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ABSTRACT Association of the cellular adhesive protein CD44 and the N-terminal (FERM) domain of cytoskeleton adaptors is
critical for cell proliferation, migration, and signaling. Phosphorylation of the cytoplasmic domain (CTD) of CD44 acts as an
important regulator of the protein association, but the structural transformation and dynamics mechanism remain enigmatic.
In this study, extensive coarse-grained simulations were employed to explore the molecular details in the formation of CD44-
FERM complex under S291 and S325 phosphorylation, a modification path known to exert reciprocal effects on the protein as-
sociation. We find that phosphorylation of S291 inhibits complexation by causing the CTD of CD44 to adopt a more closed
structure. In contrast, S325 phosphorylation liberates the CD44-CTD from the membrane surface and promotes the linkage
with FERM. The phosphorylation-driven transformation is found to occur in a PIP2-dependent manner, with PIP2 effecting
the relative stability of the closed and open conformation, and a replacement of PIP2 by POPS greatly abrogates this effect.
The revealed interdependent regulation mechanism by phosphorylation and PIP2 in the association of CD44 and FERM further
strengthens our understanding of the molecular basis of cellular signaling and migration.

SIGNIFICANCE It has been confirmed that two phosphorylated modifications alternatively occurring on the CTD of CD44
closely mediate its interaction with the FERM domain, but the details of structural transformation and molecular information
remain elusive. Using high-throughput coarse-grained molecular simulations, we found that the discrepant effect of
phosphorylation of S291 and S325 on the binding efficiency of CD44 and FERM is based on the conformational
responsibility of CTD combined with PIP2 mediation. That is, the conformational changes of CTD caused by
phosphorylation affect the binding efficiency of FERM, but the regulation of phosphorylation depends on the presence of
PIP2. The molecular details provide new insights into the cell proliferation and migration involved in the actin cytoskeleton
anchored in the CD44-FERM complex.

INTRODUCTION extracellular domain (ETD) (5). The upregulated binding
of ETD-hyaluronan is found to further promote tumor cell
proliferation (6-8). Note that the transmembrane domain
(TMD) and the CTD of CD44 are highly conserved (Fig. 1
a and b), which is critical for protein linkage and cell
signaling (9,10). Through the CTD, CD44 interacts with
the activated N-terminus (FERM) of Ezrin-Radixin-Moesin
(ERM) protein (Fig. 1 b), one of important cytoskeleton junc-
tion receptors (11,12). The CD44-FERM complex anchors
the CD44-related transmembrane receptor complex on the
actin cytoskeleton, thereby coordinating the spatial and tem-
poral localization and signal transduction of the receptor

Cluster-of-differentiation-44 protein (CD44) is a single-pass
cellular adhesion membrane protein with versatile cell func-
tions (1,2). It is expressed on embryonic stem cells and other
cell types or compartments like cell microvilli, playing an
important role in cell proliferation and migration (3,4). An
“inside-out” regulation pathway is proposed, stating that as-
sociation between the CD44 cytoplasmic domain (CTD) and
its cytoskeleton receptors is essential in cell signal transduc-
tion and binding of CD44 to the extracellular matrix via its
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complex (10,13-15).

Phosphorylation acts as a ubiquitous posttranslational
modification that regulates protein signaling and interaction
(16—18). CD44-CTD contains two conserved phosphorylated
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FIGURE 1 System setup. (a¢) CD44 (human)
sequence used in this study with the TMD high-
lighted by dark underline. The basic residues close
to S291 are marked in red. (b) Left panel: schematic
diagram of CD44 (upper) and FERM (lower) struc-
ture. The TMD and CTD are displayed in dark
green, and the two conserved amino acids S291
and S325 are highlighted with blue spheres. The
FERM is represented by three subdomains: F1
(gold), F2 (yellow), and F3 (orange). Right panel:
snapshot of the starting configuration of the simu-
lated system. The proteins are shown with backbone
only. POPC and PIP2 lipids are presented in gray
and mauve, respectively. Waters and ions are
omitted for clarity. To see this figure in color, go
online.

