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Profilins are abundant cytosolic proteins that are universally
expressed in eukaryotes and that regulate actin filament elonga-
tion by binding to both monomeric actin (G-actin) and formin
proteins. The atypical profilin Arabidopsis AtPRF3 has been
reported to cooperate with canonical profilin isoforms in sup-
pressing formin-mediated actin polymerization during plant
innate immunity responses. AtPRF3 has a 37-amino acid-long
N-terminal extension (NTE), and its suppressive effect on actin
assembly is derived from enhanced interaction with the poly-
proline (Poly-P) of the formin AtFH1. However, the molecular
mechanism remains unclear. Here, we solved the crystal struc-
tures of AtPRF3�22 and AtPRF3�37, as well as AtPRF2 apo
form and in complex with AtFH1 Poly-P at 1.5–3.6 Å resolu-
tions. By combining these structures with molecular modeling,
we found that AtPRF3�22 NTE has high plasticity, with a pri-
mary “closed” conformation that can adopt an open conforma-
tion that enables Poly-P binding. Furthermore, using molecular
dynamics simulation and free-energy calculations of protein–
protein binding, along with experimental validation, we show
that the AtPRF3�22 binds to Poly-P in an adaptive manner,
thereby enabling different binding modes that maintain the
interaction through disordered sequences. Together, our struc-
tural and simulation results suggest that the dynamic conforma-
tional changes of the AtPRF3 NTE upon Poly-P binding modu-
late their interactions to fine-tune formin-mediated actin
assembly.

Profilins, which are small but abundant cytosolic proteins
with a molecule mass of �15 kDa, are universally expressed in
eukaryotes and regulate actin filament elongation by binding
with monomeric actin (G-actin)4 and formin proteins. Profilin
functions are dynamically regulated to coordinate actin assem-
bly during development and defense mechanisms (1–3),
through tuning its intra- and intermolecular associations to-
ward the binding partners (3–5). In Arabidopsis thaliana, five
profilin isoforms (AtPRF1–5) share over 70% sequence identity,
except for the AtPRF3, which has an extra N-terminal exten-
sion (NTE) with 37 amino acids more than the other AtPRFs,
which makes AtPRF3 atypical profilin. Global-wide sequences
analysis demonstrated that such profilin with additional NTE
region is common in a wide range of plant, animal, and fungi
species (3). By cooperating with other typical profilin isoforms
with positive effect in formin-mediated actin elongation,
AtPRF3 plays critical roles in balancing the actin polymeriza-
tion in support of plant innate immune responses (3).

Formin-mediated actin assembly is one of the two major
assembly machineries in plants in generating long actin cables
for polarized plant growth and defense mechanism. During
actin elongation, profilin transiently associates with the poly-
proline (Poly-P) of formins to deliver G-actin into the filament
growing end and after that released quickly for next rounds of
G-actin recruitment (2). However, AtPRF3 binds to AtFH1
Poly-P with a much higher affinity than other AtPRF isoforms,
which constrains the dynamic exchange of profilin between the
free and Poly-P– bound states (3). Poly-P– bound AtPRF3 con-
ceives negative regulation of actin polymerization and essen-
tially balances the filament assembly with other profilin iso-
forms during plant innate immunity (3). AtPRF3 NTE contains
a highly structurally disordered region that is usually a signaling
hub during signal transduction by being post-translational
modified and conformationally tuned (6). During pattern-trig-
gered immunity, AtPRF3 was dynamically regulated to protein
degradation or synthesis to attenuate formin-mediated actin
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assembly. However, the molecular basis for understanding the
potential conformational regulation of the AtPRF3 NTE is
unknown. Studies of the dynamic association of AtPRF3 NTE
with formin Poly-P is essential to understand how NTE dynam-
ically regulates profilin activities by modulating its binding states
toward Poly-P in plant development and defense mechanisms.

To elucidate the mechanism by which AtPRF3 NTE confers a
dynamic but high-affinity binding to Poly-P, we carried out
structural studies of the AtPRF2, AtPRF3 and the complex
structure with Poly-P. We solved the crystal structures of
AtPRF2 both in apo and Poly-P– bound forms, as well as of
AtPRF3�37 and AtPRF3�22, respectively. In vivo functional
studies of AtPRF3�22 partially recapitulated its negative regu-
lation in actin assembly using yeast reconstitution system by
introducing AtPRFs. By integrating both structural studies and
mathematical modeling, we found that AtPRF3�22 NTE
adopts a “closed” conformation and trespasses the Poly-P–
binding pocket, which should be able to open upon Poly-P
binding. Therefore, we performed the molecule simulation of
AtPRF3 NTE in the presence and absence of Poly-P, and the
results suggest that AtPRF3 adopts various conformations to
modulate the Poly-P binding. Moreover, the NTE in the iso-
lated AtPRF3�22 structure likely adopts a “closed” conforma-
tion. Our simulation results demonstrated that the NTE
evolves dynamically by adopting different interaction modes
toward Poly-P, through which an effective Poly-P binding and
negative regulation in actin assembly have remained. Taken
together, our results suggest that the unique ability of the AtPRF3
NTE by adopting various conformations, which enables precise
modulations of actin assembly in defense mechanisms.

Results

AtPRF3 strongly inhibits actin polymerization

To understand how formin-mediated actin assembly is bal-
anced in the presence of both negative and positive profilin
isoforms, we designed a profilin competition assay by compar-
ing the AtFH1-mediated actin assembly in the presence of
AtPRF3, AtPRF1, or both. AtPRF3 has a stronger inhibitory
effect on spontaneous actin polymerization than AtPRF1 (Fig.
1). A profilin mix of 0.5 �M AtPRF3 and 0.5 �M AtPRF1 results
in actin assembly in the middle of 1 �M AtPRF3 and 1 �M

AtPRF1, indicating a balanced effect on spontaneous actin
assembly using both profilin isoforms. Interestingly, the pres-

ence of formin AtFH1 with a coexistence of 0.5 �M AtPRF3 and
AtPRF1 at 1:1 ratio showed an overall negative regulation in
AtFH1-mediated actin assembly, which is at a similar level of
F-actin polymerization by using 0.5 �M AtPRF3 only (Fig. 1).
Such inhibition of actin polymerization in the presence of
formin strongly indicates the unique function of AtPRF3.

In vivo reconstitution of AtPRFs in budding yeast

To better understand the unique function of AtPRF3 in vivo,
we reconstituted the AtPRF1–5, AtPRF3 truncating the N-ter-
minal 22 amino acids (AtPRF3�22), and 37 amino acids
(AtPRF3�37) in budding yeast by replacing the only profilin
ScPFY1 with AtPRF genes, taking advantage of the highly con-
served machinery of profilin–formin–actin–mediated actin
assembly among eukaryotes. Because haploid deletion mutant
pfy1� is lethal, we therefore first generated a diploid strain
with one ScPFY1 copy replaced by the cgLEU2 gene,
ScPFY1/pfy1�::CgLEU2. Then the pfy1�::CgLEU2 gene was
replaced by AtPRFs (Fig. 2A). AtPRFs were transcribed at the
ScPFY1 chromosomal locus under the control of the ScPFY1
promoter in haploid. ScPFY1/AtPRF3 diploid showed 2:2 seg-
regation viability, yielding only two viable Hygro� segregants
per tetrad (Fig. 2B), which demonstrated that AtPRF3 is a lethal
recessive gene and is highly consistent with its strong adverse
effects on formin-mediated actin assembly (3). All other seg-
regants with full-length AtPRF isoform genes, AtPRF3�37, and
AtPRF3�22 were viable but showed slower growth than the
WT, perhaps because of the in vivo functional difference
between yeast and plant profilin (Fig. 2B and Fig. S1A). To per-
form a direct comparison among all viable AtPRF isoform-ex-
pressing stains, we measured yeast growth in liquid culture at 25 °C
and found that AtPRF1, AtPRF2, AtPRF3�22, AtPRF4, and
AtPRF5 yeasts showed growth defect more than AtPRF3�37 (Fig.
2C), consistent with lower affinity of AtPRF3�37 to Poly-P and
positive function in formin-mediated actin assembly (3).

