.9 19.7
Average B factor
Protein 38.2 38.7 37.2
Ligands (BOG, HEPES) 39.6, 46,6
Solvent 44.2 44.2 46.8
RMSD from ideality
Bond length 0.017 0.013 0.016
Bond angle 1.80 1.89 1.97
Ramachandran plot (Rampage) (%)
Favored 96.4 96.4 97.8
Generously allowed 3.6 3.0 2.2
Disallowed 0.0 0.7 0.0

“ReyeD=ST — |/31.

b Test set consists of 5% for all data.

NleD recognizes a specific sequence within the flexible
activation loops

Given the above-described results, we predicted that induc-
ing flexibility in the ERK activation loop should be sufficient to
convert it into an NleD-sensitive state, leading to its proteolysis.
To test this assumption, we cloned the ERK1 activation loop
(residues C183 to W209) and the JNK2 loop (residues D169 to
R192) between two nonrelated proteins, GST and GFP, that
should not impose constraints on the loop conformation (Fig.
6). We then probed for cleavability by NleD and found that in
this artificial context, NleD readily cleaved both the ERK1 and
JNK?2 activation loops (Fig. 6). These results strengthen the pre-
mise that the conformational flexibility of the ERK activation
loop is sufficient for efficient cleavage by NleD.

The demonstration that the ERK1 and JNK2 activation loops
are cleaved by NleD provided an approach to define further the
sequence within the loop that is recognized by NleD. To
address this issue, we constructed a set of plasmids expressing
successively shorter segments of the JNK2 loop, all flanked by
GST and GFP (Fig. 6C). The coexpression of these hybrid

proteins and NleD in E. coli, followed by cleavage analysis,
identified two short overlapping sequences, MTPYVVT and
FMMTPYV, that were sufficient to promote proteolysis by
NleD (Fig. 6D). Notably, a replacement of this sequence with
seven sequential alanine residues abrogated the cleavage of
the hybrid protein by NleD (Fig. 6D). Taken together, these
results suggest that NleD recognizes and cleaves specific
sequences that overlap the TXY motif and are located within
flexible MAPK activation loops.

Discussion

A remarkable common feature of the NleD family of proteins
is their ability to specifically target JNK and p38 MAPKs while
leaving ERK intact. We examined the reason for ERK remaining
entirely resistant to cleavage by NleD, even upon prolonged
incubation at high concentrations of NleD. In contrast, the
closely related JNK and p38 are specifically and rapidly cleaved.
Our data, based on biochemical and structural analyses, suggest
that NleD targets flexible MAPK activation loops. We show
here that the activation loop of ERK exhibits a defined structure

Figure 4. Region replacements between ERK and p38/JNK did not alter cleavage preferences of NleD. A, HEK293T cells were transfected, or not (NT),
with plasmids expressing WT JNK2 carrying an HA tag (WT) or JNK2 mutated in critical CD domain residues, as indicated above the lanes (left). The cells were
then infected with WT EPEC and subjected to Western blot analysis using an anti-HA antibody. (Right) In addition, WT p38a (WT) or p38 mutated in a critical
CD domain residue (D316N) was purified and incubated in vitro with NleDgpgc. Samples were subjected to SDS-PAGE and visualized by Coomassie staining. B,
Structure model of ERK2 (PDB entry 4531). The activation loop is colored red, and threonine and tyrosine of the TXY motif are highlighted in blue. The dashed
circle highlights the regions that are in close proximity to the activation loop. Regions that were replaced in the variants include MKI (M), colored yellow, G-helix
(G), colored purple, L16 (L), colored orange, and LaEF/aF (F), colored cyan. C-E, Purified MAPK variants were incubated with or without purified NleDgpgc and
then resolved by SDS-PAGE, followed by Coomassie staining. The variants used are indicated above the respective lanes and include WT ERK2 (ERK,,.), WT
INK2 (JNKy), WT p38a (p38,y¢), ERK2 with G-helix of INK2 or p38a (ERKg._jnk and ERKg.p3s, respectively), ERK2 with the p38a activation loop (ERKa p35), p38a
with the ERK2 activation loop (p38a.grk), ERK2 with the LaEF/aF region of p38a (ERK.p33), double mutant ERK2 with G-helix and LaEF/aF regions of p38a
(ERK f-p3g), triple mutant ERK2 with G-helix, MKI, and L16 regions of p38a (ERKgm,.p3s), and quadruple mutant ERK2 with G-helix, LaEF/aF, MKI, and L16
regions of p38a (ERKg £ m,.p38)- The presence (+) or absence (—) of NleD is indicated. Intact and fragmented MAPKs are indicated by blue and red arrowheads,
respectively. A green arrowhead indicates NleD protein.
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Activation Loop

