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Profilin-1 (PFN1) plays important roles in modulating actin dynam-
ics through binding both monomeric actin and proteins enriched
with polyproline motifs. Mutations in PFN1 have been linked to
the neurodegenerative disease amyotrophic lateral sclerosis (ALS).
However, whether ALS-linked mutations affect PFN1 function has
remained unclear. To address this question, we employed an un-
biased proteomics analysis in mammalian cells to identify proteins
that differentially interact with mutant and wild-type (WT) PFN1.
These studies uncovered differential binding between two ALS-
linked PFN1 variants, G118V and M114T, and select formin pro-
teins. Furthermore, both variants augmented formin-mediated ac-
tin assembly relative to PFN1 WT. Molecular dynamics simulations
revealed mutation-induced changes in the internal dynamic cou-
plings within an alpha helix of PFN1 that directly contacts both
actin and polyproline, as well as structural fluctuations within the
actin- and polyproline-binding regions of PFN1. These data indi-
cate that ALS-PFN1 variants have the potential for heightened
flexibility in the context of the ternary actin—-PFN1-polyproline com-
plex during actin assembly. Conversely, PFN1 C71G was more se-
verely destabilized than the other PFN1 variants, resulting in reduced
protein expression in both transfected and ALS patient lymphoblast
cell lines. Moreover, this variant exhibited loss-of-function pheno-
types in the context of actin assembly. Perturbations in actin dynam-
ics and assembly can therefore result from ALS-linked mutations in
PFN1. However, ALS-PFN1 variants may dysregulate actin polymeri-
zation through different mechanisms that depend upon the solubility
and stability of the mutant protein.

profilin-1 | actin dynamics | amyotrophic lateral sclerosis | protein
misfolding | formins

myotrophic lateral sclerosis (ALS) is a progressive neuro-

degenerative disease that primarily affects motor neurons.
Symptom progression is rapid, and the disease is universally fatal.
Although most cases of ALS are sporadic, ~10% of all ALS cases
are familial (FALS) due to an inheritable genetic defect (1). Iden-
tification of FALS-linked genes has informed on the biological
mechanism(s) underlying ALS pathogenesis. The ~25 known ALS
proteins appear to cluster within three functional processes: cyto-
skeletal dynamics, protein homeostasis, and RNA processing (1, 2).
These categorizations are not mutually exclusive, however, in that
some ALS-linked proteins can affect more than one process. For
example, mutations in the actin-binding protein profilin-1 (PFN1)
were recently linked to FALS (3-6), providing further support for
disrupted cytoskeletal dynamics as a pathogenic mechanism in ALS
(7, 8). In addition, ALS-linked mutations destabilize the PFN1 ter-
tiary structure and induce PFN1 aggregation, which is expected to
impact cellular protein homeostasis (3, 9-13). Despite the emerging
evidence that mutant PFN1 adopts a misfolded conformation, little
is known about how these conformational changes affect the bio-
logical functions of PFN1. Furthermore, it has been unclear whether
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mutation-induced destabilization and/or altered actin dynamics
contribute to PFN1-mediated ALS.

Efficient actin assembly requires coordinated interactions be-
tween PFN1, actin, and cytoskeletal proteins containing polypro-
line (poly-Pro) motifs, such as the formin family of proteins (14,
15), Ena/Vasp (16) as well as all nucleation promoting factors (17).
Monomeric actin (G-actin) is the building block of filamentous
actin (F-actin) (14), and formins are a class of proteins that func-
tion in actin nucleation and elongation (18, 19). G-actin—-bound
PFNI1 binds poly-Pro motifs within the formin homology (FH)1
domain, forming a ternary complex that facilitates incorporation of
G-actin onto the FH2-bound barbed end of a growing actin fila-
ment (14). Given the pivotal role of PFN1 in actin assembly, ALS-
linked mutations have been assumed to induce functional deficits
related to actin binding and/or formin-mediated actin assembly
(20). In support of this notion, co-immunoprecipitation (co-IP)
experiments from cultured cells showed impaired binding between
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mutant PFN1 and actin (3). However, subsequent studies with
recombinant proteins showed that PFN1 mutants retain wild-
type (WT) binding affinity for actin (9). Furthermore, mutant
PFNI1 binds a generic poly-L-proline peptide with similar affinity
as PFN1 WT, although similar binding experiments using specific
poly-Pro sequences derived from biological proteins have not been
reported (9). Therefore, the effects of ALS-linked mutations on
PFNT1 ligand-binding and function have yet to be determined.

Here, we conducted an unbiased immunoprecipitation—mass
spectrometry (IP-MS) study with mammalian cells to identify
potential differences in the protein interactomes of PFN1 WT
and several ALS-linked PFN1 variants. Most of the PFN1 pro-
tein interactions were the same across all variants tested and
mainly involved cytoskeletal proteins. However, the IP-MS analyses
revealed enhanced interactions between two PFN1 variants, M114T
and G118V, with a subset of formin proteins. Actin polymerization
assays showed that these PFN1 variants retain the ability to facilitate
formin-induced actin polymerization and that this function becomes
enhanced in the context of a cellular environment. In contrast, the
C71G ALS variant did not exhibit enhanced binding to formins and
was deficient in promoting formin-mediated actin polymerization
in vitro. In fact, PFEN1 C71G was the most destabilized protein in all
assays performed herein, resulting in PEN1 C71G turnover by the
proteasome and reduced steady-state expression.