In vivo function analysis of AtPRFs in budding yeast

To compare in vivo functions between AtPRF3 and
AtPRF3�37, we generated heterozygotes diploids ScPFY1/At-
PRF3 and ScPFY1/AtPRF3�37 expressing actin cable marker
Abp140 (Abp140 –3GFP) and actin endocytic patch marker
Abp1-mRFP. AtPRF3 and AtPRF3�37 were expressed nor-
mally in diploids, which were detected by anti-Myc antibodies

Figure 1. The competition assay of full-length AtPRF3 to AtPRF1 in AtFH1-FH1FH2COOH (AtFH1)-mediated actin polymerization. 2 �M actin with 3%
pyrene-actin was used for actin polymerization assay. The concentration of each protein was indicated.
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against the N-terminal Myc tags (Fig. S1D). By having the func-
tional allele of ScPFY1, both ScPFY1/AtPRF3 and ScPFY1/
AtPRF3�37 showed the intact structures of actin cables and
patches, although a slight depolarization of Abp1-mRFP was
observed (Fig. 3, A and B). To better characterize the mild actin
cable defect, we measured the cable elongation rate by follow-
ing the elongating tip of individual actin cables. ScPFY1/At-
PRF3 showed slower cable elongation speed (1.56 � 0.52 �m/s)
compared with that in the ScPFY1/AtPRF3�37 (1.71 � 0.42
�m/s) and ScPFY1/ScPFY1 cells (2.10 � 0.52 �m/s), respec-
tively (Fig. 3C). We also characterized the in vivo functions of
AtPRF isoforms in yeast haploid by examining the actin assem-
bly and actin-mediated endocytosis. Abp1 lifetime records the
appearance and disappearance of Abp1 on the plasma mem-
brane that is a sensitive diagnostic approach for investigating
endocytosis efficiency (Fig. S1, B and C). An extended lifetime
indicates a delayed internalization of the endocytic pit from the
plasma membrane. The living cell fluorescence imaging of
Abp1 showed a different endocytosis efficiency for each profilin
isoform strain (ScPFY1 � AtPRF3�37 � AtPRF4 � AtPRF2 �
AtPRF1 � AtPRF5 and AtPRF3�22) (Fig. 3, D and E).

Structural analysis of AtPRF3

To better understand the functionality of AtPRF3, we solved
the crystal structure of AtPRF3�37 beyond 1.5 Å resolution.
AtPRF3�37 is composed of seven anti-parallel �-sheets that
are sandwiched by four �-helices (Fig. 4A), demonstrating a
canonical profilin fold (1). We also successfully crystallized
AtPRF3�22, whereas the full-length AtPRF3 was recalcitrant to
be crystallized. Eventually, we solved the crystal structure of
AtPRF3�22 at 3.6 Å resolution by introducing the surface res-
idue mutation AtPRF3�22M1 (K33A/K34A/K35A) according
to SERP server prediction (7), as well as the additional L136Q
mutation AtPRF3�22M2 (K33A/K34A/K35A�L136Q) (Fig.
S2A). The protein identity of AtPRF3�22M2 was verified by
MALDI-TOF-MS analysis, which showed the molecular mass
of �16,482.6 Da, in line with the theoretical molecular mass
(16,450.8 Da) (Fig. 4C). To characterize AtPRF3�22 mutants,
we compared their binding affinities to AtFH1 Poly-P (RVP-
PPPPPPPPLP) by microscale thermophoresis (MST). The dis-
sociation constant (Kd) values of AtPRF3�22, AtPRF3�22M1,
and AtPRF3�22M2 to Poly-P were 69.6 � 2.1, 115.8 � 7.1, and
114.8 � 6.7 �M, respectively, suggesting a negligible effect on

binding affinity by the L136Q mutation (Fig. 4D). AtPRF3�22
moderately decrease the binding affinity to Poly-P, given the Kd
values of 29.6 and 175.6 �M for full-length AtPRF3 and the
truncated AtPRF3�37, respectively (3). The structure of
AtPRF3�22M2 showed a protruding N terminus from Lys31 to
Asn37 (KKAAATN), compared with AtPRF3�37 (Fig. 4B).
However, we were unable to model the residues 23–30
(QRRSRAKV) because they lack clear electron density. This
region Lys31–Asn37 does not directly interact with the profilin
core domain, appearing to be dynamic. We generated the unbi-
ased Fo � Fc map for all the NTE of 10 chains in the asymmetric
unit (Fig. S3, A–J). The main chains of the NTE K31-N37 were
well-fitted to the Fo � Fc map. It appears that the
AtPRF3�22M2 proteins were paired during crystal packing.
However, the closest atom distance between the two N termini
was 5.0 Å, indicating no direct interaction; therefore crystal pack-
ing has little influence on the structural conformation (Fig. S3K).

AtPRF3�22 variants have similar in vivo function in budding
yeast

To validate the functionality of AtPRF3�22M2 used for crys-
tallization, we examined the in vitro biochemical activities
of AtPRF3�22, AtPRF3�22M1, and AtPRF3�22M2. Pyrene-
actin– based assay showed that both variants inhibit AtFH1-
mediated actin assembly, without distinguishable efficacy to
AtPRF3�22 (Fig. 5A). Haploid stains expressing AtPRF3�22,
AtPRF3�22M1, and AtPRF3�22M2 showed similar growth
defects by liquid culturing assay at 25 °C (Fig. 5B). Dip-
loid strains ScPFY1/AtPRF3�22, ScPFY1/AtPRF3�22M1, and
ScPFY1/AtPRF3�22M2 expressing fluorescent actin cable and
patch markers were generated similarly. By tracking the actin
cable growing end in time-lapse imaging of Abp140 –3GFP, we
measured cable elongation speed of ScPFY1/AtPRF3�22
(1.67 � 0.30 �m/s), ScPFY1/AtPRF3�22M1 (1.63 � 0.16
�m/s), and ScPFY1/AtPRF3�22M2 (1.60 � 0.29 �m/s), respec-
tively, in which no functional difference of AtPRF3�22M2 was
observed (Fig. 5C). In addition, we quantitatively analyzed in
vivo endocytosis efficiency of the AtPRF3�22 mutants. Consis-
tently, AtPRF3�22M1 and AtPRF3�22M2 cells showed no sig-
nificant difference in the Abp1-mRPF lifetime than that of
AtPRF3�22 (Fig. 5D), supporting the unchanged in vivo
endocytosis in AtPRF3�22M2 cells when compared with
AtPRF3�22.

Figure 2. In vivo reconstitution of AtPRFs in budding yeast. A, constructs of yeast expression cassette for AtPRF isoforms. The lengths of UTRs were
indicated. B, tetrad analysis of heterozygous diploid ScPFY1/AtPRF. Haploids expressing AtPRF1 and AtPRF3 were highlighted by squares. C, growth of haploid
strains expressing ScPFY1 and AtPRFs on YPD plate at 25 °C for 48 h.
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Figure 3. In vivo function comparison of AtPRFs in budding yeast. A, maximum intensity Z-projection images of actin cables and patches in heterozygous
diploids, ScPFY1/AtPRF3, ScPFY1/ AtPRF3�37, and ScPFY1/ScPFY1. Scale bar, 5 �m. B, visual scoring the polarity of actin patches in diploid cells. (6 individual
images were analyzed, and more than 200 total yeast cells were classified). C, actin cables motility in heterozygous diploid strains ScPFY1/AtPRF3, ScPFY1/
AtPRF3�37, and ScPFY1/ScPFY1 (n � 100 filaments). p values were determined by two-tailed Student’s t test assuming equal variances (*, p � 0.05; ****, p �
0.0001). Error bars, S.D. D and E, representative kymographs (D) and lifetimes of Abp1-mRFP patches (E) in the indicated haploids. From left to right, n � 125, n �
120, n � 120, n � 126, n � 147, n � 122, and n � 122 patches used for analysis.