Figure 5. Structure comparison between WT MAPKs and activation
loop-swapped variants. Structural superposition of the ERK molecules
resolved in this study, including overall structures (A) and view of the activa-
tion loop vicinity (B). The overall structures of ERKg_p3s (cyan and blue) and
ERKa-p3s (Magenta) remain similar without significant conformation changes
other than in the activation loops. The activation loop (blue) in ERKg_p35 and
the aEF/aF loop (yellow) maintain the conformation of the WT structure (not
shown). The activation loop of ERK 35 is disordered, and its edges are indi-
cated in panel B by red arrows. The aEF/aF loop of ERKg.,35, known to be con-
jugated with the contour of the activation loop, is also disordered (shown by
a dotted red line in panel B).

Table 2
Summary of NleD proteolysis results
Result for NleDgpgc
MAP kinase substrate Invitro Invivo
Wild type
ERK No No
p38 Yes Yes
JNK Yes Yes
Activation loop
JNK P184E Yes
ERKA ;35 Yes
ERKA j\k Yes
P38a-ErK Yes
GST-INK2169.192-GFP Yes
GST-INK2;76.195-GFP Yes
GST-JNK2,g50.192-GFP Yes
GST-INK2;76.185-GFP Yes
GST-INK2;40.186-GFP Yes
GST-INK2,g,.185-GFP Yes
GST-ERKA-GFP Yes
G-helix
ERKg_p3s No
ERKg_jnk No
MKI
ERK,,_p3s No
ERK,,, i No
G-helix + MKI + L16
ERKg,m,1-p3s No No
ERKg m 1Nk No No
oEF/oF loop
ERKE. 35 No
G-helix + oEF/oF loop
ERKG p_p3s No
G-helix + MKI + L16 + «EF/aF loop
ERKG k,m,1-p38 No

that restricts the accessibility of NleD to the TEY motif, leading
to resistance to NleD. Most of the ERK2 structures deposited in
the PDB (more than 80%) exhibit a defined conformation of the
activation loop. In contrast, the loops of p38 and JNK alternate

SASBMB

between several defined structures; some of them are selected
to be cleaved by NleD. In agreement with our data, the exami-
nation of deposited (PDB) p38 and JNK structures showed that
these MAPKSs regularly display high loop flexibility (11-13).

Additionally, solution NMR studies of p38« further indicate
that the activation loop exhibit flexibility in the nonphosphory-
lated form (29). Interestingly, we obtained preliminary results
indicating that NelD cannot proteolyze the dually phosphory-
lated forms of p38 and JNK. These findings further support our
hypothesis, since conserved interactions of the phosphorylated
Thr and Tyr impose activation loop rigidity, as observed in the
available phospho-p38 X-ray structure (9). Thus, our data show
that NleD evolved to take advantage of the differences in the
activation loop flexibility—rigidity interplay to specifically target
JNK and p38 and evade the cleavage of ERK. Further analysis
revealed that NleD recognizes the short overlapping sequence
MTPYVVT or FMMTPYV within the loop, which is highly
similar in all MAPKSs. As a result, NleD recognizes these mini-
mal sequences embedded within flexible MAPK activation
loops, cleaving them between the X and Tyr residues, resulting
in irreversible MAPK inactivation.

