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SPECIAL TOPIC — Modeling and simulations for the structures and functions of proteins and nucleic acids
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Plants and animals recognize microbial invaders by detecting pathogen-associated molecular patterns (PAMPs)
through pattern-recognition receptors (PRRs). This recognition plays a crucial role in plant immunity. The newly dis-
covered protein in plants that responds to bacterial flagellin, i.e., flagellin-sensitive 2 (FLS2), is ubiquitously expressed and
present in many plants. The association of FLS2 and BAKI, facilitated by a highly conserved epitope flg22 of flagellin,
triggers such downstream immune responses as activated MAPK pathway and elevated reactive oxygen species (ROS) for
bacterial defense and plant immunity. Here we study the intrinsic dynamics and conformational change of FLS2 upon the
formation of the FLS2-flg22-BAK1 complex. The top intrinsic normal modes and principal structural fluctuation compo-
nents are very similar, showing two bending modes and one twisting mode. The twisting mode alone, however, accounts
for most of the conformational change of FLS2 induced by binding with fig22 and BAK1. This study indicates that fig22
binding suppresses FLS2 conformational fluctuation, especially on the twisting motion, thus facilitating FLS2-BAK1 in-
teraction. A detailed analysis of this sensing mechanism may aid better design on both PRR and peptide mimetics for plant

immunity.
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1. Introduction

In nature, pathogens (including bacteria, viruses, fun-
gal, etc.) cause disease in animals and plants. Within them,
the pathogen-associated molecular patterns (PAMPs) or the
microbe-associated molecular patterns (MAMPs) are usually
conserved and often relatively abundant molecular signatures
that are present across a broad range of microbes.!!>! Upon the
interaction with the host cell surface-localized pattern recog-
nition receptors (PRRs), PAMPs trigger defense responses of

5.1276] These responses

plant or animal innate immune system:
include the production of ethylene, ion fluxes, reactive oxy-
gen species (ROS) burst, and MAP kinase activation.!”-8! They
are usually shared by different PAMPs, while the amplitude
and duration may differ depending on the host and the spe-
cific PAMP.U3 Many different PRRs for conserved micro-
bial patterns have been identified, most of which are recep-
tor kinases (RKs) or receptor-like proteins in plants.*19 In
the ectodomains of these PRRs, many of them carry leucine-
rich repeats (LRRs). With a spiral-shaped ligand interaction
domain, LRRs facilitate PRR recognition of many types of
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molecules such as peptides, lipids, nucleic acids, and small-
molecule hormones. (11121
One of the most well-known LRR-RKs,

sensitive 2 (FLS2), is critical for plant antibacterial immunity.

flagellin-

It recognizes the conserved epitope flg22 of bacterial flag-
ellin and initiates downstream plant immunity. 10:13.141 F1g22
recognition specificities exist widely in higher plants, and it
has been shown that the flg22-induced immune response is
a direct result of the recognition of fig22 by FLS2.[13] Upon
the binding of flg22, FLS2 forms a heterodimer with its core-
ceptor BRI1-associated kinase 1 (BAK1)!1%-15-18] that triggers
downstream immune responses and internalizes FLS2 from
the plasma membrane (PM) into endosomes. (191 However, the
mechanism of flg22-induced FLS2-BAKI1 heterodimer for-
mation is still puzzling because the experimentally observed
static structures show little conformational change for FLS2
with or without the binding of flg22 and BAK1.['%1 How is
the recognition specificity of fig22 achieved then? The answer
may lie in the detailed dynamics of the complex.

Protein interaction and dynamics have been studied for
decades under several different frameworks.?*>°! The first
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one is the “lock-and-key” model proposed by E. Fischer.[?’]

This model emphasizes the complementary shapes between
the two interacting proteins. This rigid framework, how-
ever, ignores the conformational changes associated with the
protein—protein interaction. To account for this type of pro-
tein plasticity, the “induced fit” model>!! has been proposed
to incorporate some structural change of the receptor induced
by substrate binding. For some protein complexes that un-
dergo significant structural changes upon the association, a
more recent model of “conformational selection” has emerged
using the free energy landscape concept of protein folding
theories.**! According to this model, the native state of a pro-
tein is not a single conformation, but rather an ensemble of
closely related conformations that coexist in equilibrium. The
most suitable conformation will bind the substrate and reach a
new equilibrium for the complex.[??! Recent protein dynamics
studies by Bahar ef al. have shown that the protein structural
changes during complex formation correlate with its intrinsic
dynamics and fluctuations near its equilibrium state. Again,
this suggests that the conformational fluctuations and intrinsic
dynamics of a protein complex can be essential for its biolog-
ical functions. >4