- 6.2 nm

sites, S291 and S325 (Fig. 1 b), and the phosphorylation/
dephosphorylation switching between them is closely
involved in association of CD44 and FERM (19,20). The pro-
tein association is prohibited by activation of protein kinase C
(PKC) that phosphorylates S291 while dephosphorylating
S325(21).In addition to phosphorylation, the membrane envi-
ronment plays a key role in protein activation (22). In partic-
ular, phosphatidylinositol 4,5-bisphosphate (PIP2) lipids are
important in the formation of the CD44-FERM complex, as
shown by small-angle neutron scattering experiments (23).
Moreover, dynamic clustering and scattering of PIP2
are observed when proteins approach each other in the mem-
brane cyto-proximity region (24). Given the multiple negative
charges of PIP2 lipid headgroups, and the negative charge
introduced by phosphorylation, it is not far-fetched to assume
both factors are interdependent and together act as a regulatory
mechanism in the association of FERM and CD44. To thisend,
revealing more information of protein affinity of FERM and
CD44 regulated by a switching CTD phosphorylation in the
juxta-membrane environment is crucial to understand cell pro-
liferation and targeted tumor inhibition. As a complement to
experimental approaches, molecular dynamics (MD) simula-
tions show great power in unraveling protein-lipid and pro-
tein-protein interactions. The use of coarse-grained (CG)
models, in particular the Martini force field, has proven valu-
able to efficiently explore the microsecond timescales
required for protein complexation in a heterogeneous lipid
environment. The Martini model relies on an average four-
to-one mapping principle and experiment-matched thermody-
namic data (25), and it has proven successfulin simulating a
wide variety of protein-protein and protein-lipid interactions
including the binding to PIP2 lipids and the effect of phosphor-
ylation (26-29). A number of studies with Martini CG simula-
tions show that PIP2 effects the membrane absorption of
peripheral membrane proteins (30,3 1) and sorting of CD44 be-
tween phase-segregated membrane domains to recognize
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FERM (32). Simulations of L-selectin, a related single-span
signaling protein, revealed that the membrane adhesion of
its CTD is influenced by phosphorylated modifications (33).
Our recent simulation work elaborated on the molecular
mechanism in CD44 homodimerization influenced by palmi-
toylations and membrane microenvironments (34).

Here, we use MD simulations based on the Martini model
to explore the structural basis of CD44-FERM binding regu-
lated by the phosphorylation of S291 and S325 and in-depth
elucidate the regulatory role of PIP2 in mediating the inter-
action. The molecular information obtained here will
strengthen the regulation mechanism of CD44 associating
with FERM affected by phosphorylation and PIP2 and
further deepen our understanding for CD44-related cell pro-
liferation and targeted inference in tumor prevention.

MATERIALS AND METHODS
Model setup

In this study, all systems were simulated by CG-MD based on the Martini
2.2 force field (35,36). Experiments showed that two phosphorylation sites
(S291 and S325) existed in the intracellular CTD of CD44 (19). The serine
phosphorylation parameters of Martini originate from Pluhackova et al.
(37). All phosphates in the phosphorylation sites were doubly negatively
charged. The phosphorylated serine parameters referenced are summarized
Table S1. Three models of CD44 (wild-type (WT), S291p, S325p) were
constructed using Pymol software and subsequently converted to CG
models using the martinize.py (http://www.cgmartini.nl) script. The three
types of CD44 models studied here are composed of the TMD and a short-
ened CTD of 36 amino acid residues, which covers the FERM-interaction
domain and two conserved phosphorylated sites. The amino acid sequence
of the truncated CD44 is shown in Fig. | a. Based on the available exper-
imental data, the TMD was modeled as a-helix, whereas the CTD remained
flexible and was defined as random coil (38). The atomic structure of
Radixin-FERM was extracted from the protein database (PDB: 2ZPY)
and transformed into CG model using the martinize.py tool. A default
elastic network was applied to the FERM to maintain the protein structural
stability (39).