The MAPK network is targeted by a large number of effec-
tors and toxins produced by pathogenic bacteria. The anthrax
lethal factor toxin is a metalloprotease that targets MAP2K
(30). Yop], AvrA, and VopA represent a family of T3SS effector
proteins that acetylate MAP2K and MAP3K proteins (31-35).
NleE and OspZ are T3SS effectors that prevent the activation
of the MAP3K TAK1 (17, 18). OspF, SpvC, and HopA1 form
a family of effector proteins that, like NleD, inactivate
MAPKs (1, 36). These effectors target the phosphorylated
TXY motif (pT-X-pY) and irreversibly remove the phosphate
from the Thr residue by phosphothreonine lyase activity (25).
The physiological substrate of OspF and SpvC proteins is
mainly p38 and, to a lesser extent, ERK, while JNK is the least
preferred substrate (25). NleD and OspF employ different
strategies to recognize the TXY or pT-X-pY motif of MAPKSs.
OspF and SpvC contain an N-terminal D motif, which inter-
acts with the CD of p38 to position the catalytic site correctly
(25). In contrast, our data show that NleD lacks a D motif and
that the MAPK CD is not required for cleavage. Instead,
NleD recognizes a short sequence containing the TXY motif
in the context of a flexible loop.

The combination of virulence factors carried by a given
pathogen is shaped through evolution to fit its specific needs
and relationships with the eukaryotic host. Here, we show that
NleD represents a growing family of metalloproteases consist-
ing either of T3SS effector proteins or a domain within a larger
exotoxin. While the biochemical function of NleD in JNK and
p38 inactivation is well defined, elucidating its biological func-
tion is more complex. The biological function is most likely de-
pendent on the specific pathogen, the associated repertoire of
T3SS effectors carried by this pathogen, and the infected orga-
nism and tissue. For example, the consequences of the activity
of identical NleDs within human or plant cells are expected to
vary. In mammalian pathogens, NleD is likely to downregulate
stress and inflammatory responses associated with p38 and
JNK while maintaining host cell viability, which requires func-
tional ERK. An additional key factor that impacts the biological
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Figure 6. Activation loops of JNK2 and ERK1 are recognized and cleaved by NleD when inserted between GST and GFP. A, Schematic presentation of
the ERK1 activation loop (ERKa) cloned between the GST and GFP proteins. B, The ERK1 activation loop flanked by GST and GFP (GST-ERKA-GFP) was coex-
pressed in E. coli BL21 with or without NleDgpgc. The extracted proteins were pulled down using GSH beads and subjected to SDS-PAGE, followed by Coomas-
sie staining. Intact and fragmented GST-ALgri-GFP proteins are indicated by blue and red arrowheads, respectively. C, Schematic view of the JNK2 activation
loop (residues 169 to 192) cloned between GST and GFP proteins. Below are shown the different fragments of the JNK2 activation loop and the corresponding
coordinates, which were cloned between the GST and GFP proteins. D, GST-GFP bridged by different segments of the JNK2 activation loop shown in panel C
or by seven alanine residues (7A) were coexpressed in E. coli BL21 with or without NleDgpec. The extracted proteins were pulled down using GSH beads and
subjected to SDS-PAGE, followed by Coomassie staining. The variants used and the presence or absence of NleD are indicated above the lanes. Intact and frag-
mented proteins are indicated by blue and red arrowheads, respectively.
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role of NleD is the composition of other effectors and exotoxins
that are codelivered with it. For example, most clinical isolates
of EPEC and enterohemorrhagic E. coli inject NleD into the
host cell together with additional MAPK-modulating effectors,
such as NleE, which targets the MAP3K TAK1 (18). Some iso-
lates also carry a gene encoding an AvrA-like protein (37),
which likely acetylates MAP2Ks. Harboring distinct combina-
tions of anti-MAPK effectors could provide the pathogen with
enhanced flexibility to accurately manipulate the MAPK signal-
ing. It is conceivable that, by horizontal gene transfer combined
with fine-tuning through mutational evolution, a given patho-
gen collects and shapes a set of T3SS effectors to manipulate
the MAPK pathway as well as other host processes in a way that
is compatible with its virulence strategy.