Repeat proteins made of tandem copies of similar struc-
tural elements are widespread in viruses, bacteria, and

[311 They play various roles in molecular recogni-

eukaryotes.
tion signal transduction, cell adhesion, RNA processing, plant
immune response, and other biological processes. Specifi-
cally, LRR proteins usually consist of 2 to 45 tandem repeats,
each of which contains 20-30 amino acids with a high leucine
content, 32 and a short helix. For example, FL.S2 has 28 small
helix units. Interestingly, these short helical LRRs also form
a helical structure overall, the so-called superhelix. The in-
teractions between adjacent repeats dictate the precise shape
and curvature of the superhelical structure, a fact that has been
exploited in designing different families of repeat proteins of
identical repeats. For example, in the ribonuclease inhibitor
(RI) family, the curvature, length, and helical twist can be ad-
justed for specific functions.*3-3% Rimisch et al. have shown
that the global dynamics can be modulated by single amino
acid alteration; for example, a buried cysteine controls the sta-
bility and folding cooperativity in RI-type LRR proteins.?4]
Similar to the principal component analysis by Emberly ef
al.®% on helical fragments extracted from all proteins in the
PDB database that shed light on their elasticity and function-
ality, a detailed analysis of the dynamics of superhelical LRR
proteins may also help decipher some of their functions.
Here, we study the flg22 recognition mechanism by
probing the dynamics of the FLS2-flg22-BAK1 complex.
The intrinsic dynamics of FLS2 is characterized using nor-
mal mode analysis (NMA) and principal component analysis
(PCA) of molecular dynamics (MD) simulations on its crys-

tal structure.!!°! Both analyses clearly show that the top three
dynamical modes for the superhelical structure of FLS2 con-
sist of two bending modes and one twisting mode similar to
a standard helix. However, only the projection on the twist-
ing mode can successfully distinguish three FLS2 complexes
of unbound, bound with fig22, and bound with both fig22 and
BAKI, respectively. This suggests that flg22 suppresses the
conformational fluctuation of FLS2, especially on the twist-
ing mode to facilitate FLS2-BAK1 heterodimer formation. A
detailed analysis of this sensing mechanism may aid better de-
sign on both LRR proteins and peptide mimetics for plant im-
munity.

2. Methods
2.1. Molecular dynamics simulation

The MD simulations were carried out using the GRO-
MACS software package*”! and the AMBERO3 force
field.[8 A water solvent box of 12 A was created between the
outside of the protein and the edge of the box. All the struc-
tures were simulated at the room temperature (300 K). The ini-
tial states (FLS2, FLS2-BAK, and FLS2-BAK1-f1g22 com-
plex structures) were extracted from the PDB database (PDB
code: 4MN8)!1% and solvated with water molecules in a pe-
riodic rectangular box with a normal saline condition. The
non-bonded (electrostatic and VDW) cutoff range was 8 A.
A time step of 2 fs was used for numerical integration. Be-
fore the MD simulation, the entire system was first minimized
by the steepest descent calculation for 1000 steps followed by
300 ps equilibration. After that, 200 ns molecular dynamics
simulation was conducted for each of the states. The small
root mean standard deviation (RMSD, provided in SI) of the
MD topology indicates little configuration destabilization. Be-
sides, previous research showed that a 20 ns molecular dynam-
ics simulation could identify the correlation and reveal the mo-
tions of the protein.*! Due to the limitation of computational
time and resources, we performed all the downstream analy-
ses with a configuration of 30 ns for each trajectory. We saved
the structural snapshots for every 15 ps during the 30 ns tra-
jectory. The structures were visualized and analyzed by VMD
and PyMOL, [27:40]

2.2. Interface correlation analysis

The interface residues of FLS2-BAKI1 are chosen based
on the following criteria. If the distance of any heavy atom of
a residue in FLS2 to any heavy atom of any residue in BAK1
is less than 4.0 A, the two residues are defined as in contact!?”!
and belong to the interface residue set Sgrs» and Spaki, re-
spectively. Given the dynamics trajectory of the molecular

structure, the residue-residue Pearson correlation C,,;, can be
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calculated by

(A1 (1) - Ary (1))
(AT (1)2) (Arn (1))

where Ar,,(t) = r,,(¢) — (r,,(¢)) and the position r,, (¢) of the
residue m is represented by its Cy atom. The brackets stand

Con = MESFLs2, NESBAKI,

for average over time.