http://www.cgmartini.nl

Two types of lipid bilayers were constructed using the insane.py script
(40). The outer leaflet was composed of 100% POPC, and the inner leaflet
was 95% POPC/5% PIP2 (—4e) and 80% POPC/20% POPS (-le), respec-
tively (41). CD44 was inserted into the bilayer parallel with the membrane
normal, and the CTD was exposed to the cytoplasmic solution. In the sys-
tem simulating the interaction between CD44 and FERM, the box size is set
as 15 x 15 x 15 nm?, and each leaflet of the lipid bilayer contains 361 lipid
molecules. At the beginning of the simulation, the FERM was located
below the plasma membrane with a distance of 3.0 nm from its center of
mass to the average position of the lipid phosphate groups of the lower
leaflet. CD44 and FERM were placed along the diagonal of the simulation
box with the distance between the centroids of the two proteins equal to
6.2 nm (Fig. 1 b), in order to avoid unnecessary interaction caused by
the system settings. In the simulation system with sole CD44, it is placed
in the center of the plasma membrane, with a small size of
12 x 12 x 15 nm® to save the computation cost, and each leaflet contains
225 lipid molecules. The systems containing FERM only utilize the same
size (15 x 15 x 15 nm®) as the systems containing both CD44
and FERM. All systems were solvated with standard CG water
beads (W) and neutralized with sodium (Ion) counterions. The detailed
molecular information of the three simulation systems can be seen in
Table 1.

Simulation details

All simulations were performed using the Gromacs-5.1.2 software package
(42). The systems first underwent an energy minimization for 5000 steps using
the steepest-descent method, followed by an equilibration of 50 ns using the
Berendsen method for coupling of temperature and pressure (43). The warm
bath was conducted with a reference temperature (ref_t) of 320 K and a
time constant (tau_t) of 1.0 ps, whereas the pressure bath was conducted in
a semiisotropic coupling type with a reference pressure (ref_p) of 1.0 bar, a
compressibility constant of 4.5 x 107> bar~', and a time constant (tau_p) of
5.0 ps. During the equilibration process, the position of the backbone of the
protein was restricted by a harmonic constraint with a force constant of
1000 kJ mol~'-nm 2. Finally, after the position limitation was removed, a
random initial velocity was set, and a production simulation was performed
for 3.0 ps. To ensure stability of simulation, the coupling methods for temper-
ature and pressure were transferred to the Nosé-Hoover (44,45) (the same ref _t
and tau_t as the equilibration above) and Parrinello-Rahman (46) with a ref_p
of 1.0 bar, a compressibility constant of 3.0 x 10 *bar !, anda tau_p of 12.0
ps. In all cases, periodic boundary conditions were applied, the neighbor list
was updated every 10 steps, and the integration time step was set to 0.02 ps.
A shift function was used for the nonbonded electrostatic and Lennard-
Jones interactions. The former decreased to zero from the distance of
0-1.2 nm, and the latter were shifted to zero from 0.9 to 1.2 nm, following stan-
dard procedures for the Martini force field (47). A total of 14 systems were
used in this study, where each system was simulated for 3 ps and with 10 rep-
licas for a total of 420 ps.

CD44-FERM affinity by phosphorylation

Analysis

The binding free energy measures the strength of the interaction between
proteins (48). In this paper, the umbrella sampling method is used to char-
acterize the free energy of interaction between CD44/FERM by calculating
the potential of mean force (PMF) as a function of the center-of-mass dis-
tance between the two proteins. The root mean-square deviation of the
CD44/FERM complex was calculated, and the conformation with contin-
uous and stable binding between the two proteins at about 2 us was selected
as the initial conformation (Fig. S1). To create the starting positions for the
individual umbrella windows, a nonequilibrium pulling simulation was per-
formed. The debinding process of proteins can be viewed in the Supporting
material (Video S1). Given the strong binding of FERM to the CD44-CTD,
only the cytoplasmic tail of CD44 is pulled away from the FERM during the
umbrella sampling protocol, reducing the sampling error as the CD44/
FERM interface remains intact. During the pulling process, a force of
1000 kJ mol ' -nm ™2 was applied to the FERM for position control, and
a force of 1000 kJ mol~'-nm ™2 was set for CD44 in the opposite direction.
The centers of mass of the two proteins were pulled apart during 1 ns, at a
rate of 0.01 nm/ps. Conformations were extracted at intervals of approxi-
mately 0.15 nm, generating between 31 and 33 separate windows (system
dependent) covering an overall separation distance of 5.0 nm. Each um-
brella window was then equilibrated for 20 ns, using a harmonic potential
with a force constant of 1000 kJ mol ' -nm 2, followed by a 3.0-ps produc-
tion simulation. The weighted histogram analysis method in Gromacs was
used to calculate the resulting binding free energy, and the bootstrap anal-
ysis method was used to calculate the statistical error (49).