Figure 4. Structures and characterization of AtPRF3�37 and AtPRF3�22. A, crystal structure of AtPRF3�37 colored in cyan. B, crystal structure of
AtPRF3�22 in orange with the extra amino acids (KKAAATN) colored in violet. C, the MALDI-TOF-MS result of AtPRF3�22M2 sample for characterizing protein
size and integrity. D, thermophoresis binding curves of AtPRF3�22, AtPRF3�22M1, and AtPRF3�22M2 titrated against AtFH1 Poly-P from experiments of three
biological replicates. The dissociated constants are shown, respectively. ns indicates no significance between all three sets of affinity data of AtPRF3�22,
AtPRF3�22M1, and AtPRF3�22M2.
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Structural analysis of Poly-P– bound AtPRF2

To better understand how Arabidopsis profilins interact with
Poly-P, we determined the crystal structures of AtPRF2 in both
apo and Poly-P– bound forms at 2.4 and 1.9 Å resolutions,
respectively. The structure of AtPRF2 shares the same fold as
that of AtPRF1 and AtPRF3�37 with RMS deviation values of
0.41 and 0.40 Å for C-� atoms, respectively (Fig. 6A), suggesting
that the overall core structure of Arabidopsis profilin is highly
conserved. As for the Poly-P– bound AtPRF2, all of the 13
amino acids except for the first arginine in Poly-P can be mod-
eled (Fig. 6B). The Poly-P is held in a hydrophobic groove
formed by the first and the fourth helix of AtPRF2, involving the
residues His10, Trp33, Leu122, Leu126, Ser129, and Leu131. Nota-
bly, Poly-P binds to AtPRF2 with a 1:1 stoichiometry in a similar
way as that of plant pollen allergenic profilin (8). Three key
residues (Trp3, Tyr6, and Tyr125) in AtPRF2 and three essential
prolines (Pro4, Pro7, and Pro8) in Poly-P are involved in hydro-
gen-bond formation (Fig. 6C). To test whether these three pro-
lines contribute to AtPRF3 binding directly, we synthesized the
mutated mPoly-P (P4A/P7A/P8A). mPoly-P showed a drastic
decrease in binding toward AtPRF3�22, with a Kd over 400 �M

(Fig. 6D), which validated the importance of the three prolines
(Pro4, Pro7, and Pro8) in profilin binding. No significant confor-
mational change of AtPRF2 was observed upon the binding of
Poly-P compared with its apo form.

Plasticity of the AtPRF3 NTE revealed by H-REMD

Given that the profilin core of AtPRF2 and AtPRF3 is highly
conserved, we compared the structure of AtPRF3�22M2 with
the Poly-P– bound AtPRF2 and found that Lys31–Asn37 resi-
dues of AtPRF3�22M2 occupied the Poly-P– binding pocket
(Fig. S4A). To test whether AtPRF3 NTE is able to open and
thereby enable the Poly-P binding, we examined its flexibility
using Hamiltonian replica-exchange molecular dynamics
(H-REMD) simulations, with L136Q mutation corrected to
Leu136 during modeling (9). The H-REMD simulation was sum-
marized in the free-energy surface that was shown as a function
of the dihedral angle formed by � carbons of the residues
Thr36–Ser39 against the center of the mass distance between
the NTE and the C-terminal helix (CTH) (Fig. S4B). Seven local
minima with representative structures were extracted by geo-
metric clustering, which describes the conformational states of
the AtPRF3�22M1 (Fig. 7, A and B, and Table S1). Each repre-
sentative structure of the local minimum was defined as an
“open” state if no structural clash was observed between the
AtPRF3�22M1 and the Poly-P; otherwise, a “closed” state was
defined. We found that minimums 1– 4 represent closed con-
formations, whereas minimum 6 represents an open conforma-
tion. We consider minimums 5 and 7 to be “semiopen” confor-
mations because a minor structural clash with the Poly-P was
observed; thus Poly-P– binding sites were not occluded by

Figure 5. Functional validation of AtPRF3�22 variants. A, kinetic actin polymerization of AtPRF3�22, AtPRF3�22M1, and AtPRF3�22M2 in the presence of
AtFH1-FH1FH2COOH (AtFH1). B, thermostatted microplate reader measures the growth of yeast strains expressing AtPRF3�22 mutants and WT. C, actin cables
motility in heterozygous diploid strains ScPFY1/AtPRF3�22, ScPFY1/AtPRF3�22M1, and ScPFY1/AtPRF3�22M2 (n � 100 filaments). p values were determined by
two-tailed Student’s t test assuming equal variances (*, p � 0.05; ****, p � 0.0001). Error bars represent S.D. D, lifetimes of Abp1-mRFP patches in the indicated
haploids. n � 100 patches used for analysis.
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AtPRF3�22M1. We also used various simulated time from 550
and 650 ns to show that the simulation of NTE is converged
(Fig. S4, C and D). The free-energy landscape reveals the
dynamic nature of the AtPRF3�22M1, which adopts diverse
conformations to occlude or accommodate the Poly-P binding,
thus fine-tune regulating actin filament assembly.

AtPRF3 NTE might interact with Poly-P in an adaptive mode

Two positive charged clusters, Arg24/Arg25/Arg27 and
Lys31–Lys35 (particularly the former) in the NTE, could posi-
tively be involved in Poly-P binding. To further understand the
molecular interactions between the AtPRF3�22 NTE and Poly-P,
we generated AtPRF3�22M3 (R24A/R25A/R27A�K33A/K34A/
K35A). AtPRF3�22, AtPRF3�22M1, and AtPRF3�22M3 all
showed a marginal difference in Poly-P binding using MST bind-

ing assay (Fig. 4D and Fig. S4E). We modeled the Poly-P–bound
structure of AtPRF3�22 variants by applying the representative
structure of AtPRF3�22M1 in the open conformation (from min-
imum 6) with “docked” Poly-P. The Gln23–Val30 was modeled
with an extended and disordered conformation. These conforma-
tions of the representative clusters obtained from molecular
dynamics simulations and the following geometric clustering anal-
ysis were extracted for binding energy calculations using the
molecular mechanics–Poisson Boltzmann surface area (MM-
PBSA) method (10). For comparison, simulations and binding
energy analysis were also performed for the Poly-P–bound
AtPRF3�37 in which the NTE is absent. AtPRF3�22,
AtPRF3�22M1, and AtPRF3�22M3 all showed different contact
sites toward Poly-P binding with different contact occupancies
(Table 1). Moreover, by calculating the binding energy, the

Figure 6. Structural comparison of AtPRFs and the Poly-P binding. A, crystal structure of AtPRF1 (yellow) (PDB code 3NUL) and AtPRF3�37 (cyan) were
aligned to AtPRF2 (lime). B, unbiased omit Fo � Fc electron density map (green) contoured at 2.2� of Poly-P (salmon) bound AtPRF2 (lime). C, the alignment of
AtPRF2 to Poly-P– bound AtPRF2. Whereas the Apo structure is shown in gray, the complex structure is colored in green, and the Poly-P is shown in salmon. The
residues involved in interaction are labeled, respectively. D, microscale thermophoresis binding curves of the mPoly-P titration curve to AtPRF3�22 with the
dissociation constant indicated. All the measurements were performed with three biological replicates.

Figure 7. Computational simulation analysis of AtPRF3 NTE. A, free-energy surface as a function of dihedral angle formed by � carbons of residues 36 –39
(dihedral) of AtPRF3�22M2 against center of mass distance between the NTE and C-terminal helix (distance), which describes the conformational space of
AtPRF3 NTE. The local minimum is labeled with numbers. B, all the conformations corresponding to the minimum in A of the AtPRF3 NTE are superimposed onto
the crystal structure of Poly-P– bound (gray surface) AtPRF2. Seven local minima are indicated. The percentage of each minimum is the ratio between the
number of structures in the representative class and the total sampling data.
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AtPRF3�22, AtPRF3�22M1, and AtPRF3�22M3 clusters showed
comparable binding free energy but lower than AtPRF3�37 (Table
2). Interestingly, after the simulations were converged, we did not
notice any obvious formation of helix structure in NTE, indicating
its disordered nature. Considering intrinsically disordered region
evolving fast by having low sequence conservation, which enables
it to have weak and nonspecific interaction with binding partners,
together with molecular dynamic simulations showed that
AtPRF3�22M1 and AtPRF3�22M3 had evolving contact sites
toward Poly-P binding, it is very likely that NTE adopts dynamic
and nonspecific binding to Poly-P, which is also in agreement with
the reported phenomena that peptides with flanked core region
could dynamically evolve nonspecific interaction at the binding
interface (11).