In conclusion, here we demonstrate that NleD represents a
growing family of T3SS metalloprotease effectors that target
JNK and p38 but not ERK. We show that NleD specifically
evolved to take advantage of differences in entropy between
activation loops of MAPKs, avoiding ERK cleavage while effi-
ciently disabling JNK and p38. This concept of protease activity
driven by peptidic substrate entropy, shown in this study for
the first time in a native system, can explain how NleD discrim-
inates between very similar substrates. Notably, recent studies
utilizing synthetic systems, including single-molecule force-de-
pendent kinetics and molecular dynamics of conformational
transitions (38, 39), support the notion that substrate flexibility
has a profound impact on the rate of proteolysis. Thus, we
anticipate that substrate flexibility-driven proteolysis is not
unique to NleD and possibly represents a widespread mecha-
nism utilized by proteases to enable and promote their corre-
sponding selectivity.

Experimental procedures
Bacterial strains, plasmids, and primers

Bacterial strains, plasmids, and primers used in this study are
listed in Tables S1-S3 in the supporting information, respec-
tively. Cloning was performed using either restriction enzymes
or the Gibson assembly method. Inserts integrated into plas-
mids were generated using either a Pfu-Ultra II fusion Hot Start
DNA polymerase (Agilent) or KOD Hot Start DNA polymerase
kit (Novagen). PCR was performed on the human p38a™*
cDNA, NleDgpgc subcloned into pET-28a, and rat ERK2"*
c¢DNA subcloned into pET-15b. All PCR reactions were con-
ducted downstream and in-frame with the hexahistidine cod-
ing sequence. 5'-Phosphorylated primers were used for pro-
ducing the mutants, and DNA sequencing was used to verify
the constructs. To search for NleD orthologues, the NleDgpgc
protein sequence was compared using PSI-BLAST at NCBI.
The resulting NleD orthologues were aligned and clustered
into a phylogenetic tree using Clustal Omega. The DNA of the
NleD orthologues was obtained by PCR using suitable primers
and template genomic DNA extracted from the corresponding
bacterial strains or intact aphids colonized by symbiotic H.
defensa.

SASBMB

Transfection, infection, and bacterial cell assays

For transfection, HEK293T cells were plated onto 35-mm
dishes (0.5 X 10° cells per well) and cultured in DMEM with
10% FCS and penicillin-streptomycin antibiotics for 18 h. Cells
were transfected with 6 ug DNA per well, using Turbofact
(Thermo Scientific, R0531) according to the manufacturer’s
protocol. Cells were analyzed 24 h posttransfection.

For infection, the epithelial cells grown in 35-mm dishes to
~80% confluence were washed twice with antibiotic-free
DMEM and infected at 37 °C for 3 h with 1 ml DMEM supple-
mented with 10 ul EPEC taken from an overnight standing cul-
ture in LB medium. After infection, cells were washed and lysed
using RIPA buffer (Sigma, R0278) and centrifuged, and the su-
pernatant was collected.

For the bacterial cell assay, E. coli BL21 was transformed
with the chosen plasmids. Bacteria from an overnight culture
were diluted 1:100 and incubated at 30 °C to an optical density
at 600 nm of 0.4-0.6, and then 0.5 mm isopropyl-B-p-thiogalac-
topyranoside was added. The proteins were expressed at 20 °C
overnight and then extracted.

Protein extracts were separated by SDS-PAGE. Membranes
were either stained with Coomassie brilliant blue staining (Bio-
Rad 6160436) or probed by Western blot analysis using a-JNK
(BD Pharmingen, 554285), a-HA (Sigma, A2095), or a-hexa-
histidine (GE Healthcare, 27471001).