Altogether, our results demonstrate that ALS-linked muta-
tions do not simply abrogate binding of PFN1 to actin, formins,
or other cytoskeletal factors. Rather, the effect of these muta-
tions on the actin cytoskeleton appears to be more complex than
previously thought. The outcomes of our various analyses indicate
that some degree of mutation-induced destabilization (i.e., caused
by M114T and G118V mutations) confers enhanced flexibility
within mutant PFN1 in regions that bind actin and poly-Pro se-
quences. PFN1 flexibility appears to positively correlate with en-
hanced formin-mediated actin polymerization in vitro and in cells.
However, severe mutation-induced destabilization leads to un-
productive interactions between PFN1 C71G and cytoskeletal
proteins, resulting in loss of PFN1 function. Notably, both classes
of mutation alter formin-mediated actin polymerization, which
may represent a general dysregulation of actin dynamics that
contributes to PFN1-mediated ALS pathogenesis.

Results

ALS-Linked PFN1 M114T and G118V Variants Exhibit Enhanced Binding
to Select Formin Proteins. ALS-linked mutations induce conforma-
tional changes within PFN1 (9). However, little is known about
how these changes affect PFN1 function. We performed an un-
biased proteomics analysis to determine whether the functional
protein interactions of PFN1 are altered by disease-causing mu-
tations. To this end, stable, doxycycline-inducible HeLa cell lines
expressing V5-tagged PFN1 WT and three ALS-associated vari-
ants (C71G, M114T, and G118V) were generated for an IP-MS
analysis of PFN1 binding proteins. Exogenous PFN1 proteins were
expressed at ~1.2- to 1.5-fold over endogenous PFNI1 and at
similar levels to each other with the exception of PFN1 C71G,
which expressed at lower levels compared with endogenous PFN1
(Fig. 14). As described in Materials and Methods, lysates were diluted
such that all input samples for the IP contained similar levels of V5-
PENI as well as total protein. IP of V5-PFN1 proteins was achieved
with an anti-V5 antibody, and eluates from three independent ex-
periments were processed for MS analysis (Dataset S1) (21).

To identify high-confidence interactions of PFN1, we employed
the Significance Analysis of INTeractome (SAINT) algorithm to
compare the V5-PFN1 samples with the V5 negative control cell
line (expressing the V5 plasmid without PFN1) (22). The SAINT
scores show the expected bimodal distribution between 0 and 1 (S1
Appendix, Fig. S14), with a SAINT score of 1 representing a high-
confidence PFNI1 interaction (22). The mean fold change in spectral
counts for a given protein between the experimental and negative
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control conditions also show a positive correlation with the SAINT
score (SI Appendix, Fig. S1B). Furthermore, proteins with intensity-
based absolute quantification values that were enriched in PFN1 IPs
over the negative control largely overlapped with the SAINT
analysis (Dataset S1). Twenty-one proteins were found to be
significantly enriched within at least one PFN1 cell line over the
negative control line with SAINT scores >0.8 (Table 1). A
Search Tool for Recurring Instances of Neighbouring Genes
(STRING) gene ontology analysis of these proteins revealed a
network of cytoskeletal-associated proteins (23), many of which
were already known to bind PFN1 (P < 1 x 107*¢) (Fig. 1 B and
C and Dataset S1) (15). For example, high-confidence interactions
with several actin isoforms were detected for all PFEN1 variants,
which is not surprising given that monomeric actin binds PFN1 with
high affinity in cells (14). Conversely, some known PFN1 ligands
were only weakly detected for PFN1 WT, such as Formin-like 1
(FMNL1), resulting in a low SAINT score (Table 1). Differences in
abundance, binding strength, and stability among PFNI1-ligand
complexes are expected to influence how much of a particular li-
gand co-IPs with PFN1 and could explain why some PFN1 ligands
were more enriched in the IP-MS study than others. For the high-
confidence PFN-WT ligands with SAINT scores >0.8, no loss of
interaction due to ALS-linked mutations was detected (Table 1).

To identify proteins that preferentially bind mutant PFN1, the
IP-MS results from the PFN1 WT line were compared with those
of all three ALS-linked variants using SAINT. No significant dif-
ferences were detected between PFN1 WT and C71G. However,
four proteins were highly enriched in the PEN1 M114T and G118V
IPs compared with PFN1 WT, including the formins Diaphanous
(Diaph) 1 and 2, FMNLI, and the ankyrin repeat domain family
member sosondowah homolog C (SOWAHC) (Table 2). SOWAHC
was excluded from further analysis, as this protein is not expressed in
the central nervous system and therefore is less relevant to ALS (24).
Independent IP and Western blot analyses confirmed that FMNLI,
Diaphl, and Diaph2 were significantly enriched in the PFN1 G118V
IP compared with PEN1 WT IP (Fig. 1 D and E). Analogous results
were observed for M114T, except the enrichment of Diaph2 and
FMNLI did not reach statistical significance in the IP-Western
analysis. Diaph2 levels appeared lower in PFEN1 C71G versus PFN1
WT eluates, although this difference also did not reach statistical
significance.

We wondered whether the preferential binding between select
formins and PFNI1 variants resulted from an altered subcellular
localization of the proteins. Reliable antibodies for coimmuno-
fluorescence (IF) analysis were identified for V5 (PFN1), Diaphl,
and FMNLI1. However, there were no obvious differences in cel-
lular expression or localization of these formins among the PFN1
lines (SI Appendix, Fig. S2). Next, we considered the possibility that
ALS-linked mutations in PFNI1 result in an inherently tighter
binding affinity for formin. PFN1 interactions are mediated through
multiple poly-Pro motifs within the FH1 domain, whereas FH2
domains promote formin dimerization (Fig. 1F) (18). Diaphl
was most enriched in binding PFN1 proteins in the IP-MS study
(Table 1) and was therefore prioritized for in vitro binding
studies with recombinant proteins (9, 25). Recombinant mDial,
the mouse homolog of human Diaphl, was used here in line with
our previous work (25, 26). GST-mDial-FH1-FH2-(His)g was
labeled with the fluorescent Red-Tris-NTA dye at the poly-His
tag, and the fluorescence lifetime of the fluorophore was mea-
sured by time-correlated single-photon counting (TCSPC) as a
function of increasing PFN1 concentration (27, 28). Titration of
untagged PFN1 increased the fluorescence lifetime of the labeled
mDial construct by ~1 ns, a change that was detected at much lower
concentrations of M114T and G118V compared with PFN1 WT
(Fig. 1F). A global fit of the fluorescence lifetime binding curves
resulted in a significantly lower dissociation constant (K4) for
PFN1 M114T and G118V relative to PFN1 WT, indicative of
tighter binding between these variants and mDial (Dataset S2)
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Fig. 1.