Discussion

Formin FH1 domain effectively increases the profilin-actin
concentration at the barbed end to support rapid elongation of
actin filament by delivering G-actin to barbed end. During pro-
cessive elongation, flexible FH1 domain provides transient and
frequent collisions between the barbed end and profilin-actin
and rapid subsequent disassociation of free profilin from
formin and barbed end (12). Both the profilin affinity to Poly-P
tracts and the distance between Poly-P tracts and FH2 domain
could directly affect the actin transfer efficiency (13). Arabidop-
sis AtPRF3 demonstrated a high binding affinity toward formin
Poly-P, suggesting adverse effects in formin-mediated actin
elongation. The AtPRF3 NTE gives the tight binding to Poly-P
in a length-dependent manner, whereas the removal of the
N-terminal 37 residues entirely reverted its inhibitory effect on
actin assembly in vitro (3). Here, the in vitro competition assay
validates the inhibitory effect of AtPRF3 on actin polymeriza-
tion in the presence of AtFH1. Moreover, in vivo yeast recon-
stitution system fully recapitulated the adverse effects of AtPRF3
NTE in regulating intracellular actin assembly and the viability of
the cells. A tight Poly-P binding demonstrated an adverse effect of
AtPRF3 that might be derived from the mechanical gating mech-
anism, such as constraining the rotation or slippage of the FH2
dimer around the F-actin filament for releasing the torsion stress
that accumulates during elongation (14, 15).

We used a structural and mathematical modeling approach
to study the dynamic interaction between AtPRF3 NTE and
Poly-P. The crystal structures of AtPRF3�37, AtPRF3�22, and
Poly-P– bound AtPRF2 disclosed a primary closed conforma-

tion of AtPRF3�22 NTE at the Poly-P– binding pocket. Geo-
metric clustering revealed that NTE is able to adopt either a
closed or an open conformation. Furthermore, by calculating
the binding free energy between AtPRF3�22 variants and
Poly-P and comparing with a parallel calculation of Poly-P–
bound AtPRF3�37, we showed that the additional contribution
of the NTE involves multiple sites. Our structure and simula-
tion data suggest that Poly-P binding by AtPRF3�22 is highly
modulated through the NTE conformational change. Never-
theless, we could also not exclude the contribution of the first
N-terminal 22 residues for Poly-P binding. Such plasticity in
AtPRF3 NTE conformation toward Poly-P binding provides an
excellent platform to fine-tune the unique negative function of
AtPRF3 in regulating actin assembly with other AtPRF iso-
forms during plant defense responses.

Upon pattern-triggered immunity, the AtPRF3 NTE confers
a tunable functional regulation, such as the dynamic modula-
tion of AtPRF3 level through both protein degradation and de
novo synthesis, which adjusts the overall balance of profilin-
mediated actin assembly (3). In this study, we demonstrated a
modulation approach for maintaining AtPRF3 function by tun-
ing its flexible conformation of NTE upon formin Poly-P bind-
ing. The N-terminal 22 residues of AtPRF3 are intrinsically dis-
ordered in nature that are also usually highly phosphorylated
and flexible to adopt conformational changes, which could
often be coupled with ubiquitination and protein degradation
duringsignalingtransduction(6).Ubiquitinationandphosphor-
ylation are highly coupled post-translational modification,
which is remarkably enriched on intrinsically disordered
region. The potential post-translational modifications on the
AtPRF3 NTE might directly modulate its interaction with
formin and AtPRF3 activities during immune responses that
are worthy of future studies. Furthermore, intrinsically disor-
dered regions play diverse functions in fine-tuning cellular pro-
cess through regulating protein–protein interactions. Our mul-
tiple molecular dynamics simulations, binding free-energy
calculations, and biochemical experiments allow us to propose
a model that AtPRF3 NTE interacts with Poly-P via dynamic,
and nonspecific binding mode. Such adaptive conformations
might be able to maintain a continuous interaction between
AtPRF3 and formin for the effective negative regulation in F-ac-
tin assembly during pattern-triggered immune responses.

Experimental procedures

Yeast strains and plasmid construction

Saccharomyces cerevisiae S288C background strains were
used in this study. The manipulation, cultivation, and transfor-
mation of yeast strains followed standard methods. Because of
the lethality of PFY1 deletion in haploid yeast, one copy of PFY1
gene was deleted by replacing the gene open reading frames
with the Candida glabrata LEU2 (CgLEU2) cassettes to gener-
ate a PFY1/pfy1�::CgLEU2 heterozygote diploid. To produce a
strain expressing AtPRF variants, we constructed vectors using
the following strategies. Endogenous promoter and terminator
of yeast ScPFY1, 500 bp upstream of the start codon and 500 bp
downstream of the stop codon of ScPFY1, were constructed
into pRS316 vectors harboring Arabidopsis AtPRF variants,

Table 1
Contact residues of Poly-P– bound AtPRF3 and their occupancies
Contact occupancy is the ratio of the number of structures (frames) belonging to
that particular cluster containing a specific contact (definitions in method section)
to the total number of structures (frames) belonging to that cluster.

Cluster AtPRF3 Poly-P Type Occupancy

%
AtPRF3�22–Poly-P R27-NH2 P9-O Hydrogen bond 55.8

K29-O L12-N Hydrogen bond 28.3
K31-NZ P13-OT1 Electrostatic 33.3
K31-NZ P13-OT2 Electrostatic 32.9

AtPRF3�22M1–Poly-P K32-NZ P13-OT1 Electrostatic 54.6
K32-NZ P13-OT2 Electrostatic 54.7
A34-N P10-O Hydrogen bond 25.3

AtPRF3�22M3–Poly-P K31-O L12-N Hydrogen bond 26.6
K31-NZ P13-OT1 Electrostatic 55.8
K31-NZ P13-OT2 Electrostatic 55.2
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respectively. An expression cassette of the hygromycin resis-
tance gene was integrated into the middle of the 500 bp down-
stream of the ScPFY1 stop codon. Multifragment assembly was
performed by Gibson assembly approach (New England BIo-
labs) to obtain the above constructs. Also, one Myc tag was
inserted at the N terminus of AtPRF sequence by Q5 site-di-
rected mutagenesis method (New England BIolabs). The DNA
fragments containing ScPFY1 promoter-driven AtPRF expres-
sion cassette were transformed into the strain DDY1102,
which generates a PFY1/pfy1�::AtPRF::HygMX6 heterozygote.
PFY1/pfy1�::AtPRF::HygMX6 heterozygotes were followed by
sporulation to identify the leucine-sensitive but hygromycin-
resistant segregants. Genomic C-terminal tagging was per-
formed as previously described. All strains were grown at 30 °C
in standard rich medium (YPD) or synthetic medium supple-
mented with appropriate amino acids unless otherwise speci-
fied. Cell growth was determined by either yeast spotting assay
on YPD or liquid growth assay using TECAN M200 infinite pro
plate reader.

Immunoblotting

Yeast whole-cell extracts were prepared as described previ-
ously. In brief, yeast cells at A600 of 0.5 in log phase were col-
lected by centrifugation at 2,500 rpm for 3 min at room tem-
perature. Cell pellet was immediately resuspended with 250 �l
of 20% TCA, mixed with an equal volume of glass beads
(0.5-mm zirconia/silica beads; Biospec), and vortexed by Pre-
cellys 24 homogenizer (Bertin Instruments) three times of the
30-s beading with a 1-min interval on ice. Glass beads were
washed twice with 250 �l of 5% TCA to maximize protein
recovery. The resulting extract was spun at 13,000 rpm for 5
min at 4 °C. The pellet was dissolved in 100 �l of 2	 SDS load-
ing buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol,
0.1% bromphenol blue, 50 mM DTT), neutralized by adding 20
�l of 1 M Tris base, boiled for 5 min, and clarified by centrifu-
gation. Total cell extracts equivalent to 0.4 A600 of cells were
subjected to immunoblot analysis. Proteins were detected using
the primary antibodies, mouse anti-Pgk1 (1:10,000; Invitrogen)
and mouse anti-Myc (1:1,000, 9E10). The blots were subsequently
scanned using Odyssey IR Imager (LI-COR Biosciences).

Microscopy

Yeast cell imaging was performed essentially as previously
described (16). In brief, yeast were grown to log phase in the
synthetic media lacking tryptophan at 25 °C, immobilized on
concanavalin A– coated coverslips, and then imaged on Leica
DMi8 microscopy (Leica Microsystems) that is equipped with a
HCX PL APO 100	/1.4 oil objective, ORCA-Flash4.0 LT

(Hamamatsu, Japan), and a solid-state Spectra-X light engine
(Lumencor) as described. The images were acquired using
Metamorph software (Molecular Devices) and processed using
ImageJ (National Institutes of Health).