The two-dimensional density map was calculated by the densmap tool of
Gromacs. The contact intensity for estimating interaction between proteins
was determined with the gmx mindist tool, using a cutoff distance of 0.6 nm
from the referring protein to the targeted protein. All simulation snapshots
in this study were made using VMD software package (50). The heat map of
the interaction between CD44-CTD residues and FERM was drawn using
the Python plotting library matplotlib (27). All analysis results were calcu-
lated by averaging over 10 replicas, and statistical error bars were calcu-
lated from the standard deviation of the 10 values.

RESULTS

Binding of CD44 and FERM depends on the
interplay of phosphorylation and membrane
compositions

In order to reveal the effect of phosphorylation of two serine
residues (S291 and S325) at the CTD of CD44 on the forma-
tion of the CD44-FERM complex, we performed a series
of CG-MD simulations. The setup consisted of either the
CD44 WT, the phosphorylated S291 (S291p), or the

TABLE 1 An overview of the components of the simulation systems used in the study
WT-CD44/FERM WT-CD44
S291p-CD44/FERM S291p-CD44
Protein S325p-CD44/FERM S325p-CD44 FERM
Lipids
Upper leaflet 100% POPC (361) 100% POPC (225) 100% POPC (361)
Lower leaflet 95% POPC 80% POPC 95% POPC 80% POPC 95% POPC 80% POPC
/5% PIP2 (342/18) /20% POPS (288/72) /5% PIP2 (213/11)  /20% POPS (180/44) /5% PIP2 (342/18)  /20% POPS (288/72)
w 19,674 19,788 12,648 12,709 19,668 19,782
Ton 62 (WT) 64 (S291p, S325p) 38 (WT) 40 (S291p, S325p) 68
Box 15 x 15 x 15 nm® 12 x 12 x 15 nm® 15 x 15 x 15 nm?

Time

3 us x 10 (each simulation system)

420 ps (total)
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phosphorylated S325 (S325p) protein embedded in a lipid
bilayer patch (15 x 15 x 15 nm®) composed of 95%
POPC/5% PIP2, with PIP2 being present in the cytosolic
leaflet only (Fig. 1 b). The FERM domain was placed on
the cytosolic side, 3.0 nm below the average position of
the lipid phosphate groups of the lower leaflet. The CD44
studied here consists of the TMD and a truncated CTD of
36 residues that covers the two conserved phosphorylated
serine sites. The initial separation between CD44 and
FERM was set to 6.2 nm, and the lipid components were
distributed randomly in the beginning, which allowed for
an unbiased observation of PIP2-mediated protein complex-
ation (Fig. 1 b). 10 replicas simulations (each of 3 us) were
performed for each of the two phosphorylated systems as
well as the WT for reference.

In all three conditions, the FERM domain first attached to
the PIP2-containing membrane leaflet and then complexed
with CD44, however, with different association rates de-

pending on the phosphorylation state. According to the dis-
tance evolution of CD44 and the FERM under different
phosphorylated states (Fig. 2 a), S291p slows down the for-
mation rate of the CD44-FERM complex, with an average
binding time of 1.3 ps, compared with 0.6 ps for the
CD44-WT. In contrast, S325p significantly accelerates the
protein interaction, with complexation observed within
0.2 ps for all 10 replicas. Correspondingly, contact intensity
analysis shows that the interaction between CD44-S325p
and FERM is remarkably stronger than the cases of WT
and S291p, whereas the S291p presents the weakest (Figs.
2 b and S3). In order to further verify the influence of
different phosphorylation sites on the protein association ef-
ficiency, the binding free energy was extracted by calcu-
lating the PMF between the centers of mass of each
protein. The energy required for separating the protein com-
plex of CD44-WT/FERM was 38 (= 1.0) kJ/mol, and it de-
creases to 27 (£1.9) kJ/mol for S291p. In contrast, the
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FIGURE 2 Association of phosphorylated CD44 and FERM. (a) Evolution of protein distance between the centers of mass of CD44-CTD and FERM. The
protein complex was considered to be established when the distance is about 4 nm. 10 replicas were analyzed and averaged by a bold line for the three sys-
tems. (b) Contact intensity of CD44 of different phosphorylated states with FERM, averaged over 10 replicas (Fig. S3). The contact intensity was calculated
by using a cutoff distance of 0.6 nm. (¢) PMF profiles as a function of distance between CD44-CTD and FERM. An average of PMFs from two randomly
bound states was presented here (more details can be seen in Fig. S2). The peripheral error regions represent the standard deviation of two umbrella sampling
simulations, whereas the interior error regions represent the statistical error within an umbrella sampling calculated by bootstrap analysis. (d) Representative
snapshots of FERM binding CD44 for S291p (left) and S325p (right) in the 95% POPC/5% PIP2 membrane. Phosphorylation sites S291 and S325 are labeled