Select formins exhibit enhanced binding to ALS-linked PFN1 variants over PFN1 WT. (A) Western blot of cell lines treated with doxycycline (dox) or

vehicle for 48 h, probed with anti-PFN1 and anti-GAPDH antibodies. V5-tagged PFN1 (top band) and endogenous PFN1 (bottom band) are labeled. CG = C71G,
MT = M114T, EG = E117G, and GV = G118V. Numbers (V5/endo) represent the ratio of V5-tagged PFN1 to endogenous PFN1 based on densitometry. (B) STRING
diagram for IP-MS results. Shown are gene names of PFN1-binding proteins enriched over the V5 negative control, most of which are known interactors of PFN1
(green) and actin (purple), including formin proteins that are validated in this study (yellow). Additional direct and indirect PFN1 interactions are shown in dark
and light gray, respectively, with dotted lines connecting interactions not yet documented in STRING. (C) Results of a STRING gene ontology (GO) term analysis
for the top 10 “process” terms. The graph includes the GO term, frequency of the term in this IP-MS dataset (black bars) versus approximate frequency in the
total proteome (gray bars), and the false discovery rate (FDR). (D) Representative Western blots of IP inputs and eluates. V5-PFN1 variants, formin candidates, and
the GAPDH loading control are labeled accordingly. (E) Quantification of D with n = 3 biological replicates. For each IP reaction, the intensity of the formin band
was normalized to the V5-PFN1 band. Bars represent the mean + SD. Statistics were determined using one-way ANOVA with Dunnett’s multiple comparison test
compared with PEN1T WT: **P < 0.01, ***P < 0.001, and ****P < 0.0001. (F) Results of TCSPC measurements with a fluorescently labeled recombinant GST-mDia1-
FH1-FH2-(His)g construct upon titration with the indicated untagged PFN1 variants. A cartoon of this complex is shown on the left. Each curve is fitted using a
single-site binding model based on measurements from at least two independent, 12-point baseline adjusted titrations. The binding curves are normalized for
the total lifetime change upon binding and the concentration of GST-Dia1-FH1-FH2-(His)g. (G) K4 values (micromolar, with Cl) were determined from F. P values

for Ky results were determined from the extra sum-of-squares F-test for each PFN1 variant versus PFN1 WT.

(29). As none of the binding curves reached a full plateau, there
were large confidence intervals for the Ky values, particularly for
PFN1 WT (Fig. 1G). This assay was limited by the concentrations
of PFN1 needed to detect an mDial binding signal, in which
~4 mM PFN1 WT was insufficient to saturate the binding curve,
and PFN1 C71G could not be included due to its low solubility
(Fig. 1F) (9). Nonetheless, the TCSPC assay reports on a binding
event between PFN1 and mDial that is tighter for the ALS vari-
ants relative to PFN1 WT, consistent with the IP-MS results.

We then performed a binding assay with a small peptide
(PPPPPFGFGVPAAPVL) derived from the first poly-Pro track
in the FH1 domain of mDial, adjacent to the FH2 domain, and
followed changes in intrinsic PFN1 tryptophan fluorescence as a
read-out for binding. Binding of all PFN1 variants to this peptide
occurred with Ky values between 0.9 and 2.9 pM, with WT PFN1
exhibiting the highest affinity (SI Appendix, Fig. S3). These
binding affinities are tighter than what was detected by TCSPC
with GST-mDial-FH1-FH2-(His)s and in other reports with

Schmidt et al.
ALS-linked PFN1 variants exhibit loss and gain of functions in the context of
formin-induced actin polymerization

generic poly-L-proline peptides (9, 30). The amino acids
C-terminal to the Ps motif may contribute to a lower Ky between
this peptide and PFN1 compared with generic poly-L-proline
peptides, as observed for other profilins and proline-rich FH1
domains (31). The poly-Pro track(s) within mDial that contribute to
the TCSPC results have yet to be identified. While the
PPPPPFGFGVPAAPVL sequence probably does not promote en-
hanced binding to ALS-PFN1 variants, we cannot exclude the pos-
sibility that PFN1 binding occurs at multiple poly-Pro tracks during
the TCSPC experiment but that the Red-Tris-NTA dye may be
sensitive to only one of these binding events. Furthermore, it is
possible that the presence of the FH2 domain, which dimerizes, is
tethered to FH1, and is present in the TCSPC experiment but not
the peptide binding assay, influences the binding between PFN1
and FH1. We also acknowledge that the binding affinities be-
tween profilins and poly-Pro—containing ligands can be influ-
enced by assay conditions, the context of the poly-Pro sequence
and profilin sequence (30, 31).
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Table 1. Proteins enriched in PFN1 lines compared with the V5
negative control line