Microscopy image analysis

Fluorescent images of the actin cytoskeleton in budding yeast
were evaluated and analyzed using the following criteria. All
polarized actin patches indicated by Abp1-mRFP were present
in the daughter cell. Depolarized actin patches were present in
both the mother cell and daughter cell. For actin cable motility
analysis, the Abp140 –3GFP movie was taken, actin filament
barbed-end elongation was traced by ImageJ (National Insti-
tutes of Health), and then filament elongation speed was
calculated.

Pyrene actin polymerization assay

Rabbit skeletal muscle actin was purified from rabbit muscle
acetone powder (Pel-Freez) as described (17). Monomeric
Ca2�-ATP-actin was purified by Sephacryl S-300 HR chroma-
tography linked to FPLC system using G buffer (5 mM Tris-HCl,
pH 8, 0.2 mM ATP, 0.1 mM CaCl2, 0.5 mM DTT, 0.1 mM azide).
Pyrene-labeled actin was purchased from Cytoskeleton Inc.,
and prepared followed the manufacture’s guide. Polymeriza-
tion assay was done as previous reported (18). Briefly, 2 �M

purified monomeric G-actin (3% pyrene-actin) was mixed with
the target proteins and monitored at excitation 365 nm and
emission 407 nm at 25 °C in a Cytation 5 cell imaging multi-
mode plate reader (BioTek).

Statistical analysis

All statistical analyses were performed using GraphPad
Prism software (GraphPad, San Diego, CA). p values were
determined by two-tailed Student’s t test assuming equal vari-
ances (*, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001; ns,
not significant). MST binding affinity differences were deter-
mined by one-way analysis of variance. The error bars indicate
the S.D.

Cloning

For the genes encoding AtPRF1 (GenBankTM accession no.
BT000264.1), AtPRF2 (GenBankTM accession no. AY114048.1),
AtPRF3 (GenBankTM accession no. BT000885.1), AtPRF4 (Gen-
BankTM accession no. BT024816.1), AtPRF5 (GenBankTM acces-
sion no. DQ653003.1), and ScPRF (GenBankTM accession no.
AAA34861.1) were cloned into a modified vector of pET-21d (�)
with an N-terminal His8 tag and human 3C protease cutting site.
The AtPRF3 variants AtPRF3�37, AtPRF3�22, AtPRF3�22M1,

Table 2
Calculations of binding free energy using MM-PBSA for Poly-P– bound AtPRF3
The values are given in KJ/mol. The percentage is the ratio of the number of structures (frames) belonging to that particular cluster to the total number of structures we
sampled. sasa, solvent-accessible surface area.

Cluster Percentage Evdw Eelec Epolar Esasa Ebinding

%
AtPRF3�22–Poly-P 76.64 �289.099 � 0.591 �573.063 � 2.513 606.003 � 3.075 �34.373 � 0.055 �290.624 � 1.140
AtPRF3�22M1–Poly-P 82.63 �301.306 � 0.675 �553.927 � 2.382 605.557 � 2.947 �35.945 � 0.079 �285.674 � 1.804
AtPRF3�22M3–Poly-P 32.05 �276.586 � 0.861 �575.155 � 3.003 582.271 � 3.605 �33.819 � 0.095 �303.033 � 1.551
AtPRF3�37–Poly-P 100 �200.328 � 0.346 �287.724 � 1.276 259.269 � 1.697 �22.582 � 0.042 �251.381 � 0.957
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AtPRF3�22M2, and AtPRF3�22M3 were performed by Quik-
Change mutagenesis followed by sequencing.

Protein expression and purification

All AtPRF variants were transformed into Escherichia coli
BL21 (DE3). The bacteria were induced by 0.1 mM isopropyl
�-D-thiogalactopyranoside at 16 °C for 16 h for protein expres-
sion and harvested by centrifugation at 4,000 rpm for 10 min.
The pellet was resuspended in buffer (25 mM HEPES, pH 7.5,
150 mM NaCl, 25 mM imidazole, 10% glycerol), lysed by LM20
microfludizor, and clarified by centrifugation (20,000 rpm) at
4 °C for 1 h. The supernatant was collected, filtered through
0.22-�m filter, and loaded onto a HisTrap FF 5-ml column (GE
Healthcare), and the eluted fractions were pooled and dialyzed
overnight against buffer (25 mM HEPES, pH 7.5, 150 mM NaCl,
5 mM �-mercaptoethanol) by adding human 3C protease to
remove histidine tag. The tag cleaved protein was load onto
HiLoad Superdex 75 16/60 (GE Healthcare) pre-equilibrated
with buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM �-mer-
captoethanol). The eluted protein fractions were pooled, con-
centrated to 20 mg/ml, snap-frozen in liquid nitrogen, and
stored in �80 °C for later use. The GST-tagged AtFH1
(1-FH1FH2COOH) was purified as previously described (3).

Crystallization and structure determination

Purified proteins were subjected to crystal screening against
crystallization kits from Hampton Research using a sitting-
drop method. The final optimized condition for AtPRF3�37
was 0.1 M sodium acetate (pH 5.0) and 1.42 M ammonium sul-
fate with protein concentration of 10 mg/ml. The final opti-
mized condition for AtPRF2 was 0.1 M Tris HCl (pH 8.5) and 2.2
M ammonium phosphate dibasic with a protein concentration

of 10 mg/ml. The final optimized condition for AtPRF2 with
Poly-P was 0.1 M Bis-tris (pH 7.0) and 2.0 M ammonium phos-
phate dibasic with protein concentration of 10 mg/ml. The final
optimized condition for AtPRF3�22 was 0.1 M Tris HCl (pH
7.8) and 0.9 M sodium citrate with a protein concentration of 20
mg/ml. The crystals were harvested by adding 25% glycerol to
the mother liquor. The AtPRF2 and AtPRF2 with Poly-P dif-
fraction data were collected using a Rigaku FR-X X-ray gener-
ator with a PILATUS3R 300K detector. The AtPRF3�37 data
sets were collected from the Australia Light Source MX2 beam-
line. The AtPRF3�22 diffraction data set were collected by
Swiss Light Source. The data sets were either indexed, inte-
grated, and scaled by HKL 3000 (19) or processed by XDS (20).
The structures were solved using the molecular replacement
with Phaser in the Phenix suite (21) with 3NUL (Protein Data
Bank (PDB) code) as the template structure. The manual model
building was done with COOT (22). All the structural figures
were generated through PyMOL program (23). The statistics of
data collection and structure refinement are listed in Table 3.
All the protein structures AtPRF3�37, AtPRF3�22, AtPRF2,
and Poly-P– bound AtPRF2 have been deposited into the PDB
with the accession code 6IQF, 6IQK, 6IQI, and 6IQJ, respectively.
The multiple sequence alignment was done with ESPript (24).

Microscale thermophoresis

Binding affinity between profilins and Poly-P (RVPPPPPP-
PPPLP)/mPoly-P (RVPAPPAAPPPLP) was measured by the
MST method. Poly-P peptide was titrated against 20 �M of pro-
filin proteins. Binding reactions were carried out in buffer con-
taining 50 mM Tris, pH 7.4, 150 mM NaCl, 0.05% Tween 20.
Samples were loaded into Monolith NT.115 hydrophobic cap-
illaries (Nanotemper Technologies) immediately after prepara-