by blue spheres. To see this figure in color, go online.
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binding energy increases to 78 (= 2.1) kJ/mol in the case of
S325p (Figs. 2 ¢ and S2). The differences in binding energy
cost for the three systems thus confirms the different roles of
phosphorylation in the strength of CD44 packing with
the cytoskeleton receptor: S291 phosphorylation is unfavor-
able for the formation of the CD44-FERM complex,
whereas S325 phosphorylation exhibits a promoting factor,
which is consistent with the existing conclusions based on
experimental data (19,51).

In order to explain the reason why the phosphorylation at
different positions leads to distinct binding modes of CD44-
FERM, we picked out the representative CD44-FERM bind-
ing modes under different phosphorylation conditions
(Fig. 2 d). It can be observed that the CTDs of S291p and
S325p exhibit different conformation modes. By analyzing
the two-dimensional density map of the CTDs position rela-
tive to bilayer headgroups (Figs. 3 a and S4 a), it can be seen
that S291p-CTD tends to be close to the PIP2-containing
membrane leaflet, whereas S325p-CTD is more detached
from the membrane. This phenomenon is supported by the
contact intensity of CTD with the inner leaflet (Fig. 3 b).
S325p can attenuate the binding of CTD to the membrane,
which facilitates for a further binding to FERM. Addition-
ally, enrichment of PIP2 around CD44-CTD is observed
to be affected by different phosphorylation conditions
(Fig. 2 d). Compared with S325p-CTD, the number of con-
tacts between S291p-CTD and PIP2 is significantly

CD44-FERM affinity by phosphorylation

increased (Figs. 3 ¢, S4 b, and S5), which is consistent
with the above result that S291p-CTD attaches more tightly
to the inner leaflet. In contrast, S291p reduces the PIP2 mol-
ecules in vicinity of CD44-TMD, whereas the interaction of
S325p-TMD with PIP2 is significantly increased (Figs. 3 d,
S4 ¢, and S6). This indicates that S291 phosphorylation re-
pels PIP2 molecules, resulting in an opposite trend in the
contact distribution of PIP2 around the CTD and TMD.

In addition to interactions with lipid molecules, confor-
mational changes also play a key role in the signaling path-
ways of transmembrane proteins. It can be observed that, in
contrast with the coiled structure of the S291p, the S325p-
CTD adopts a more extended form (Fig. 2 d). It is found
that the radius of gyration of S291p-CTD is significantly
smaller than that of S325p-CTD in the process of protein
binding (Figs. 3 e and S7 a). S325p avoids unnecessary in-
tramolecular interaction among the CTD residues and binds
FERM in an extended shape (Fig. S7 b), which allows the
protein complex to be more stable.

To gain more detailed information how the structural
transformation of CD44-CTD induced by phosphorylations
affects the complex formation, we calculated the residue
interaction heatmap between CD44-CTD and FERM along
all 10 simulation trajectories (Figs. 4 a and S8). It reveals
that a short juxta-membrane region (R293-K298) and a
membrane-remote CTD tail (N307-Q326) of CD44-WT
contribute to FERM binding. Phosphorylation of S291
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FIGURE 3 Conformational characteristics of CTD in different phosphorylation states. (a) The lateral density maps of the CD44-WT (left), CD44-S291p
(middle), and CD44-S325p (right) relative to the lipid headgroups. The gray dashed line shows the average position of the lipid phosphate headgroups. (b)
Intensity of contact between CTD and phosphates of POPC lipid headgroups. Number of contacts between (c¢) the CTD and (d) the TMD with the lipids of
PIP2, averaged over 10 replicas (individual traces shown in Figs. S5 and S6). (e) Radius of gyration of the CTD under different phosphorylation conditions,
averaged over 10 replicas (individual traces in Fig. S7 a). To see this figure in color, go online.
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basically abrogates the juxta-membrane FERM-binding re-
gion, whereas a high-contact-density map is observed for
S325p, implying its entire CTD domain is capable of inter-
acting with FERM throughout the simulations. Interestingly,
the residue fragment (K299-G306) in S291p-CTD that
cannot access FERM exhibits an enhanced interaction
with lipid molecules (Fig. 4 b). It indicates that the
conformation leads to a slower binding rate and reduced
interaction strength between S291p-CTD and FERM.
Collectively, our data show that the phosphorylation of
CTD at specific sites can determine protein recognition
and binding intensity via the modified interactive motifs
and conformational modes.