2.3. Quantitative analysis of superhelix structure and dy-
namics

The superhelical structure of FLS2 can be simplified as
a helix with each LRR unit viewed as one node of the helix.
To quantify changes in structure and dynamics, we approx-
imated the superhelix as a helix composed of the innermost
concave surface residue of each LRR. These representative
residues (one from each of 28 LRRs) together with one more
residue before the first LRR roughly delineate the superhelical
structure of FLS2 (Table S3). We will use FLS2LRR to de-
note this simplified helix thereafter. Radius and pitch length
of the simplified helix were calculated by fitting the points to
a standard helix (which can be parameterized by helix axis,
radius, pitch, and the number of points per turn) with a total
least squares method. The fitting analysis was implemented
with HELFIT.[*!l The calculation was performed on the struc-
tures of the MD trajectory under various conditions.

2.4. Normal mode analysis of protein structure

NMA is a classical approach to retrieve the dominant
modes of motion based on native contact topology only.[?3#?]
Anisotropic network model (ANM) is one of the most com-
mon models of NMA. The Hessian matrix H forms the basis
of the ANM approach. It is a 3N x 3N matrix and can be seen

as N x N submatrices of size 3 x 3. The ij-th submatrix H (@)

is given by
. r, | XX XiYij XijZi
HY = 5 | VXYY Y2y
0 jAij o ik X
(Rij) Z,'le‘j Z,'jYij Z,'jZij
for i # j. For diagonal elements, H) = —¥ ;. H). RY,

is the equilibrium distance (from PDB structure) between
residues 7 and j and X;;,Y;;, and Z;; are its components in 3D
space. I;; equals to 1 if residues i and j are in contact (defined
by a cutoff distance of rey), or 0 otherwise. We implemented
the NMA with an online server ANM.!*3l We have tried sev-
eral cutoffs for the ANM calculation. The results of differ-
ent cutoffs around 15 A (the default cutoff) show the similar
top normal modes of FLS2. Therefore, we used 15 A as the
cutoff in the calculations. The 15 A cutoff is a compromise
between better agreement with isotropic B-factors obtained in
larger cutoffs and more realistic anisotropic displacement pa-
rameters (ADPs) obtained using lower cutoffs. 3]

2.5. Principal component analysis of the MD trajectory

Principal modes of motion for the MD trajectory were ob-
tained by decomposing the covariance matrix C'. For a protein
of N residues in 3D space, there are 3N dimensions in total
to describe the protein structure. The covariance matrix C' is
a 3N x 3N matrix, each element being the covariance of two
of the 3N dimensions for an MD trajectory. Similar to above,
the position of each residue is represented by its Cy, atom. Ac-
cording to linear algebra,

3N
¢= Zizl o PP,

where o; and P, are the i-th eigenvalue and eigenvector of
C'. The fractional contribution of P; to structural variance in
the dataset is given by f; = 0;/ Y O, where the summation is
performed over all 3N components. Usually the eigenvectors
are ranked according to their relative contribution to the total
variance, and the top 2 or 3 are adopted to approximate the
whole 3N space. PCA was implemented with Python package
sklearn and customized code.

2.6. Sequence evolution analysis

The sequence evolution analysis measures residue con-
servation by the ConSurf program.[** First, we extracted the
sequence information from the protein (PDB code: 4MNS for
chain A and chain C). Second, we performed homology search
using HMMER algorithm (number of iterations = 1, E-value
cutoff = 0.0001) from UNIREF-90 protein database. Third,
we performed multiple sequence alignment by MAFFT. Then,
the conservation scores were calculated by ConSurf with de-
fault parameters. The continuous conservation scores were di-
vided into a discrete scale of 9 grades with grades 1-3 for the
most variable positions and grades 7-9 for the most conserved
ones. The binding sites of FLS2-f1g22 on N- and C-terminus
were extracted from the known crystal structure (PDB code:
4MNSB).