Table 3
Data collection and refinement statistics

Structure AtPRF2 AtPRF2–Poly-P AtPRF3�37 AtPRF3�22

PDB code 6IQI 6IQJ 6IQF 6IQK
Wavelength 1.5406 1.5406 0.9537 0.9764
Resolution range 27.7–2.4 (2.48–2.40) 36.77–1.92 (1.991–1.92) 37.96–1.46 (1.509–1.46) 49.24–3.6 (3.729–3.6)
Space group P 3 2 1 P 21 21 21 C 1 2 1 P 21 21 21
Unit cell 58.68, 58.68, 83.94, 90, 90, 120 51.52, 65.16, 73.53, 90, 90, 90 80.98, 52.86, 32.41, 90, 110.38 90 135.9, 153.37, 196.68, 90, 90, 90
Total reflections 54,868 65,543 143,911 1,315,156
Unique reflections 12,582 (1274) 18,928 (1596) 22,378 (2174) 48,279 (4769)
Multiplicity 4.20 3.50 6.43 27.20
Completeness (%) 99.12 (100.00) 97.37 (84.44) 96.7 (85.3) 99.80 (99.79)
Mean I/�(I) 25.8 (1.7) 9.3 (2.3) 8.77 (0.88) 5.99 (0.75)
Wilson B-factor 52.38 13.96 25.02 115.08
Rmeas 0.058 0.13 0.077 0.58
CC1⁄2 99.7 (73.4) 99.8 (79.3) 99.6 (63.4) 99.1 (27.5)
Reflections used in refinement 12,569 (1274) 18,913 (1596) 22,357 (2166) 48,230 (4763)
Reflections used for Rfree 1168 (96) 929 (72) 1062 (105) 4822 (477)
Rwork 0.2623 (0.3891) 0.1834 (0.2333) 0.1963 (0.4002) 0.3014 (0.4123)
Rfree 0.2968 (0.4503) 0.2183 (0.3123) 0.2156 (0.4381) 0.3469 (0.4396)
Number of non-hydrogen atoms 1969 2447.00 1024.00 11,558

Macromolecules 1950.00 2114.00 975.00 11558
solvent 19 333.00 49.00 0.00

Protein residues 260.00 283.00 130.00 1647
RMS bonds 0.004 0.00 0.01 0.003
RMS angles 0.87 1.03 1.23 0.63
Ramachandran favored (%) 96.09 98.18 96.90 92.34
Ramachandran allowed (%) 3.91 1.82 3.10 7.47
Ramachandran outliers (%) 0.00 0.00 0.00 0.19
Rotamer outliers (%) 0.00 0.00 0.00 0
Clashscore 12.23 2.15 2.58 5.77
Average B-factor 64.83 15.87 30.61 125.61

Macromolecules 64.59 14.38 30.27 125.61
Solvent 89.28 25.32 37.32
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tion to avoid unspecific adsorption. Reaction capillaries were
first incubated at 25 °C in the Monolith NT.115 apparatus
(Nanotemper Technologies) before measurement. A precise
temperature gradient was monitored, while the laser heated
glass capillary. The data were collected at 25 °C using the LED
power at 5% and IR-Laser power at 20%. The binding curves
were fit with initial fluorescence mode in MO analysis software.
Data analyses were performed with NTAnalysis (Nanotemper
Technologies) (25).

Hamiltonian replica exchange molecular dynamics to sample
AtPRF3-NTE

Replica exchange with solute scaling (9), a variant of
H-REMD, was performed using Gromacs 5.1.4 (26) with
Plumed 2.4 plugin (27). Chain A of the experimentally solved
crystal structure of AtPRF3�22M2 was used as the initial struc-
ture. Lys31–Asn37 (KKAAATN) belonging to the NTE were
resolved and selected for Hamiltonian Scaling. The Charmm36M
(28) force field and Charmm modified TIP3P (29) water model was
used for the simulation. The protein was solvated in a cubic box
with a distance of 1.2 nm from the box edge. Counter ions were
added to neutralize the system. The LINCS (30) algorithm was
used to constrain bonds containing hydrogen atoms, enabling a
time step of 2 fs. Particle-mesh Ewald (31) was used with a cutoff of
1.2 nm for electrostatics, and a cutoff of 1.2 nm was used for van
der Waal’s interaction. The temperature of the system was main-
tained at 300 K using the V-rescale (32) thermostat. Steepest
descent energy minimization was performed for 1000 steps to
remove any initial bad contacts. A 1-ns equilibration in the Numer
of particles, Volume and Temperature ensemble was performed
prior to starting the simulation. Ten replicas were used for the
simulation, and an effective temperature range of 300–600 K was
used to generate the Hamiltonian scaling factors following a geo-
metric progression. This resulted in an average exchange proba-
bility of �30%. Exchanges were attempted every 2 ps, and the sim-
ulation was performed for 550, 650, and 800 ns. Coordinates were
saved every 2 ps.

Free-energy surface to describe plasticity of AtPRF3 NTE

Analysis of the simulation was performed on the replica with
the unscaled potential energy (effective temperature, 300 K).
The first 100 ns of the trajectory was discarded to take into
account the effects of initial equilibration. To understand the
conformational dynamics of the AtPRF3 NTE, we calculated
the potential of mean force and plotted the free-energy surface
as a function of the dihedral angle formed by the �-carbons of
AtPRF3 residues Thr36–Ser39 against the center of the mass
distance between the NTE and the CTH. These reaction coor-
dinates characterized the dynamics of the system and were cho-
sen after detailed observation and analysis of the trajectory. The
dihedral angle formed by the �-carbons of residues Thr36–
Ser39 characterizes the “hinge” motion of the NTE, whereas the
center of the mass distance between the NTE and the CTH is an
indicator if the NTE would occlude the Poly-P– binding site.
The dihedral angle calculations were done using the gmx_angle
tool, whereas the center of mass distance calculations were per-
formed with the gmx_distance tool, both inbuilt into the Gro-
macs package (26). Two reaction coordinates were illustrated in

Fig. S4B. To generate the free-energy surface, the projection
was divided into bins, and the counts in each bin were used to
calculate its relative free energy by the formula E � �RTln(Pi/
P0). In this formula, Pi refers to the number of counts in each
bin, P0 refers to the count of the most populated bin, R refers to
the gas constant, and T refers to the temperature (300 K). To
evaluate the convergence of the simulations, we plotted the
free-energy surface with different time blocks throughout the
simulation and evaluated the conservation of the free-energy
surface.

To characterize each minima, we extracted their respective
conformations and identified their representative structure
through geometric clustering. Clustering of the NTE was per-
formed using the gmx_cluster utility of the Gromacs package,
using the GROMOS algorithm with a cutoff of 0.5 nm. To fur-
ther visualize each representative conformation, we superim-
posed the representative structure of each minimum onto Poly-
P– bound AtPRF2 to evaluate the possibility of a structural
clash between the AtPRF3 NTE and the Poly-P, as well as an
occlusion of the Poly-P– binding site by the AtPRF3 NTE. The
AtPRF3 NTE conformation is considered to be in open state if it
does not structurally clash with the Poly-P structure from
AtPRF2. To calculate the free-energy difference between closed
states and open states of the AtPRF3-NTE, we used the formula
F � �RTln(Pclosed/Popen), where R is the gas constant, T is the
temperature (300 K), and Pclosed and Popen represent the num-
ber of conformations in the closed states and number of con-
formations in the open state, respectively.

Model building of Poly-P– bound AtPRF3�22

We modeled the QRRSRAKV (Gln23–Val30) in an extended
and disordered conformation on AtPRF3�22M1 in open con-
formation. We superimposed the AtPRF3�22 model onto Poly-
P– bound AtPRF2 and subsequently extracted the coordinates
of the Poly-P together with AtPRF3�22. The N-terminal argi-
nine residue was also modeled into Poly-P. To investigate the
contribution of NTE to Poly-P binding, we performed addi-
tional simulations of AtPRF3�22M1 and AtPRF3�22M3. To
generate the AtPRF3�22M3 model, three arginine residues
Arg24, Arg25, and Arg27 of AtPRF3�22M1 were converted to
alanine residues. Prior to simulations setup, the additional
AtPRF3�22 variant models were subjected to energy minimi-
zation in vacuo using a similar energy minimization protocol as
the above H-REMD simulations.

Classical molecular dynamics simulations and binding mode
analysis of Poly-P– bound AtPRF3�22

Classical molecular dynamics simulations were initiated with
energy minimization, and equilibration was performed with a
protocol similar to described above for the H-REMD simula-
tions. To sample the conformational space of Poly-P– bound
AtPRF3�22, we performed three repeats of 100-ns production
simulations with different initial velocities at 300 K. The last 50
ns of each simulation was extracted and combined for binding
mode analysis. We performed geometric clustering by the pro-
tein backbone of the combined trajectory using the Gromos
algorithm with the gmx cluster tool, using a cutoff of 0.25 nm.
The analysis was performed for clusters contributing to more
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than 15% of the population. The representative structures for
each cluster were further analyzed to study the binding modes
between AtPRF3�22 variants and Poly-P to understand the
contribution of the AtPRF3�22 NTE to Poly-P binding.