WT C71G M114T G118V

Gene FC SAINT FC SAINT FC SAINT FC  SAINT
GPHN 29.74 1 30.46 1 32.16 1 28.25 1
ENAH 22.94 1 22.89 1 22.61 1 23 1
VASP 16.84 1 16.8 1 17.69 1 171 1
PFN1 4.78 1 4.4 1 3.8 1 4.54 1
ACTB 4.58 1 4.72 1 4.53 1 4.52 1
ACTG1 4.56 1 4.7 1 4.53 1 4.54 1
ACTC1 4.14 1 4.2 1 3.67 1 3.9 1
ACTBL2 3.99 1 3.96 1 3.44 1 3.49 1
POTEF 3.58 1 3.58 1 3.29 1 3.3 0.96
POTEI 338 098 35 1 3.29 1 333 094
BAIAP2 487 066 553 096 8.64 1 10.25 1
CYFIP1 425 059 59 093 895 1 8.25 1
EVL 473 064 6.54 0.89 6.8 0.98 597 0.99
DIAPH1 1897 0.59 16.04 0.29 130.52 1 145.21 1
FMNL1 217 0.01 222 0 13.01 1 24.05 1
SOWAHC 1.36 0 0 0 18.61 1 15.31 1
POTEJ 407 079 4.06 099 4.08 1 408 0.76
NCKAP1 284 038 385 066 792 098 635 0.99
KIAA1522 289 0.57 171 026 4381 092 535 093
DIAPH2 2.17 0 0 0 21.14 0.79 48.32 1
VCP 221 073 216 0.68 2.2 0.89 198 0.66

Genes encoding proteins with a SAINT score >0.8 versus the V5 negative
control line for at least one V5-PFN1 line. The mean fold change (FC) in
spectral counts for each protein in the V5-PFN1 line versus the V5 negative
control line is also shown. Proteins are ranked by the number of V5-PFN1 cell
lines showing a SAINT score >0.8, then by maximum SAINT score, then by
average FC. SAINT scores below the 0.8 threshold are shown in italics.

Formin-Induced Actin Polymerization Is Altered by ALS-PFN1 Variants
In Vitro and in Cells. Next, we investigated the functional conse-
quences of altered binding between ALS-linked PFN1 variants
and diaphanous formins. First, mDial-induced elongation of in-
dividual actin filaments was measured as a function of untagged,
recombinant PFN1 concentration using a microfluidics approach
in vitro (Fig. 24 and Movie S1) (25, 32). As expected, the rate of
barbed-end actin filament elongation increases as a function of
PFN1 WT concentration in the presence of 1 pM actin, peaking at
an elongation rate of ~70 subunits per second with 2 pM PFN1
(Fig. 2B) (25, 33, 34). Two ALS-linked PFNI1 proteins were also
examined, including the G118V variant that exhibited enhanced
binding to diaphanous formins and the C71G variant that is se-
verely destabilized (Fig. 1) (9). Both variants promoted mDial-
induced actin elongation. However, compared with PFN1 WT, the
rate of elongation was significantly higher in the presence of PFN1
G118V but significantly lower with PEN1 C71G (Fig. 2B). While
formation of F-actin filaments in the presence of PFN1 G118V
occurred on a similar timescale as PFN1 WT in a pyrene-actin
assembly assay, simulations of this process indicated that faster
actin elongation rates for PFN1 G118V can be offset by higher
numbers of formin-nucleated filaments in the presence PFN1 WT
or C71G in this assay (S Appendix, Fig. S4) (35). In the presence
of PFN1 C71G, the time that mDial remains productively asso-
ciated with the barbed end of elongating actin filaments in the
microfluidics assay was reduced (Fig. 2C), resulting in faster rates
of mDial dissociation (k) from actin filament barbed ends
compared with PEN1 WT and G118V (Fig. 2D). Together, these
in vitro measurements indicate that PFN1 C71G is less competent
at promoting formin-induced actin elongation, as slower actin
elongation rates and faster dissociation of mDial from actin fila-
ments in the presence of this variant culminates in low mDial
processivity and shorter actin filaments being assembled (Fig. 2FE).
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Although the elongation rates were higher overall for G118V than
WT (Fig. 2B), mDial also tended to dissociate faster from actin
barbed ends in the presence of PEN1 G118V (Fig. 2D), resulting in
actin filaments that were of similar length as for PEN1 WT, except
at high PFN1 concentrations (Fig. 2E).

To complement the above reconstitution assay, we sought to
investigate the effects of ALS-linked variants on formin-induced
actin polymerization within the complex environment of a cell.
To this end, V5-PFN1 HeLa cell lines were treated with intramimic-
01 IMM-01), a small molecule agonist of mammalian diaphanous
proteins. IMM-01 binds the diaphanous inhibitory domain with a
half maximal inhibitory concentration of ~140 nM, thereby relieving
diaphanous autoinhibition (36). Activation of Diaphl formins in-
duces an increase in the formation of actin stress fibers (37, 38).
Here, addition of 10 pM IMM-01 to V5-PEN1-expressing cells
resulted in robust phalloidin-positive F-actin assemblies that re-
sembled stress fibers (Fig. 2F). In the presence of IMM-01, signif-
icantly more PFN1 M114T- and G118V-expressing cells exhibited
stress fibers compared with PEN1 WT and C71G (Fig. 2F). G118V-
expressing cells exhibited the most pronounced effect of IMM-01
after only 30 min and throughout the 4 h time course (Fig. 2F). We
note that IMM-01-induced actin assembly occurred rapidly in the
V5 negative control line compared with cells expressing V5-PFN1
variants (SI Appendix, Fig. S2). Given that the balance between
F-actin networks within cells is complex and dependent on PFN1
levels (39), it is not surprising that exogenous expression of V5-PFN1
has an effect on actin dynamics compared with cells without exoge-
nous PFNI1. Taking this into account, we focused on differences
among V5-PFN1-expressing cell lines, which express similar levels of
PFNI1. Indeed, the effects of IMM-01 follow the same trend as the
IP-MS study for Diaph1, which was most enriched in PFN1 G118V,
followed by M114T > WT ~ C71G (Fig. 1 D and E). This trend is not
influenced by PFNT1 levels, as both exogenous and endogenous PFN1
levels are comparable in V5-PFN1 WT and G118V lines (Fig. 14).
Therefore, the effects of PFEN1 variants on stress fiber formation are
not due to differential expression of PFN1 between lines.