3. Results

3.1. FLS2-BAK1 interface correlation is enhanced with
the binding of fig22

The tertiary structure of the FLS2-f1g22-BAK1 complex
was extracted from the PDB database with a resolution of
3.1 A (PDB code: 4MN8).[1 To probe the interaction and dy-
namics responsible for the sensing of flg22 by FLS2-BAKI,
we conducted MD simulations based on the known structures
for the following four complexes: (1) FLS2 (4MNS chain A);
(2) FLS2-1g22 (4MNS8 chain A, C); (3) FLS2-BAK1 (4MN8
chain A, B); and (4) FLS2-f1g22-BAK1 (4MN8 chain A, B,
C). MD simulations for each structure were performed three
times independently, and each MD trajectory contains 2002
frames.
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Based on the criterion for being in contact, the inter-
face interacting pairs (36 pairs, Table S1) and residue sets (21
and 20 residues for FLS2 and BAKI, respectively, Table S2)
were generated. To evaluate and compare the interface inter-
action between FLS2 and BAK1 with and without flg22, the
residue-residue Pearson correlation was calculated from the
MD simulations, and the results were shown in Fig. 1. The
left panel shows the FLS2-BAKI1 correlation matrix without
flg22 and right panel with flg22. There is a clear trend that
the interface correlation is enhanced globally with the bind-
ing of flg22. This matches with the experimental fact that
BAKI ectodomain interacts with FLS2 only after the FLS2—
flg22 binding.

In the network calculation, if two residues move in the
same (opposite) direction in most snapshots of the MD sim-
ulation trajectory, the residues are defined as correlated (anti-
correlated) with positive (negative) correlation values. A cor-

(a)

interface correlation without flg22

FLS2 residue

06
43 44 45 47 48 54 60 61 72 76 77 Y6 98 TUUT201Z4143144146167 fle22

BAKI residue

relation value close to zero indicates uncorrelated motion. We
divided the FLS2-BAKI interface into two regions: up (red
box in Fig. 1) and down (gray box in Fig. 1) interface areas.
The up interface is close to the flg22 binding area. The in-
teractions in the down interface region are weak. There is a
significant enhancement of correlations in both up and down
interface regions upon flg22 binding. Before the fig22 bind-
ing, the correlation of the up interface is not very strong due
to the weak interactions between FLS2-BAK1 without fig22.
For the down interface, FLS2 and BAKI1 are fluctuating in
the opposite directions (for the conservation of global momen-
tum), leading to a slight negative correlation. After the fig22
binding, the up interface is enhanced with larger correlations.
However, the correlations of the down interface are close to
zero because of the reduced dynamics of both FLS2 (also dis-

cussed in later sections) and BAK1.

(b)

interface correlation with flg22

FLS2 yesidue

s
43 44 45 47 48 54 60 61 72 76 77 96 98 100120124143144146167

BAKI residue

Fig. 1. FLS2-BAKI1 interface correlation is enhanced upon the flg22 binding. The horizontal axis indicates the interface residues in BAKI,
and the vertical axis shows the interface residues in FLS2. (a) Interface correlation of FLS2-BAK1 without flg22; (b) with fig22.

3.2. The dynamics of FLS2 is suppressed by flg22

To understand why the FLS2-BAKI1 association only ap-
pears in the presence of flg22, we evaluated the structural and
dynamical change of FLS2. FLS2LRR is a superhelical struc-
ture and similar to a spiral spring. As described in Section 2,
we approximated the FLS2LRR superhelix as a helix by ex-
tracting the innermost concave surface residue for each LRR.
We chose 29 residues (Table S3) for the fitting. A standard he-
lix can be parameterized by helix axis, radius, pitch length, and
the number of points per turn.[*!! Since the number of residues
per LRR in FLS2 is roughly the same and unchanged, and the
direction of the protein structure is arbitrary, we focused on
radius and pitch to evaluate the structure of FLS2. The fitting
was optimized with a total least squares method and imple-

mented with the open-source software HELFIT.[4!]