PIP2 plays a crucial role in priming CD44 for
binding to FERM

The distinct conformation of CD44-CTD described above
reflects the importance of membrane regulation as CD44-
S291p shows an unfavorable FERM package state with a
membrane concealing of the residue fragment (K299-
G306). It is speculated that the negative-charged phosphor-
ylation of S291 regulates the distribution of anionic PIP2
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lipids, thereby enhancing the interaction of K299-G306
with the membrane. In order to explore the conforma-
tional changes of CD44-CTD affected by PIP2 before
CD44 meets FERM, we constructed simulation systems
(12 x 12 x 15 nm®) merely containing CD44 in the 95%
POPC/5% PIP2 lipid bilayer (Fig. 5 a). In line with our pre-
vious simulation results (32), we observe a strong enrich-
ment of PIP2 lipids around CD44 (Fig. 5 a). Compared
with S325p that shows a remarkable enrichment of PIP2
near the TMD region, PIP2 enrichment around S291p is
less evident (Figs. 5 b and S9 a). Nevertheless, the contact
intensity of PIP2 on the entire CTD for the S291p variant
is higher than S325p (Fig. S9 b and ¢), implying the phos-
phorylation of S291 mostly repels PIP2 to a more remote
CTD region that keeps a considerable capacity in binding
PIP2. This in turn leads to an enhanced attachment of the
S291p-CTD to the membrane, adopting a closed conforma-
tion supported by the graphical image (Fig. 5 a), the 2D den-
sity maps of CD44 near the membrane (Fig. S9 d), and the
protein-lipid contact intensity (Fig. 5 ¢). In contrast, the con-
tact frequency between the S325p-CTD and PIP2 decreases
(Fig. S9 ¢), as the S325p-CTD tends to separate away from
the inner leaflet (Figs. 5 a, ¢, and S9 d). The difference in
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PIP2 aggregation can be attributed to the position of the
negative charge upon phosphorylation. In case of S291,
phosphorylation takes place close to a stretch of basic resi-
dues, which is mainly responsible for PIP2 binding
(Fig. 1 a). The negative charge of phosphorylation forces
the contact of the 291° site with PIP2 to decrease signifi-
cantly (Fig. 5 d). For the S325p case, the electrostatic repul-
sion with the PIP2 lipids of S325 phosphorylation can be
relieved by the CTD moving away from the inner membrane
surface (Fig. 5 e), leading to a strong PIP2 binding of the
basic stretch (Fig. 5 a). The results thus indicate that, before

CD44 binds to FERM, the phosphorylation modification
and presence of PIP2 coordinate to present an alternative
CTD structure that controls the FERM-interaction potency.

To further test the specificity of PIP2 in the conforma-
tional switching of the CD44-CTD under different phos-
phorylation modifications, we replaced the 5% PIP2
component by 20% POPS to maintain the same bilayer
charge concentration (Fig. S10 a). It is found that POPS
molecules cluster only weakly in vicinity of CD44 under
either of the two phosphorylation states (Figs. S10 b and
S11 a). Moreover, the interaction of the CTD with the
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membrane surface is remarkably reduced compared with the
cases of PIP2, and little difference is found between the two
phosphorylation conditions (Figs. S10 ¢ and S11 b-d).
Therefore, PIP2 appears to be a specific mediator in main-
taining the distinct structure of CD44-CTD under different
phosphorylation modifications.