The M114T and G118V Mutations Perturb Internal Dynamic Couplings
in PFN1. To gain insight into how ALS-linked mutations perturb
the PFN1/formin interaction, we performed molecular dynamics
(MD) simulations on the different PFN1 variants. The X-ray crystal
structures of WT and M114T mutant PFN1 served as the starting
conformations for the simulation of WT and M114T PFN1 variants
(9). For MD simulations of C71G and G118V, the initial confor-
mation was generated from the X-ray structure of WT PFN1 after
mutation of Cys71 to Gly and Gly118 to Val, respectively. For each
system, five independent trajectories were run. Each of the 20
simulations was equilibrated for 100 ns, and data were collected

Table 2. ALS profilin 1 variants show increased interaction with
formin family proteins

C71G M114T G118V
Gene FC SAINT FC SAINT FC SAINT
DIAPH2 0 0 8.75 0.97 19.86 1
SOWAHC 0 0 11.55 1 9.53 0.89
DIAPH1 0.85 0 6.78 1 7.55 0.7
FMNL1 1.02 0 5.43 0.95 9.94 0.92

All identified PFN1-interacting proteins in ALS-PFN1 variant cell lines were
evaluated for enrichment over the PFN1 WT cell line using SAINT. Several
formin family proteins (DIAPH1, DIAPH2, FMNL1) are more abundant. All
proteins with a SAINT score >0.5 versus WT with any variant are shown.
Proteins are ranked by maximum SAINT score versus WT, then by average
fold change (FC) as calculated by the SAINT algorithm. SAINT scores below
the 0.8 interaction threshold are shown in italics.
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Fig. 2. ALS-linked mutations have differential effects on formin-induced actin assembly. (A) Actin filaments (1 uM actin, 10% Alexa488-labeled) elongate
from surface-anchored spectrin-actin seeds in a microfluidics platform designed to measure actin elongation with purified proteins. Upon exposure to a
solution of recombinant mDia1(FH1-FH2-DAD), the mDia1 FH2 domain associates with the barbed end of actin, and the mDia FH1 domain associates with
actin-bound PFN1, resulting in accelerated actin filament elongation (Left). Upon formin dissociation, the barbed end reverts to slower elongation (Right).
This assay was used to determine both formin-induced actin filament elongation rates, and formin processivity in the presence of PFN1 WT (gray), PFN1 C71G
(cyan), and PFN1 G118V (dark blue). (B) The rate of actin elongation (Veiong: subunits per second) at the barbed end is plotted as a function of PFN1 variant
and concentration (micromolar). Each data point represents the mean + SD of n = 20 to 88 filaments, t test with Bonferroni correction. (B, D, E): *difference
from WT; Tdifference from G118V; P < 0.05; "'P < 0.01; """"'P < 0.001; and *"™ TP < 0.0001. (C) The survival fraction of mDia1(FH1-FH2-DAD) that
remains bound to the actin barbed end over a 600 s time course was determined as a function of PFN1 variant and concentration (shown is 2 uM PFN1). Decay
curves were fitted to a single exponential function to obtain the formin dissociation rate (koff). Each curve shows n = 36 to 94 filaments. Log-rank test: WT
versus G118V, P =0.894; WT versus C71G, P=0.000765; and G118V versus C71G, P = 0.000503. (D) mDia1 ke¢s (from C) are plotted as a function of PFN1 as in B;
n = 24 to 138 filaments, log-rank test, P values adjusted with Bonferroni correction: *difference from WT; "difference from G118V. (E) Mean formin-induced
actin filament length (Veiong/koff) + SD; n = 20 to 138 filaments, t test with Bonferroni correction. (F) Hela cells expressing V5-PFN1 variants were treated with
10 pM IMM-01 and assessed for the presence of actin stress fiber (SF)-like structures with phalloidin. An SF-negative and -positive cell are shown. (Scale bar, 5
um.) Only four fibers are denoted by arrowheads for clarity. The percentage of SF-positive cells for each line at the indicated time point is shown (n = 3
biological replicates, mean + SEM, two-way ANOVA, and Dunnet’s multiple comparison test for difference from the WT cell line, **P < 0.01). (G) The indicated
cell line is stained with phalloidin after 30 min of IMM-01 treatment. Stars denote SF-positive cells. (Scale bar, 50 pm.)

observation is consistent with the destabilized nature of PFN1 C71G

(9), and this variant was therefore excluded from further analysis.
Network theory was used to analyze our MD simulations of