We calculated the radius and pitch of the simplified
FLS2LRR for FLS2, FLS2-fig22, and FLS2-flg22-BAK1
states. We have performed 200 ns simulations for the FLS2
structure. We analyzed both start and end 30 ns episodes.
The radius and pitch results indicate a similar trend for the
two episodes. More specifically, after the flg22 binding, the
pitch length of FLS2 is decreased with less variance (Figs. 2(a)
and 2(c)). The FLS2 radius is also decreased (Figs. 2(b) and
2(d)). The dynamics of FLS2-f1g22-BAKI1 is much more
complicated. The PCA and NMA analysis results show a sim-
ilar conclusion for the two episodes, too. We also analyzed
the structural differences during the 200 ns simulations. The
small RMSDs (provided in Fig. S1) indicate little configura-
tion destabilization during the simulations. Due to the compu-
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tational time and resources limitations, we performed all the
downstream analyses with 30 ns for each trajectory.

Upon peptide binding (the start episode), the fluctuation
on the radius of FLS2 reduces because of the constraint (fig22)
placed on the free supercoil of FLS2 (Fig. 2(b)). However, af-
ter the formation of the whole complex, while the interface
between FLS2 and BAK1 becomes tighter with stronger in-

(a)

pitch length of FLS2 superhelix

teraction (Fig. 1), the impact on FLS2 motion is less clear in
the longer simulation. Instead, there is a slight decrease in the
radius of the supercoil (Fig. 2(d)) due to the decreased twist
mode. The fact that the difference in pitch has already emerged
even with only fig22 but no BAK1 implies that flg22 alone is
able to suppress the intrinsic motion of FLS2. More details
about the intrinsic dynamics of FLS2 are examined below.

(b) radius of FLS2 superhelix

95.0
92.5} X skkokok 17.0f T —
£ 90.0} x 16.5¢
Z | < sl < 16.0f
= <= )
3 S 85.0F 2 15.57 |::|
+ Pl <
= | 8251 g 15.0f
. 80.0¢ 14.5}
n 77.5} X
- 4.0t L 1
' FLS2  FLS2-flg22 FLS2-flg22- FLS2  FLS2-flg22 FLS2-flg22-
BAK1 BAK1
(c) x (d)
90.0} X % 17.5¢ X X
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= % 16.0f
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72.5E %k 14.0f ) *** ]
FLS2  FLS2-flg22 FLS2-flg22- FLS2 FLS2-flg22 FLS2-flg22-
BAK1 BAK1

Fig. 2. (a), (c) Pitch length and (b), (d) radius distribution of FLS2 superhelix structure for FLS2, FLS2-flg22, and FLS2-flg22-BAK1 at
the start (upper panel) and end (lower panel) episodes of the whole 200 ns MD simulations. From left to right, pitch length and its variance

decrease. The radius also fluctuates less and slightly decreases.

3.3. The dominant dynamics of FL.S2 can be described by
two bending modes and one twisting mode

From the above analysis, the dynamics of FLS2 is sup-
pressed after binding with fig22 and BAK1. More specifically,
the change of pitch length and radius of a helix can be visu-
alized as a spring under bending and twisting motion. Does
the change of the FLS2 structure reflect its intrinsic dominant
dynamics? To answer this, we performed the normal mode
analysis for FLS2.[43 For a protein of N residues in 3D space,
there are (3N — 6) normal modes that describe the intrinsic
motion patterns. Figure 3 shows the first 3 dominant normal
modes of FLS2.

As indicated by the gray arrows in Fig. 3(a), the first mode
(side view) is the bending motion with two ends moving in
opposite directions, while the third mode is another bending
mode with two ends moving in the same direction. The second
mode (top view) is the twisting mode with two ends rotating
around the center axis in opposite directions. The two bend-
ing modes and one twisting mode lead to a change in the pitch
length and radius of the FLS2 superhelix. Figure 3(b) shows

the X, Y, and Z components of the first three normal modes.

3.4. PCA of FLS2 MD trajectory reveals the dominant
components of structural variance

The above NMA is a theoretical prediction on the dom-
inant motion of FLS2 based on an empirical elastic network
model using its static structure information. To examine if
FLS2 also shows such dynamics in a more ab initio calcula-
tion, we performed PCA on the MD trajectory for FLS2. The
first three components ranked by their corresponding eigenval-
ues are shown in Fig. 4(a).