We subsequently recruited FERM in the system of 80%
POPC/20% POPS membrane environment. Binding still oc-
curs, as is evident from the temporal distance plots between
FERM and the CD44-CTD (Fig. 6 a) and from the snapshot
of the bound state (Fig. 6 b); however, the position of the
phosphorylation site no longer plays a role. It is noteworthy
that, in the POPS environment, membrane adhesion of
FERM is rarely observed before it binds to CD44 (Figs.
6 ¢ and S12), consistent with our previous work on complex-
ation of FERM and L-selectin (24). The replacement of
PIP2 by POPS also results in a larger equilibrium binding
distance (Fig. 6 a) and presumably a weaker binding free en-
ergy as previously quantified for the FERM/L-selectin com-
plex. In absence of PIP2, association of the two proteins just
occurs after a random mobility of FERM in the cytoplasmic
space, and successful binding is more dependent on the
structure accessibility of the CD44-CTD, which is no longer
affected by phosphorylation (Fig. S13). In contrast, in the
PIP2 membrane environment, FERM quickly binds to the
membrane, diffuses laterally, and recognizes the binding
site of CTD in a phosphorylation-dependent manner. There-
fore, the membrane environment containing PIP2 plays an
important role in the rapid and efficient formation of the
CD44-FERM complex.

Taken together, our data demonstrate that the phosphory-
lation of S291 and S325 affects the conformational state of
the CD44-CTD, which further regulates the recognition and

binding of CD44 to the cytoplasmic protein acceptor. The
comparison of POPS and PIP2 membrane environments re-
veals that PIP2 and the phosphorylated residues cooperate to
determine the structure of CD44-CTD, indicating that the
regulation of phosphorylation functions in a PIP2-depen-
dent manner. The molecular details of conformational
changes and protein complexation under the coregulation
of phosphorylation and PIP2 are significant for understand-
ing the cell proliferation activity involving CD44 and pro-
vide a theoretical basis for the design of inhibitory drugs
for the potential mechanism of tumor cell migration.

DISCUSSION

Phosphorylation modifications play an important role in an
adjustable protein association of CD44 and the cytoskeletal
receptor protein. In this study, we have unraveled the struc-
ture differences of CD44-CTD upon phosphorylation and
how they contribute to the altered binding behavior in
CD44 and FERM. The S291-phosphorylated CTD variant
attaches on the membrane surface, adopting a curled confor-
mation that disturbs further recognition and association with
FERM. In contrast, the extended form of the S325-phos-
phorylated CTD variant exposes the FERM-binding frag-
ment and promotes the formation of CD44/FERM
complexes (Figs. 3 and 5). CD44-FERM binding is known
to drive downstream signaling and increase cell prolifera-
tion events (52,53). A recent study has demonstrated that
blocking the binding of CD44 and moesin in breast cancer
cells prevented the migration and invasion of cancer cells
(54). The binding of CD44-FERM can regulate the disease
environment of abnormal proliferation of cancer cells,
so understanding the regulatory mechanism of CD44
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phosphorylation warrants further investigation. More and
more studies have begun to focus on the potential applica-
tion value of CD44 and cytoskeletal protein abnormal
binding in the early diagnosis of tumor, metastasis potential
assessment, treatment, and prognosis (55). CD44 is
expected to be a potentially valuable biomarker and thera-
peutic target, especially in CD44 overexpressed tumor cells
(56).

CD44-CTD changes its structure in different ways during
phosphorylation modification, primarily driven by electro-
static interaction that modulates the conformational change
to a large extent. It was reported that loss of ezrin binding
was dependent on the presence of a negative charge at the
291* site as no impairment was observed in mutant with a
neutral amino acid (21). Similarly, our study shows that a
negative charge introduced via S291 phosphorylation repels
PIP2, resulting in its preferential interaction with K299-
G304 region instead (Figs. 5 a and S10 c¢), causing structural
folding of CTD and the membrane-proximal region to
adhere closely on the membrane surface, so that the binding
of FERM to CD44 and related cell proliferation are in-
hibited (Fig. 7 ¢ and d). In contrast, a repulsive effect be-
tween PIP2 and S325 phosphorylation can coordinate
allosterically to promote the extension of CTD (Fig. 7 a)
and release of CTD from the membrane, which together pro-
mote the binding of CD44 and FERM, which is known to be
essential for cell proliferation activity (57) (Fig. 7 b). Based
on dynamic simulations, Newe et al. also reported that
L-selectin, a protein similar to CD44, is desorbed from the
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plasma membrane due to the repulsive force provided by
the phosphorylation of S367, which is the basis for ERM
binding and then signaling processes (33).