PFN1 WT, M114T, and G118V (40). This approach can detect

during a subsequent 220 ns trajectory. While the structures of WT,
M114T, and G118V were stable over the entire trajectories, the
structure of PFN1 C71G did not reach equilibrium and started to
unfold during the simulation, precluding further analysis. This
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how subtle changes in conformation and flexibility, caused by a
mutation, affect dynamical correlation between distant regions
of the protein that are important for allosteric communication.
For each system, we determined a network describing the internal
dynamics of PFN1 that identifies communities of residues whose
dynamics are correlated. To further characterize this network, we
calculated the betweenness centrality for each residue, a measure
of its importance for communication between correlated commu-
nities (40, 41). The observed differences in betweenness centrality
for the networks of PFN1 variants indicate alterations in dynamical
coupling for both variants compared with PEN1 WT (SI Ap-
pendix, Fig. S5). We also identified differences in the community
structures, or regions within PFN1 that constitute a community
of residues with correlated dynamics, among the PFN1 variants
(highlighted in different colors in SI Appendix, Fig. S6 A-F). A
striking difference involves the C-terminal helix (ay, residues 121
to 138, SI Appendix, Fig. S6 G and H; highlighted in green in
Fig. 3B and lime and magenta in Fig. 3 C and D). Intriguingly,
this helix is the only secondary structural element that contains
residues that make direct contact with both actin and poly-Pro
residues in the crystal structure of the actin—-PFN1-poly-Pro ter-
nary complex, in which the poly-Pro is derived from VASP (42)
(Fig. 3 and SI Appendix, Fig. S6). For PEN1 WT, all the residues
within this C-terminal helix are part of the same community
(Fig. 3B). However, for both PFEN1 M114T and G118V, this helix is
split into two communities, each containing either the actin-binding
residues or the formin-binding residues (Fig. 3 C and D and SI
Appendix, Fig. S6), indicating an uncoupling of the two binding sites.

The fragmentation of this C-terminal helix (4) community in
the mutants corresponds with increased structural fluctuations
throughout the mutant proteins (SI Appendix, Fig. S7TA) and a few
localized backbone dihedral fluctuations (SI Appendix, Fig. S7B),
both of which affect the actin and poly-Pro interfacial residues. For
both mutants, these structural fluctuations correspond to larger
fluctuations (i.e., SDs) in the surface areas of PFN1 that bind actin
and poly-Pro (SI Appendix, Fig. STC). This is particularly apparent
for the poly-Pro-binding region within PFN1 G118V (SI Appendix,
Fig. S7 A and C). Despite these dynamical changes, the mutant
proteins do not exhibit disrupted secondary structure relative to
WT PENI1 (SI Appendix, Fig. STD). However, when comparing
more subtle structural differences between WT PENI1 and the
G118V variant, a structural rearrangement within the ternary
complex with actin and poly-Pro is predicted. Superimposing the
structure of PFN1 G118V from the MD simulations onto the
structure of WT PFN1 in the ternary complex (Protein Data Bank
ID 2PAV, SI Appendix, Fig. S8) reveals a steric clash between
PFN1 V118 and both T351 and Q354 within actin, suggesting that
a rearrangement within PFN1 G118V and/or actin is necessary for
binding. Additional details for the MD analyses are located within
SI Appendix, Extended Analysis of the MD Trajectories.

PFN1 C71G Is Particularly Susceptible to Proteasomal Degradation in
Cells. Throughout this study, efforts to examine PFN1 C71G by
biochemical and MD approaches were hindered by the inherent
instability of this variant. Our previous report demonstrated a
reduced half-life of V5-PFN1 C71G in cells (9), in agreement
with lower steady-state expression levels of this variant in our stable
cell lines (Fig. 14) and in yeast (13). To elucidate the mechanism
for mutant PFN1 turnover, cells were treated with pharmacological
inhibitors of the proteasome and autophagy pathways, and cell
lysates were assessed for V5-PFN1 by Western blot analysis
following separation of the soluble and insoluble fractions (Fig. 44)
(43). PEN1 C71G robustly accumulated within the insoluble frac-
tion of HelLa cells treated with the proteasome inhibitors MG132
and epoxomicin, in contrast to HeLa cells treated with autophagy
inhibitors chloroquine or 3-methyladenine, or with the lysosomal
protease inhibitor leupeptin (Fig. 4B). Insoluble V5-PFN1 WT was
negligible under all conditions (Fig. 4 4 and B). To determine
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whether other ALS-linked PFN1 variants are also targeted to the
proteasome, a similar study was carried out with all four V5-PFN1
lines treated with increasing concentrations of MG132. Indeed,
insoluble V5-PFN1 M114T and G118V also accumulated within
the insoluble fraction but to a lesser extent than PFN1 C71G
(Fig. 4 C and D).

While V5-PFNI1-inducible cells represent a tractable system
for biochemical and functional studies, we also assessed the ex-
pression of endogenous, untagged mutant PFN1 in human cells
derived from ALS patients. Specifically, PFN1 levels were quanti-
fied in immortalized human lymphoblast cells derived from five
ALS patients harboring the heterozygous C71G PFNI mutation
and six controls (3). Steady-state PFN1 levels were significantly
lower by ~25% in the mutant line compared with controls (Fig. 4 E
and F). Although PFN1 messenger RNA (mRNA) levels tended to
be lower in mutant cells, the difference compared with controls did
not reach statistical significance (Fig. 4G). Unfortunately, we do
not have access to collections of lymphoblasts lines with the other
ALS-linked PFN1 mutations for a similar analysis. Nonetheless,
results from both the V5-PFN1 Hela (Fig. 14) and lymphoblast
(Fig. 4 E and F) cell lines indicate that PFN1 C71G is more sus-
ceptible to proteasomal degradation and is expressed at lower
levels relative to other PFN1 variants.

Discussion

To gain insight into the mechanisms underlying PFN1-mediated
ALS, we conducted an unbiased proteomics screen to identify
potential differences in PFN1 interactions caused by mutation.
Overall, the same proteins were identified here across IP-MS
samples, irrespective of PFN1 genotype, and most proteins were
previously identified as PFN1 binding partners (15). In contrast
to a previous co-IP experiment, we did not observe impaired
binding between ALS-PFN1 variants and actin (3). Rather, our
collective results demonstrate that all ALS-PFN1 variants tested
herein are able to bind actin. For example, multiple actin iso-
forms were detected by MS in all the IP eluates across all PFN1
variants. Furthermore, our single-filament microfluidics experi-
ments confirmed that PFN1 variants can promote formin-induced
actin elongation, which requires formation of a functional G-actin/
PFN1 complex (Fig. 2) (14). These observations are consistent
with similar concentration-dependent effects of WT-PFN1 and
ALS-linked PFN1 variants on suppression of the spontaneous
polymerization of pyrene-labeled actin monomers (9). Although
no loss of PFN1 interactions due to ALS mutations were identified
in this study, our IP-MS approach may have been limited in
detecting weak or transient interactions of PFN1. While interac-
tions that become diminished due to mutations in PFN1 could also
be relevant to ALS, a protocol that involves proximity labeling
in situ may be required to uncover this phenotype.