To dissect the interactions between the NTE and Poly-P,
contact occupancy was calculated for each cluster of various
binding modes. Hydrogen bonds were calculated based on the
definition defined by gmx hbond tool. Electrostatic interactions
were defined based on the distance between charged residues
atoms of the NTE and Poly-P using a cutoff of 0.5 nm. The
occupancies were calculated as percentages of the total number
of frames belonging to that particular cluster. Contacts with
occupancies higher than 25% were included.

Binding free-energy calculations

Using the MM-PBSA (10) method, the binding free energy is
defined as Ebinding � Evdw � Eelec � Epolar � Eapolar � T�S,
where Evdw refers to van der Waal’s interaction energy, Eelec
refers to electrostatic interaction energy, Epolar refers to polar
solvation energy approximated by the Poisson Boltzmann
equation, Eapolar refers to the apolar solvation energy approxi-
mated using a solvent-accessible surface area model, and �S
refers to solute entropy. In this case, the entropy was not calcu-
lated because the ligand is rigid and similar throughout all the
simulations, thus allowing an assumption of similar entropy
contributions.

The binding free energy between AtPRF3�22 variants and
the Poly-P was calculated by extracting frames from each clus-
ter and performing the calculations for each cluster using the
g_mmpbsa_ENREF_11 (33) with default parameter settings
and bootstrap analysis with 2000 steps to estimate free-energy
calculation errors. To allow a meaningful comparison, we set up
a parallel system of AtPRF3�37 in complex with Poly-P follow-
ing the similar parameters for comparison.

Author contributions—Z. Q., H. S., Y. Mu, Y. Miao, and Y.-G. G. for-
mal analysis; Z. Q., H. S., J. T. Y. N., Y. Mu, Y. Miao, and Y.-G. G.
validation; Z. Q., H. S., J. T. Y. N., Q. M., S.H.K., and Y. Miao inves-
tigation; Z. Q., H. S., J. T. Y. N., Y. Mu, Y. Miao, and Y.-G. G. writ-
ing-original draft; Z. Q., H. S., J. T. Y. N., Y. Mu, Y. Miao, and
Y.-G. G. writing-review and editing; H. S., J. T. Y. N., Y. Mu, Y. Miao,
and Y.-G. G. conceptualization; H. S., J. T. Y. N., Y. Mu, Y. Miao, and
Y.-G. G. data curation; J. T. Y. N. and Y. Mu software; J. T. Y. N.,
Y. Mu, Y. Miao, and Y.-G. G. methodology; Y. Mu, Y. Miao, and
Y.-G. G. supervision; Y. Mu, Y. Miao, and Y.-G. G. funding acquisi-
tion; Y. Mu, Y. Miao, and Y.-G. G. project administration; Y. Miao
and Y.-G. G. resources.

Acknowledgments—We thank Australian Synchrotron Light Source
and Swiss Light Source for beam time and technical support.

References
1. Krishnan, K., and Moens, P. D. J. (2009) Structure and functions of profi-

lins. Biophys. Rev. 1, 71– 81 CrossRef Medline
2. Romero, S., Didry, D., Larquet, E., Boisset, N., Pantaloni, D., and Carlier,

M. F. (2007) How ATP hydrolysis controls filament assembly from profi-
lin-actin: implication for formin processivity. J. Biol. Chem. 282,
8435– 8445 CrossRef Medline

3. Sun, H., Qiao, Z., Chua, K. P., Tursic, A., Liu, X., Gao, Y. G., Mu, Y., Hou,
X., and Miao, Y. (2018) Profilin negatively regulates formin-mediated ac-

tin assembly to modulate PAMP-triggered plant immunity. Curr. Biol. 28,
1882–1895.e7 CrossRef Medline

4. Moens, P. D., and Bagatolli, L. A. (2007) Profilin binding to sub-micellar
concentrations of phosphatidylinositol (4,5) bisphosphate and phosphati-
dylinositol (3,4,5) trisphosphate. Biochim. Biophys. Acta 1768, 439 – 449
CrossRef Medline

5. Akil, C., and Robinson, R. C. (2018) Genomes of Asgard archaea encode
profilins that regulate actin. Nature 562, 439 – 443 CrossRef Medline

6. Miao, Y., Tipakornsaowapak, T., Zheng, L., Mu, Y., and Lewellyn, E. (2018)
Phospho-regulation of intrinsically disordered proteins for actin assembly
and endocytosis. FEBS J. 285, 2762–2784 CrossRef Medline

7. Goldschmidt, L., Cooper, D. R., Derewenda, Z. S., and Eisenberg, D. (2007)
Toward rational protein crystallization: a Web server for the design of
crystallizable protein variants. Protein Sci. 16, 1569 –1576 CrossRef
Medline

8. Offermann, L. R., Schlachter, C. R., Perdue, M. L., Majorek, K. A., He, J. Z.,
Booth, W. T., Garrett, J., Kowal, K., and Chruszcz, M. (2016) Structural,
functional, and immunological characterization of profilin panallergens
Amb a 8, Art v 4, and Bet v 2. J. Biol. Chem. 291, 15447–15459 CrossRef
Medline

9. Wang, L., Friesner, R. A., and Berne, B. J. (2011) Replica exchange with
solute scaling: a more efficient version of replica exchange with solute
tempering (REST2). J. Phys. Chem. B 115, 9431–9438 CrossRef Medline

10. Genheden, S., and Ryde, U. (2015) The MM/PBSA and MM/GBSA meth-
ods to estimate ligand-binding affinities. Expert Opin. Drug Discov. 10,
449 – 461 CrossRef Medline

11. Frappier, V., Duran, M., and Keating, A. E. (2018) PixelDB: protein–
peptide complexes annotated with structural conservation of the peptide
binding mode. Protein Sci. 27, 276 –285 CrossRef Medline

12. Courtemanche, N. (2018) Mechanisms of formin-mediated actin assem-
bly and dynamics. Biophys. Rev. 10, 1553–1569 CrossRef Medline

13. Courtemanche, N., and Pollard, T. D. (2012) Determinants of formin ho-
mology 1 (FH1) domain function in actin filament elongation by formins.
J. Biol. Chem. 287, 7812–7820 CrossRef Medline

14. Otomo, T., Tomchick, D. R., Otomo, C., Panchal, S. C., Machius, M., and
Rosen, M. K. (2005) Structural basis of actin filament nucleation and pro-
cessive capping by a formin homology 2 domain. Nature 433, 488 – 494
CrossRef Medline

15. Mizuno, H., Higashida, C., Yuan, Y., Ishizaki, T., Narumiya, S., and Wa-
tanabe, N. (2011) Rotational movement of the formin mDia1 along the
double helical strand of an actin filament. Science 331, 80 – 83 CrossRef
Medline

16. Miao, Y., Han, X., Zheng, L., Xie, Y., Mu, Y., Yates, J. R., 3rd, and Drubin,
D. G. (2016) Fimbrin phosphorylation by metaphase Cdk1 regulates actin
cable dynamics in budding yeast. Nat. Commun. 7, 11265 CrossRef
Medline

17. Spudich, J. A., and Watt, S. (1971) The regulation of rabbit skeletal muscle
contraction. I. Biochemical studies of the interaction of the
tropomyosin–troponin complex with actin and the proteolytic fragments
of myosin. J. Biol. Chem. 246, 4866 – 4871 Medline

18. Sun, H., Luo, Y., and Miao, Y. (2018) Purification of globular actin from
rabbit muscle and pyrene fluorescent assays to investigate actin dynamics
in vitro. Bio-protocol 8, e3102

19. Minor, W., Cymborowski, M., Otwinowski, Z., and Chruszcz, M. (2006)
HKL-3000: the integration of data reduction and structure solution–from
diffraction images to an initial model in minutes. Acta Crystallogr. D Biol.
Crystallogr. 62, 859 – 866 CrossRef Medline

20. Kabsch, W. (2010) XDS. XDS. Acta Crystallogr. D Biol. Crystallogr. 66,
125–132 CrossRef Medline

21. Adams, P. D., Afonine, P. V., Bunkóczi, G., Chen, V. B., Davis, I. W., Echols,
N., Headd, J. J., Hung, L. W., Kapral, G. J., Grosse-Kunstleve, R. W., Mc-
Coy, A. J., Moriarty, N. W., Oeffner, R., Read, R. J., Richardson, D. C., et al.
(2010) PHENIX: a comprehensive Python-based system for macromolec-
ular structure solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213–221
CrossRef Medline