Comparing the shape of each principal component (PC)
in Fig. 4(a) with the first three normal modes in Fig. 3(b), PC1
is nearly identical to NM1, PC3 to NM2, and PC2 to NM3
except with a minus sign. Further comparison is shown in the
next section. It can be inferred that PC1 and PC2 indicate
the bending modes and PC3, the twisting mode of the helix.
This is consistent with the work of Emberly et al.**) on the
three dominant modes of flexibility for a-helix: two bending
modes and one twisting mode. Emberly er al.3® observed
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these three modes from the dataset of helical fragments ex-
tracted from PDB and analyzed these modes using an elastic
spring model. Our first three components show similar pat-
terns to their modes. The twisting mode (PC3) is, however,
less pronounced since FLS2 superhelix contains less than 1.5

(b)

=

>

N
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NM1: bending 1

NM2: twisting

turns (29 ‘residues’ with ~ 24 ‘residues’ per turn). At the
same time, the typical length of helix fragments in Emberly
et al’s study is 18 with about 3.6 residues per turn. Note that
a ‘residue’ in FLS2 superhelix stands for an LRR rather than a
real residue.

NMa3: bending 2
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Fig. 3. First 3 dominant normal modes of FLS2. (a) Left: mode 1 (side view) shows the bending motion with two ends moving asynchronously; Middle:
mode 2 (top view) shows the twisting motion with two ends rotating around the center axis in opposite directions; Right: mode 3 (side view) shows
another bending motion with two synchronous ends. (b) The x, y, z components (in normalized scale) of the first three normal modes (NMs).

Given that PC1 and PC2 account for most of the structural

variance (36% and 20% for PC1 and PC2, respectively, as also
shown in Fig. 5(a)), the distribution density of the FLS2 MD
structure is shown in 2D space spanned by PC1 and PC2 as in
Fig. 4(b). Darker color indicates a higher density of structure
in the MD trajectory. While some differences among the three
distributions can be seen, the two bending modes alone can-
not clearly separate the FLS2 structure and dynamics in three
different complexes of FLS2, FLS2-flg22, and FLS2-flg22—
BAKI.

3.5. Principal modes by NMA and PCA show high corre-
lations

Next, we compared the top 3 PCA modes, which stand
for the variations in structures observed in MD simulations,

and the top 3 ANM modes obtained from basic elastic theory.
The explained variance ratio of the top 10 principal compo-
nents in PCA is shown in Fig. 5(a). The top three principal
components explain around 70% of the variance of all struc-
tures in the MD simulations. The correlation of the top 3 PCs
and the top 3 NMs is shown in Fig. 5(b). It can be seen that the
top PCA modes and ANM modes match well with high cor-
relation coefficients. Note that while PC1 matches best with
NM1, PC2 corresponds to NM3 and PC3 to NM2. This consis-
tency in results between PCA and NMA validates that the first
two PC modes (corresponding to NM1 and NM3) are bending
modes, and PC3 (corresponding to NM2) is a twisting mode.
The consistency in results between PCA and NMA indicates
that the dominant FLS2 dynamics in MD simulations indeed
follows its intrinsic elastic modes. The result coincides with
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the previously established overlap between the low-frequency
modes in protein fluctuations and large-scale conformational
changes in allosteric transitions.[*>=*7] Besides, the short in-

teraction between FLS2 and flg22 leads to a long-range and

global impact of dynamical motions. This matches the idea of

the criticality of protein native states. 3]

(a) PC1 PC2 PC3
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Fig. 4. Principal component analysis of FLS2 MD trajectory. (a) The x, y, z dimensions of the first three principal components. PC1 and PC2
indicate bending modes and PC3 twisting mode of helix. (b) The FLS2 structure distribution density of the MD trajectories in the 2D space
spanned by PC1 and PC2 for FLS2-only (lower left), FLS2—flg22 (lower middle), and FLS2-flg22-BAK1 (lower right).

To further check the correlation of the top PCs and NMs,

we projected the MD structures into these top mode directions
and compared their correlation, as shown in Fig. 5(c). As ex-
pected, the projection coefficients of the structure into PC1 and
NM1 align very well (with a correlation coefficient as high as
0.961, in Fig. 5(c) left), demonstrating the strong equivalence
of the two modes. Similar results were also obtained for PC2—
NM3 projection (Fig. 5(c) center) and PC3-NM2 projection
(Fig. 5(c) right).