Importantly, this IP-MS protocol identified proteins with en-
hanced binding to ALS-linked PFN1 variants. Specifically, Diaph1
and 2 and FMNLL1 appear to bind more tightly with PFN1 M114T
and G118V (Fig. 1). Does enhanced binding of mutant PFN1 to
these formins accelerate actin polymerization? Indeed, the formin/
actin/profilin system is complex, as there are multiple steps and
modes of interaction between these proteins during actin poly-
merization (34). PFN1 plays a critical role in barbed-end elonga-
tion by mediating the interaction between poly-Pro tracks within
FHI1 and actin (35, 44, 45). Binding of PFN1-actin to FH1 poly-
Pro tracks appears to be rate limiting for addition of actin onto the
FH2-bound barbed end of a growing filament (35, 44). FH1 do-
mains are disordered domains and thus able to form flexible
loops that place PFN1/actin/poly-Pro in close proximity to the
barbed end in the form of a “ring complex” for effective actin
transfer (Fig. 4H) (25, 34). With 14 poly-Pro tracks in mDial
FH1, it is not clear whether one or multiple of those poly-Pro
tracks contribute to the apparent increase in binding affinity for
PFN1 M114T and G118V. Our results indicate the poly-Pro track
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PFN1 M114T

PFN1 G118V

Fig.3. MD simulations show that M114T and G118V mutations perturb internal dynamic couplings in PFN1. (4) Cartoon representation of the structure of PFN1
highlighting the residues C71 (cyan), M114 (orange), and G118 (blue). Difference in correlation networks is observed between (B) WT and ALS-linked variants (C)
M114T and (D) G118V PFN1. The side chains of residues that directly interact with actin and poly-Pro in the ternary complex comprised of PFN1-actin and the last
poly-Pro motif of human VASP (Protein Data Bank 2PAV) are shown in stick representation in purple and gold, respectively. The C-terminal helix of PFN1 (o,
residues 121 to 138) binds both actin and poly-Pro. Actin and poly-Pro-binding residues located within this C-terminal helix are part of the same community with
correlated dynamics (green) in WT (B), whereas this helix is separated into two distinct communities (lime and magenta) in both M114T (C) and G118V (D).

closest to the FH2 domain probably does not account for the en-
hanced binding observed in our IP and TCSPC studies. In fact, the
affinities for all ALS-linked PFN1 variants were weaker for this poly-
Pro sequence compared with PEN1 WT. While lower affinity inter-
actions between PFNI-actin and poly-Pro tracks nearest the FH2
domain may favor a faster transfer of actin to the barbed end, higher
affinity interactions at distal poly-Pro tracks could stabilize the PFN1/
actin/poly-Pro ternary complex and thus compensate for a slower
loop closure from distal tracks (44). Accordingly, PFN1 M114T and
G118V may bind more tightly to distal poly-Pro tracks than PFN1
WT (ie., accounting for more Diaphl in the co-IP) but weaker at
tracks proximal to FH2. Both effects on poly-Pro binding could
conceivably accelerate actin elongation in vitro and in cells (Fig. 2).

Other factors may also contribute to the effects of PFN1 on
actin polymerization. Our MD analyses identified a network of
residues within a4, which contacts both actin and poly-Pro, that
are dynamically correlated in PFN1 WT but fragmented by ALS
mutations (Fig. 3). These observations implicate this C-terminal
helix in mediating allosteric communication within the ternary
complex during actin elongation (41). Additionally, our MD anal-
yses uncovered heightened structural fluctuations within mutant
PENT1 at both the poly-Pro and actin-binding regions. It is uncertain
whether heightened flexibility of PFN1 directly impacts actin poly-
merization, but this flexibility could modify interactions at the bar-
bed end that in turn influence actin polymerization, including
formation of the ring complex between FH1 and the barbed end,
transfer of actin to the filament, and dissociation of PFN1 from the
barbed end (Fig. 4H). Flexibility within the PFNT1 structure due to
ALS mutations may also confer differential binding with certain
formins, potentially by allowing the poly-Pro-binding site to better
accommodate certain sequences. While other poly-Pro—containing
proteins were detected in our IP-MS study such as ENAH, EVL,
NCKAP1, and VASP, they did not exhibit enhanced binding to
PFN1 mutants. These results imply some degree of sequence
specificity for the enriched PFN1/formin interactions, consistent
with observations that ALS-linked PFN1 variants bind generic
poly-L-proline peptides with similar affinity as PFN1 WT (9).
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Structural studies of PFN1 variants in complex with poly-Pro se-
quences from different formins should inform on the residues that
contribute to their differential binding.