Protein expression and purification for in vitro assays and
crystallization

All proteins were expressed in E. coli strains as N-terminal
hexahistidine-tagged proteins. JNK2, p38a WT, and the
D316N variant were produced as previously described (40, 41).
For the other proteins, cells were grown at 37°C until they
reached an optical density at 600 nm of 0.4—0.6, and protein
expression was induced by the addition of 0.2 mm isopropyl-
B-p-thiogalactopyranoside. After induction, NleDgpprc and
P38a.-gri Were transferred to 21 °C and ERK2 variants to 17 °C
overnight. Cells were collected by centrifugation, and the pel-
lets were stored at —80 °C. All frozen pellets were gently thawed
on ice and suspended in appropriate lysis buffer (described
below), supplemented with protease inhibitor mixture (Sigma,
p8849), 0.2 mg/ml lysozyme, 10 ug DNase I (Sigma), and 10
mm MgCl,. After mechanical disruption of the cells using a
Microfluidizer device at 20,000 psi (LV1; Microfluidics Corpo-
ration, Newton, MA), the lysates were centrifuged at 16,000 X
g for 30 min at 4°C. The supernatant was filtered (0.45 pum;
Millex®-HV) and loaded onto a Ni Sepharose FF 4-ml column
(Amersham Biosciences) using the AKTA™ explorer system
(GE Healthcare Life Sciences). The eluted proteins were dia-
lyzed overnight as described below and then loaded on a
Resource 15Q 23-ml (Amersham Biosciences) anion exchange
column. The eluted proteins were concentrated using Vivaspin
(5000 MW CO PES; Sartorius), divided into aliquots, and stored
at —80°C.

The NleDgpgc protein was expressed in a one-liter culture of
E. coli BL21(DE3) in 2X YT medium supplemented with NPS
buffer contains 25 mm (NH4)2SO,4, 50 mm KH,PO,4, 50 mMm
Na,HPO, (pH 6.75), 1% glucose, and antibiotics. Cells were
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lysed before purification with buffer containing 50 mm Tris-
HCI, pH 8, 0.3 m NaCl, 10 mm imidazole, 10% glycerol, and 10
mM PB-mercaptoethanol. The same buffer was used for equili-
bration of the Ni Sepharose FF 4-ml column (Amersham Bio-
sciences), and the proteins were eluted in 300 mm imidazole
and then dialyzed overnight against 50 mwm glycine-NaOH, pH
9.5, 0.05 M NaCl, 10% glycerol, and 10 mm [3-mercaptoethanol
to reduce concentrations of imidazole and NaCl. A Resource
15Q 23-ml (Amersham Biosciences) anion exchange column
was equilibrated in dialysis buffer. NleDgprc was eluted in
two peaks at ~140 mm and 170 mm NaCl.

ERK?2 variants (Table S2) were transformed into BL21(DE3)
containing A-ppase in 2 L of LB supplemented with NPS buffer
contains 25 mMm (NH,4);SO,, 50 mm KH,PO,, 50 mm Na,HPO,
(pH 6.75), 1% glucose, and antibiotics. Cells were lysed before
purification with buffer containing 50 mm Tris-HCI, pH 8, 0.3
M NaCl, and 10 mm imidazole. The same buffer was used for
equilibration of the Ni Sepharose FF 4-ml column (Amersham
Biosciences) and the proteins eluted in 250 mm imidazole. The
eluted proteins were then dialyzed twice for 1 h with 50 mm
Tris-HCI, pH 8, 10 mm NaCl, 5% glycerol, and 1 mm EDTA and
then overnight against 50 mm Tris-HCI, pH 8, 10 mm NaCl, 5%
glycerol, and 1 mm DTT. A Resource 15Q 23-ml (Amersham
Biosciences) anion exchange column was equilibrated in dialy-
sis buffer, and proteins were eluted in two peaks at ~60-70 mm
and 100 mMm NaCl. In this regard, the presence of these two
peaks is a regular occurrence in ERK2 purification protocols.
P384.erk Was transformed into E. coli (strain Rosetta) in 0.5 L
LB supplemented with antibiotics. Cells were lysed before puri-
fication with buffer containing 50 mwm Tris-HCl, pH 7.4, 0.5 m
NaCl, and 10 mMm imidazole. The same buffer was used for
equilibration of the Ni Sepharose FF 4-ml column (Amersham
Biosciences), and the proteins were eluted in 231 mm imidazole.
The eluted protein was then diluted 1:5.5 in 50 mm Tris-HCI,
pH 7.4, 5% glycerol, 10 mm MgCl,, and 1 mm DTT and loaded
on a Resource 15Q 23-ml (Amersham Biosciences) anion
exchange column that was equilibrated in dilution buffer con-
taining 0.1 M NaCl. The protein was eluted in one peak at ~120
mM NaCl.