3.6. Twisting mode projection completely separates the
structure of FLS2 in the three different complexes
We noticed in Fig. 5(c) that the FLS2 structures in the

three different complexes show a well-separated distribution

in the PC3 (or NM2) direction. Therefore, the distribution of

the FLS2 structure in each dominant mode is examined sepa-
rately in Fig. 6. As already shown in Fig. 4(b), the structure in
the three different complexes cannot be distinguished in PC1
or PC2 direction. However, they show a clear separated dis-
tribution in the PC3 direction (Fig. 6 right), i.e., along with
the twisting motion. Considering the overlap percentage of
projection, the FLS2 structure in the FLS2-flg22-BAK1 com-
plex shows a twisting motion with much smaller amplitude
compared with that of FLS2-only. Moreover, the distribution
of FLS2 in FLS2-1g22 lies in between those in FLS2—only
and FLS2-f1g22-BAK1, suggesting that FLS2-flg22 is an in-
termediate state between FLS2-only and the full FLS2-flg22—
BAKI1 complex. This reinforces our results in Fig. 2, suggest-
ing that the binding of flg22 to FLS2 suppresses the dynamics
of FLS2 and contributes to the FLS2-BAK1 association.
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Fig. 5. (a) Explained variance ratio by the top 10 PCs in PCA. Top 3 components (bending1, bending2, and twisting mode) contribute to around 70%
of the variance; (b) Correlation of the top 3 components of PCA and the top 3 modes of ANM. PCI matches best with NM1 (Pearson correlation
coefficient 0.96); PC2 corresponds to NM3 (0.93); PC3 to NM2 (0.86). (c) Top PCs and NMs projection correlation. The projection coefficients of the
FLS2 MD structures correlate well for PCI-NM1 (left), PC2-NM3 (center), and PC3-NM2 (right), with the correlation coefficients indicated.
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Fig. 6. Top PCs and NMs projection distribution. The distribution of projection coefficients of FLS2 structure in (a) PC1, (b) PC2, and (c) PC3
direction. The FLS2 structure in the three different complexes shows no obvious difference in PC1 and PC2 directions while shows an obvious
global shift for FLS2, FLS2-flg22, and FLS2—fig22-BAK1 conditions, with FLS2-flg22 being the intermediate state.

3.7. The sensing mechanism of fig22 by FLS2 is consistent
with experiments

From the quantitative analysis of both the conformational
change and dominant dynamics modes of FLS2, we conclude
that the binding with BAK1 and flg22 immune response of
FLS2 are enhanced by the suppressed intrinsic dynamics after
the binding of fig22. FlIg22 interacts with FLS2 in its con-
cave surface on both halves, acting as an inhibitory rod that
effectively restricts the twisting and bending motion of FLS2.
The suppressed dynamics of FLS2, together with the molec-
ular “glue” of the C-terminal segment of flg22, contribute to
the interaction of FLS2 with BAKI1. This proposed sensing
mechanism is schematically shown in Fig. 7(a).

This proposed model explains that flgl5, a variant of
flg22 with seven residues at the N-terminal deleted, is fully
active in tomato (Solanum lycopersicum, S1),[*8] but displays
an extremely low activity in Arabidopsis thaliana (1000-fold

difference) even if it can still bind with FLS2.18] Mueller ez
al. designed a chimeric FLS2 by substituting a subset of the
28 LRRs in At-FLS2 with the corresponding LRRs from SI-
FLS2. They demonstrated that the different effects of flg15 in
At-FLS2 and SI-FLS2 are due to the heterogeneity of LRR7-
10, which is slightly downward from the original binding sites
of FLS2 with N-terminus of flg22. This makes sense because
as the flagellin peptide shortens, the binding sites of its two
halves have to be closer and more towards the center kink of
FLS2, moving from LRR4-6 towards LRR7-10. The new N-
terminus of flg15 fails to bind with At-FLS2, thus resulting
in little restriction on the twisting dynamics of FLS2 and a
much weaker FLS2-BAKI1 association or the corresponding
downstream immune response. The heterogeneity of FLS2
LRR7-10 may explain the significantly different effect of fig15

in Arabidopsis and tomato.
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Fig. 7. Proposed interaction mechanism of the FLS2-flg22-BAK1 complex. (a) Interaction of FLS2-flg22-BAKI1. N- and C-terminal ends
of flg22 interact with At-FLS2 and promote the binding of BAK1. Interaction of FLS2-flg15-BAK1 in (b) Arabidopsis thaliana (At) and (c)
Solanum lycopersicum (S1). The new N-terminus of flig15 fails to bind with At-FLS2, thus resulting in little restriction on the twisting dynamics
of FLS2 and, therefore much weaker FLS2-BAK1 association or correspondingly, much weaker downstream immune response. In S, the
N-terminus of flg15 binds with SI-FLS2 to induce a tight binding of BAK1.