22. Emsley, P., Lohkamp, B., Scott, W. G., and Cowtan, K. (2010) Features and
development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66, 486 –501
CrossRef Medline

AtPRF3 balances actin assembly

18660 J. Biol. Chem. (2019) 294(49) 18650 –18661

http://dx.doi.org/10.1007/s12551-009-0010-y
http://www.ncbi.nlm.nih.gov/pubmed/28509986
http://dx.doi.org/10.1074/jbc.M609886200
http://www.ncbi.nlm.nih.gov/pubmed/17210567
http://dx.doi.org/10.1016/j.cub.2018.04.045
http://www.ncbi.nlm.nih.gov/pubmed/29861135
http://dx.doi.org/10.1016/j.bbamem.2006.12.012
http://www.ncbi.nlm.nih.gov/pubmed/17275780
http://dx.doi.org/10.1038/s41586-018-0548-6
http://www.ncbi.nlm.nih.gov/pubmed/30283132
http://dx.doi.org/10.1111/febs.14493
http://www.ncbi.nlm.nih.gov/pubmed/29722136
http://dx.doi.org/10.1110/ps.072914007
http://www.ncbi.nlm.nih.gov/pubmed/17656576
http://dx.doi.org/10.1074/jbc.M116.733659
http://www.ncbi.nlm.nih.gov/pubmed/27231348
http://dx.doi.org/10.1021/jp204407d
http://www.ncbi.nlm.nih.gov/pubmed/21714551
http://dx.doi.org/10.1517/17460441.2015.1032936
http://www.ncbi.nlm.nih.gov/pubmed/25835573
http://dx.doi.org/10.1002/pro.3320
http://www.ncbi.nlm.nih.gov/pubmed/29024246
http://dx.doi.org/10.1007/s12551-018-0468-6
http://www.ncbi.nlm.nih.gov/pubmed/30392063
http://dx.doi.org/10.1074/jbc.M111.322958
http://www.ncbi.nlm.nih.gov/pubmed/22247555
http://dx.doi.org/10.1038/nature03251
http://www.ncbi.nlm.nih.gov/pubmed/15635372
http://dx.doi.org/10.1126/science.1197692
http://www.ncbi.nlm.nih.gov/pubmed/21148346
http://dx.doi.org/10.1038/ncomms11265
http://www.ncbi.nlm.nih.gov/pubmed/27068241
http://www.ncbi.nlm.nih.gov/pubmed/4254541
http://dx.doi.org/10.1107/S0907444906019949
http://www.ncbi.nlm.nih.gov/pubmed/16855301
http://dx.doi.org/10.1107/S0907444909047337
http://www.ncbi.nlm.nih.gov/pubmed/20124692
http://dx.doi.org/10.1107/S0907444909052925
http://www.ncbi.nlm.nih.gov/pubmed/20124702
http://dx.doi.org/10.1107/S0907444910007493
http://www.ncbi.nlm.nih.gov/pubmed/20383002


23. DeLano, W. L. (2012) The PyMOL Molecular Graphics System, version
1.5.0.1, Schroedinger, LLC, New York

24. Robert, X., and Gouet, P. (2014) Deciphering key features in protein struc-
tures with the new ENDscript server. Nucleic Acids Res. 42, W320 –W324
CrossRef Medline

25. Seidel, S. A., Dijkman, P. M., Lea, W. A., van den Bogaart, G., Jerabek-
Willemsen, M., Lazic, A., Joseph, J. S., Srinivasan, P., Baaske, P., Simeonov,
A., Katritch, I., Melo, F. A., Ladbury, J. E., Schreiber, G., Watts, A., et al.
(2013) Microscale thermophoresis quantifies biomolecular interactions
under previously challenging conditions. Methods 59, 301–315 CrossRef
Medline

26. Van Der Spoel, D., Lindahl, E., Hess, B., Groenhof, G., Mark, A. E., and
Berendsen, H. J. (2005) GROMACS: fast, flexible, and free. J Comput
Chem 26, 1701–1718 CrossRef Medline

27. Bonomi, M., Branduardi, D., Bussi, G., Camilloni, C., Provasi, D., Raiteri,
P., Donadio, D., Marinelli, F., Pietrucci, F., Broglia, R. A., and Parrinello, M.
(2009) PLUMED: a portable plugin for free-energy calculations with
molecular dynamics. Comput. Phys. Commun. 180, 1961–1972
CrossRef

28. Huang, J., Rauscher, S., Nawrocki, G., Ran, T., Feig, M., de Groot, B. L.,
Grubmüller, H., and MacKerell, A. D., Jr. (2017) CHARMM36m: an im-
proved force field for folded and intrinsically disordered proteins. Nat.
Methods 14, 71–73 CrossRef Medline

29. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W., and
Klein, M. L. (1983) Comparison of simple potential functions for simulat-
ing liquid water. J. Chem. Phys. 79, 926 –935 CrossRef

30. Hess, B. (2008) P-LINCS: a parallel linear constraint solver for molecular
simulation. J. Chem. Theory Comput. 4, 116 –122 CrossRef Medline

31. Darden, T., York, D., and Pedersen, L. (1993) Particle mesh Ewald: an
N�log(N) method for Ewald sums in large systems. J. Chem. Phys. 98,
10089 –10092 CrossRef

32. Bussi, G., Donadio, D., and Parrinello, M. (2007) Canonical sampling
through velocity rescaling. J. Chem. Phys. 126, 014101 CrossRef Medline

33. Kumari, R., Kumar, R., Open Source Drug Discovery Consortium, and
Lynn, A. (2014) g_mmpbsa: a GROMACS tool for high-throughput
MM-PBSA calculations. J. Chem. Inf. Model. 54, 1951–1962 CrossRef
Medline

AtPRF3 balances actin assembly

J. Biol. Chem. (2019) 294(49) 18650 –18661 18661

http://dx.doi.org/10.1093/nar/gku316
http://www.ncbi.nlm.nih.gov/pubmed/24753421
http://dx.doi.org/10.1016/j.ymeth.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23270813
http://dx.doi.org/10.1002/jcc.20291
http://www.ncbi.nlm.nih.gov/pubmed/16211538
http://dx.doi.org/10.1016/j.cpc.2009.05.011
http://dx.doi.org/10.1038/nmeth.4067
http://www.ncbi.nlm.nih.gov/pubmed/27819658
http://dx.doi.org/10.1063/1.445869
http://dx.doi.org/10.1021/ct700200b
http://www.ncbi.nlm.nih.gov/pubmed/26619985
http://dx.doi.org/10.1063/1.464397
http://dx.doi.org/10.1063/1.2408420
http://www.ncbi.nlm.nih.gov/pubmed/17212484
http://dx.doi.org/10.1021/ci500020m
http://www.ncbi.nlm.nih.gov/pubmed/24850022

	Structural and computational examination of the Arabidopsis profilin–Poly-P complex reveals mechanistic details in profilin-regulated actin assembly
	Results
	AtPRF3 strongly inhibits actin polymerization
	In vivo reconstitution of AtPRFs in budding yeast
	In vivo function analysis of AtPRFs in budding yeast
	Structural analysis of AtPRF3
	AtPRF322 variants have similar in vivo function in budding yeast
	Structural analysis of Poly-P–bound AtPRF2
	Plasticity of the AtPRF3 NTE revealed by H-REMD
	AtPRF3 NTE might interact with Poly-P in an adaptive mode

	Discussion
	Experimental procedures
	Yeast strains and plasmid construction
	Immunoblotting
	Microscopy
	Microscopy image analysis
	Pyrene actin polymerization assay
	Statistical analysis
	Cloning
	Protein expression and purification
	Crystallization and structure determination
	Microscale thermophoresis
	Hamiltonian replica exchange molecular dynamics to sample AtPRF3-NTE
	Free-energy surface to describe plasticity of AtPRF3 NTE
	Model building of Poly-P–bound AtPRF322
	Classical molecular dynamics simulations and binding mode analysis of Poly-P–bound AtPRF322
	Binding free-energy calculations

	References