In vitro NleD proteolysis assays of MAP kinases

In vitro assays were conducted to determine NleD activity.
Freshly thawed, purified proteins were mixed with NleDgpgc at
a ratio of 1:2.76 NleD:MAPK. The reaction buffer contained 50
mM NaCl, 50 mm Tris-HCI, pH 7.4, and 2 mMm CaCl, (19). Reac-
tions were carried out for 1.5 h at 37 °C and stopped by the addi-
tion of the chelating agent EDTA. Digestion products were
visualized using SDS-PAGE and Coomassie staining.

Crystallization, data collection, structure solution, and
refinement

The MAPK variants ERK, .35 and ERaeGp38 were crystal-
lized using the vapor diffusion sitting-drop method at 20°C
with 0.6 ml reservoir solution containing 1.8 M ammonium sul-
fate, 0.1 m Bis-Tris, pH 6.8 or 6.5, 2% (w/v) PEG 550 at a 1:1 ra-
tio. The 3-ul drops contained equal amounts of protein solu-
tion, at a concentration of 3.75-4.5 mg/ml, and reservoir
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solution. After approximately four hours, streak seeding was
performed (42), using WT ERK2"" as the source crystals. Crys-
tals of the mutants appeared within 3 days and reached their
final size within 7-10 days. The p38,_grix mutant was crystal-
lized by sitting-drop vapor diffusion at 4 °C with 0.6 ml reser-
voir solution containing 0.1 m HEPES, pH 7.5, 0.2 m KF, 13—
17% (w/v) PEG 3350, and 25 mm B-p-octyl glucoside (BOG).
The 3-ul drops contained equal amounts of protein solution, at
a concentration of 11 mg/ml, and reservoir solution. After
approximately one hour, streak seeding (42) from p38™* crystals
was performed, and crystals appeared within three hours.
Before data collection, the crystals were suspended in a cryo-
preserving solution containing the respective reservoir solution
described above and 20% ethylene glycol for ERK2 mutants, or
20% glycerol for p38a mutants, and immediately flash cooled in
liquid N

Crystallographic data for the p38a and ERK2 variants were
collected at the European Synchrotron Radiation Facility
(ESRF), Grenoble, France, at 100K, using the Oxford Cryosys-
tem Cryostream cooling device. For p38, gri, data were col-
lected in beamline ID23-2 on a Pilatus 2M pixel detector to the
highest resolution of 1.66 A (Table 1). Crystals belonged to the
P2,2,2; orthorhombic space group with one p38,_grx molecule
in the asymmetric unit, similar to WT p38 (43, 44). The data for
the ERK4 35 and EReGp38 variants were obtained in beamline
ID23-1 at 100K on a 6M Pilatus pixel detector to resolutions of
1.7 A and 1.74 A, respectively (Table 1). Crystals belonged to
the monoclinic P2, space group with one kinase molecule in
the asymmetric unit. All data were processed and scaled using
XDS via EDNA (45, 46).

The structure of p38,_rrx was solved by molecular replace-
ment using Molrep (47, 48), implemented in the CCP4 suite
(49, 50), using a search model of p38"** (PDB entry 1p38) after
removing all solvent molecules. It was initially refined by a
restrained refinement protocol using Refmac (48, 50). After
several iterative cycles of refinement and model building with
Coot (51), which was also used to identify solvent molecules,
the model converged to reasonable parameters. The refined
structure contained residues 4—172 and 189-358 with 1 BOG
and 1 HEPES and 204 water molecules having an R value of
18.5% and Ry of 24.2% (Table 1). The structure of ERK var-
iants was solved by molecular replacement using Molrep (48),
implemented in the CCP4 suite (49, 50), using a search model
of ERK2"" (PDB entry 4S31) after removing all solvent mole-
cules. It was initially refined, and the model building was
achieved via a protocol similar to that for p38a_gri, converging
to the final values shown in Table 1.

Data availability

The crystallographic data and coordinates were deposited in
the RCSB-PDB with the accession codes 6QYX, 6RFO, and
6REP for p38,_gri ERK4_p3s, and ERKg_p3g, respectively.
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