Given the increasing reports reflecting the positive role
of PIP2 in association of CD44 and FERM, we aim here
for elucidation of the unknown function of PIP2, together
with phosphorylation, in the conformational change of
CD44. We find that the regulatory effect of phosphoryla-
tion of S291 and S325 occurs only in the presence of
PIP2 (Figs. 6, S10, and S11). Compared with the case of
PIP2, phosphorylation does not regulate the binding effi-
ciency of CTD and FERM when the inner membrane con-
tains POPS lipids at the same charge concentration (Fig. 6
a and b), and CTD does not undergo the related conforma-
tional changes (Fig. S11). PIP2, however, is able to sense
the different phosphorylation states, inducing conforma-
tional changes in CTD, which is an important primer for
the protein interaction between CD44 and FERM (Figs.
3,5, and 7). In addition, a previous study shows that there
are specific PIP2 binding sites between the F1 and F3 sub-
units of FERM, which are necessary for significant mem-
brane attachment (58). Rey-Gallardo et al. found that
blocking moesin-PIP2 binding significantly reduces T558
phosphorylation and activation of moesin in monocytes
(59). Our simulation results show that FERM hardly binds
to the inner membrane containing POPS (Figs. 6 b and
S12), implying FERM cannot recognize and bind to
CD44 through a membrane translocation pathway (i.e.,
2D diffusion on the membrane) in the absence of PIP2.

FIGURE 7 Schematic presentation of phosphory-

lation alternative on S291 or S325 modulates CD44/
| ERM interaction modulated by CD44-CTD confor-
mations and PIP2. (a¢) CaMK II is known to phos-
phorylate the tail of CD44. Phosphorylation of
S325, but not S291, drives repulsion of the CD44
tail from the inner leaflet of the plasma membrane.
CD44-CTD is presented in an extended shape. (b)
Phosphorylation of S325 encourages binding of
CD44-ERM, and PIP2 acts as a promoter. ERM
binds to the CD44-CTD at the proximity of inner
membrane, whereas the C-terminal domain of
ERM is able to connect with the a-actinin cytoskel-
eton protein, which promotes cell growth. (c) As
S291 is phosphorylated by PKC, the first half of
CD44-CTD adheres to the inner membrane due to
strong electrostatic interactions with PIP2, whereas
the structure of the second half of CD44-CTD is
folding. (d) The membrane concealing conformation
and rolled structure of CD44-CTD will block the
further binding to ERM and inhibit cell prolifera-
tion. To see this figure in color, go online.
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It therefore provides another reason for the low efficiency
of binding between the CTD and FERM under POPS con-
dition. PIP2 not only regulates CD44, but the binding of
PIP2 to ERM is necessary for ERM activation (60). Plu-
hackova et al. used MD simulations to investigate how
phosphorylation and acidic lipids affect the structure and
dynamics of the transmembrane protein B2AR. Phosphory-
lation of residues S246, S261, and S262 in the intracellular
loop (ICL3) drives ICL3 release into the cytoplasm to
interact with arrestin, but the absence of acidic lipids re-
verses the phosphorylation regulation (37). It implies that
PIP2 is critical for protein regulation by phosphorylation
in more than one way.

In summary, we provide in-depth molecular investiga-
tions revealing that specific phosphorylation of S291 or
S325 regulates the conformational changes of CD44-CTD,
which affects the further recognition and combination of
CD44-like proteins and cytoplasmic protein acceptors
such as FERM. The comparison of POPS and PIP2 mem-
brane environments shows that PIP2 and phosphorylated
residues cooperate to maintain the regulatory structure, indi-
cating that the regulation of phosphorylation requires the
participation of PIP2 molecules. In addition, PIP2 drives
the binding of FERM to the membrane, also crucial for sub-
sequent formation of the CD44-FERM complex. The mo-
lecular details of conformational changes and protein
translocation under the coregulation of phosphorylation
and PIP2 are significant for understanding the cell prolifer-
ation activity of CD44, and they provide a theoretical basis
for the design of inhibitory drugs for the potential mecha-
nism of tumor cell migration.
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Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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