We further performed a sequence evolution analysis to
investigate the conservation property of the binding sites of
FLS2-1g22. As shown in Fig. 8(a), the C-terminus of flg22 is
highly conserved, while the N-terminus is more variable. In-
terestingly, this difference is also present in the corresponding
sites in FLS2. The binding sites of FLS2 with N-terminal fig22
are less conserved than those binding with flg22 C-terminus
(Fig. 8(b)).

This matching conservation patterns may reflect the co-
evolution, i.e., two sites must evolve accordingly to maintain
their interaction. The relatively lower conservation of these
sites may be presumably for adapting to the variable flg22 N-
terminus and sensing-specificity in different plant species.
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Fig. 8. Conservation analysis of FLS2-flg22 binding sites. (a) Conser-
vation of flg22. The N-terminus (first 7 residues) is less conserved than
the C-terminus. (b) The corresponding binding sites of FLS2 with flg22
N-terminus are also less conserved than those with flg22 C-terminus.

4. Discussion and summary

While the two bending modes are the most dominant
(with 36% and 20% variance ratio) for FLS2 intrinsic dynam-
ics and MD simulation variance, the component that actually
best separates the structure of FLS2 before and after bind-
ing with flg22 and BAKI is the twisting mode. One reason

may be that the displacement induced by the bending modes
is quadratic with the helix length, while linear for the twisting
mode. So the variance contribution is proportional to the 4th
and 2nd power of helix length for bending and twist modes, re-
spectively. This means that the variance in the bending modes
is mostly caused by the two ends. However, the interaction do-
main of FLS2-flg22-BAKI is in the center portion of FLS2,
where the twist plays a more important role in determining
the local conformation. Besides, compared with a simple he-
lix, the FLS2 superhelical structure is softer, especially in the
twisting mode, because its building block is an entire LRR unit
instead of a single amino acid. As a result, the twisting mode
better separates different states of FLS2.

PRRs and their sensing of PAMPs are essential for plant
immunity. While plants can recognize many different micro-
bial invaders through certain highly conserved patterns, the
faster mutation rate of the microbes can result in some PAMPs
that fail to be recognized by plants. On the other hand, dif-
ferent plants may contain the same PRR with slightly dif-
ferent sequences and structures for functional specialization.
For FLS2, while both At-FL.S2 and SI-FLS2 respond to the
genuine flg22 at picomolar concentration, considerable differ-
ences occur in recognition of shortened or modified flg22 lig-
ands such as flgl5, CLV3p, and flg22-AYA.*8) Indeed, the
double-Ala scanning mutagenesis experiments by Dunning et
al.'*) have identified some sites that can directly influence the
perception function of At-FLS2 to fig22.

While many such cases have been studied and experimen-
tally validated, the causal mechanism between the minor vari-
ance or even single amino acid variants (SAVs) with the di-
verse functional behaviors is mostly unknown. Currently, se-
quence conservation and structural properties are the two main
attributes of this puzzle. Although they prove to be effective,
some shortcomings still exist. Most recent studies by Bahar
et al. have shown that the structural dynamical implication of
SAVs can be a determinant of functional significance in human

108709-9



Chin. Phys. B Vol. 29, No.

10 (2020) 108709

proteins.>*l The more interference of a site mutation can cre-
ate in the structural flexibility and conformational stability, the
higher chance it will lead to a function alteration or even dys-
function. In this paper, the suppression of dominant dynamical
modes, especially the twisting mode of FLS2 has been demon-
strated to be crucial for the fig22 sensing and FLS2-BAK1 as-
sociation. Taking these all together, it is our conjecture that
these “sensitive” sites for FLS2 functionality may impact its
global dynamics, which remains to be validated by detailed
dynamic analysis with more solved structures.

In summary, we evaluated the intrinsic normal modes of
FLS2 superhelical structure and showed that the three princi-
pal modes — two bending and one twisting — coincide with the
normal modes of a standard helix shown before. Moreover,
we demonstrated that the process of flg22 sensing by FLS2
with BAK1 could mainly be attributed to the suppressed twist-
ing dynamics of FLS2. A better understanding of this sensing
mechanism of FLS2 provides a potential solution for custom-
made PRR and drug design for plant immunity.
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