In contrast to a gain of function for PFN1 M114T and G118V
with respect to actin polymerization, the C71G mutation appears
to cause a loss of PFNI1 function. The C71G mutation is severely
destabilizing, likely due to an internal cavity formed by mutation
of Cys to Gly (9). M114 and G118 are closer to the surface of
PFNI1, and mutation of these residues only partially destabilize
PFN1 (Fig. 4H) (9). The instability and insolubility of PFN1
C71G precluded several analyses herein, including the TCSPC
binding experiments and MD simulations. Single-filament micro-
fluidics experiments, which require lower concentrations of pro-
tein, were possible with PFN1 C71G and revealed significant
impairment of mDial-induced actin elongation. We speculate that
the C71G mutation causes a pathological loosening, or misfolding,
of the PFNI tertiary structure. The extent of this misfolding in the
context of PFN1 C71G may destabilize the ternary complex and
hamper normal actin polymerization. In support of this model, the
C71G variant is most robustly targeted by the proteasome in cells,
indicative of extensive misfolding (Fig. 4) (43). Furthermore,
mDial dissociates prematurely from elongating actin filaments in
the presence of PFN1 C71G, consistent with an ineffective ternary
complex (Fig. 2). That steady-state levels of PFN1 C71G are re-
duced can also contribute to loss-of-function phenotypes (9, 13),
although these phenotypes are often masked by coexpression of
endogenous PFN1 WT as in the case of our IMM-01-treated cells
(Fig. 2). It is possible that as the efficiency of the quality control
pathways decline with age (43), PFN1 C71G and other ALS-PFN1
variants may exhibit a gain of toxicity related to pathological
protein aggregation (Fig. 4H) (46, 47).

The finding that ALS-linked mutations affect formin-induced
actin polymerization provides insight into the role of PFN1 in
neurodegeneration. The actin cytoskeletal network is a tightly
regulated, complex system that requires functional PFN1 (14). In
fact, PFN1 appears to maintain a homeostatic balance among
different actin networks by controlling the accessibility of G-actin
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Fig. 4. The PFN1 C71G variant is robustly targeted by the proteasome and exhibits reduced steady-state protein expression levels. (A) Western blot analysis of
detergent soluble and insoluble fractions from Hela cells expressing V5-PFN1 WT or C71G treated with proteasome or autophagy/lysosome inhibitors for 24 h
prior to cell lysis. Soluble and insoluble fractions were processed on the same gel. Inmunoblots were probed with anti-V5 antibody; arrowheads indicate V5-
PFN1 WT and C71G. Abbreviations: UT: untreated, CQ: chloroquine (100 pM), 3-MA: 3-methyladenine (5 mM), MG: MG132 (10 uM), EPX: epoxomicin (10 pM), and
Leu: leupeptin (100 uM). (B) Quantification of insoluble fractions from A (n = 3 biological replicates, mean + SD, two-way ANOVA with Dunnett's multiple
comparison test for difference from untreated, ****P < 0.0001). (C) The indicated V5-PFN1 cell lines were treated with increasing concentrations MG132 for 24 h
and processed as described in A. (D) Quantification of insoluble fractions from C (n = 3 biological replicates, mean + SD, two-way ANOVA with Dunnett’s multiple
comparison test for difference from WT, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). (E) Western blot analysis of endogenous, untagged PFN1 protein
levels and GAPDH loading control from immortalized human lymphoblast cells derived from controls and ALS patients harboring the C71G PFN1 mutation. (F)
Quantification of E. For each biological replicate, PFN1 protein levels were normalized to the average level of the control cell lines. Each data point represents
the average protein levels of n = 2 biological replicates for individual cell lines. Bar graphs show mean + SEM among lymphoblast lines. Statistics were determine
using student’s t test (***P < 0.001). (G) Relative mRNA levels of PFN7 normalized to the average level of the control cell lines. Each data point represents the
average mRNA levels of n = 2 to 3 biological replicates for individual lines. Bar graphs show mean + SEM among lymphoblast lines. (H) Proposed model for the
effects of ALS-linked mutations on PFN1 in the context of formin-induced actin polymerization. Our MD simulations and the lower free energy of folding [AG®;
determined by Boopathy et al. (9)] indicate regions within PFN1 that contact both actin and poly-Pro are more flexible in ALS-linked variants compared with
PFN1 WT. This conformational flexibility may contribute to enhanced formin binding and processivity (depicted by orange arrows), potentially by affecting the
ring complex (i.e., PFN1-actin bound to FH1 in contact with the FH2-bound barbed end). PFN1 C71G appears to be the least competent at promoting formin-
induced actin polymerization. This variant also exhibits the lowest AG° (kcal/mol); 4% of PFN1 C71G exist in the unfolded state, compared with <0.3% for M114T
and G118V and <0.0007% for WT. These data are consistent with the C71G variant adopting an unfolded and/or misfolded conformation that is more robustly
targeted to the proteasome. Compared with PFN1 WT, all ALS-linked variants dysregulate formin-induced actin polymerization.

PFN1 C71G 1.89

and directly influencing the activity of other actin-binding pro-  function mechanisms, is expected to affect the development and
teins (39, 48). Formin-regulated actin polymerization is impor-  maintenance of motor neurons, which degenerate during ALS
tant for cell division, motility, and mechanotransduction (19).  disease progression (49, 50). Intriguingly, PFN1 is highly expressed
Dysregulation of these functions, through both loss- and gain-of-  in microglia (51), which require diaphanous proteins for complement
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receptor-mediated phagocytosis (52). Given that microglia con-
tribute to motor neuron degeneration in ALS (53), altered in-
teractions between mutant PFN1 and diaphanous formins in
microglia may also be relevant to PFN1-mediated ALS pathogene-
sis. It will be interesting to examine the effects of ALS-linked PFN1
variants in vivo and to dissect their loss and gain of functions within
the different cell types that drive disease pathogenesis.

Materials and Methods

Generation and Culturing of V5-PFN1 Stable Hela Lines. Standard molecular
biology techniques were used to clone N-terminal V5, V5-WT-PFN1, or
V5-ALS-PFN1 constructs (3) into the pLenti-CMV-TO-Puro Destination vector
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