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B I O C H E M I S T R Y

Molecular mechanisms linking missense ACTG2 
mutations to visceral myopathy
Rachel H. Ceron1,2, Faviolla A. Báez-Cruz1,3, Nicholas J. Palmer1,3, Peter J. Carman1,3,  
Malgorzata Boczkowska1, Robert O. Heuckeroth2,4,5, E. Michael Ostap1,3*, Roberto Dominguez1,3*

Visceral myopathy is a life-threatening disease characterized by muscle weakness in the bowel, bladder, and uter-
us. Mutations in smooth muscle γ-actin (ACTG2) are the most common cause of the disease, but the mechanisms 
by which the mutations alter muscle function are unknown. Here, we examined four prevalent ACTG2 mutations 
(R40C, R148C, R178C, and R257C) that cause different disease severity and are spread throughout the actin fold. 
R178C displayed premature degradation, R148C disrupted interactions with actin-binding proteins, R40C inhib-
ited polymerization, and R257C destabilized filaments. Because these mutations are heterozygous, we also ana-
lyzed 50/50 mixtures with wild-type (WT) ACTG2. The WT/R40C mixture impaired filament nucleation by leiomodin 
1, and WT/R257C produced filaments that were easily fragmented by smooth muscle myosin. Smooth muscle tropo-
myosin isoform Tpm1.4 partially rescued the defects of R40C and R257C. Cryo–electron microscopy structures of 
filaments formed by R40C and R257C revealed disrupted intersubunit contacts. The biochemical and structural 
properties of the mutants correlate with their genotype-specific disease severity.

INTRODUCTION
Visceral myopathies (VMs), including chronic intestinal pseudo-
obstruction, pediatric-onset intestinal pseudo-obstruction, and mega-
cystis microcolon intestinal hypoperistalsis syndrome (MMIHS), are a 
group of rare diseases that often cause death in childhood (1–3). 
VM arises from smooth muscle dysfunction in the bowel, blad-
der, and uterus (1). The most common cause of VM is mutations in 
the gene encoding smooth muscle γ-actin (ACTG2) (4, 5). Actin 
and myosin polymers form the thin and thick filaments of mus-
cle cells that interact and slide past one another during muscle 
contraction, respectively (6). Currently, there are 43 reported het-
erozygous missense ACTG2 mutations affecting 31 residues 
throughout the actin structure (Fig.  1, A and B; fig.  S1; and ta-
ble  S1). These mutations are thought to cause disease through 
dominant-negative rather than loss-of-function mechanisms since 
heterozygous ACTG2 truncations and frameshifts have been doc-
umented in healthy individuals (1, 4, 7, 8). Other VM-causing mu-
tations affect genes encoding actin-binding proteins (ABPs) and 
proteins that regulate muscle contraction, including the actin fila-
ment nucleator leiomodin 1 (Lmod1), the smooth muscle myosin 
heavy and light chains (MYH11 and MYL9), and the myosin light 
chain kinase (9–12).

The underlying biochemical and structural mechanisms through 
which ACTG2 mutations cause disease have remained elusive, hin-
dering the development of mechanism-based therapies (13). One 
factor contributing to this lack of knowledge is the difficulty of ob-
taining recombinant ACTG2 protein under native conditions. Using 
a recently developed actin expression method in human cells (14), 

we analyze wild-type (WT) ACTG2 and four disease-causing muta-
tions (R40C, R148C, R178C, and R257C). Following the standard 
numbering convention, which is based on α-actin and considers 
posttranslational processing of the N terminus (15, 16), these resi-
dues correspond to R39, R147, R177, and R256 in mature actin. 
These four residues are the most frequently mutated among patients 
with VM, affect different areas of the actin structure, and cause dif-
ferent degrees of disease severity (1, 4). Our analysis reveals diverse 
ways in which the mutations disrupt ACTG2 function, including 
destabilizing the actin monomer (G-actin), affecting interactions 
with ABPs, altering polymerization, or interfering with intersubunit 
contacts within the actin filament (F-actin).

RESULTS
Four representative ACTG2 mutations exhibit varying 
expression patterns
Mutations of residues R40, R148, R178, and R257 were selected for 
this study based on their prevalence, collectively accounting for over 
70% of reported dominant missense ACTG2 mutations linked to 
VM (1). Particularly, residue R257 is the most frequently mutated in 
VM, accounting for 33% of reported cases. While cysteine is a com-
mon substitution for these four residues, mutations to other amino 
acids have also been reported (fig. S1 and table S1). These mutations 
were additionally selected because they are spread throughout the 
tertiary structure of G-actin and affect different intersubunit con-
tacts in F-actin (Fig. 1, A and B, and fig. S1). Specifically, R40 forms 
part of the D-loop (residues R40-K51) that mediates important in-
tersubunit contacts along the long-pitch helix of F-actin and par-
ticipates in interactions with several ABPs (17–20). R148 falls near 
the hydrophobic cleft in actin, which participates in interactions 
with numerous ABPs and interprotomer contacts in F-actin (21, 
22). R148 also forms part of the myosin-binding interface (23). 
R178 is located near the catalytic site and forms part of the back 
door through which the γ-phosphate is believed to be released after 
hydrolysis of the actin-bound nucleotide (19). Last, R257 forms a 
salt bridge with E196 and is situated at the interface between adja-
cent actin subunits of the two long-pitch helices of F-actin. These 
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mutations are also representative of the spectrum of disease severity 
(1); R178C is associated with the most severe form of VM (4), R40C 
and R257C also cause serious gastrointestinal disease that often 
presents at birth (4), and R148C typically results in later disease on-
set and relatively mild symptoms (24).

Using our previously reported method for actin expression in 
human Expi293F cells (14), we obtained WT ACTG2 and mutants 
R40C and R257C with high purity and in sufficiently large quanti-
ties for structural and biochemical studies (Fig. 1C and fig. S2, A and 
E). In contrast, we encountered difficulties purifying mutants R148C 
and R178C, which, while precluding their in-depth analysis, are 
nonetheless revealing of the mechanisms by which they cause 
VM. Specifically, R148C was obtained in very low amounts due to 
weak binding to the affinity column, which uses gelsolin segments 
4–6 (G4G6) to bind the expressed actin in a Ca2+-dependent man-
ner (Fig. 1C and fig. S2B; Materials and Methods). As mentioned 
above, this mutation was expected to affect the binding of ABPs to 
the hydrophobic cleft in actin, which is the main binding site for 
G4G6 (25). We anticipate that the binding of other ABPs will be 
similarly affected, likely contributing to this mutant’s role in VM. In 
contrast, R178C could be purified, but unlike other actin isoforms 
and mutants expressed using this method (14), R178C exhibited 

rapid degradation after purification (Fig. 1C and fig. S2, C and D). 
The inherent instability of this mutant is proposed to account for its 
severe VM phenotype.

R40C and R257C alter actin polymerization in different ways
To establish a benchmark for analysis of the mutants, we first com-
pared WT ACTG2 to the extensively studied tissue-purified skele-
tal α-actin isoform (ACTA1), previously shown to be functionally 
indistinguishable from recombinant skeletal α-actin obtained us-
ing the same method (14). Using the pyrene-actin polymerization 
assay (2 μM total actin, including 6% pyrene-labeled α-actin), WT 
ACTG2 exhibited slower polymerization compared to α-actin, with 
polymerization rates of 0.23 and 0.32 nM/s, respectively (Fig. 2, A 
and D, and table S2). R40C displayed sluggish polymerization, and 
the rate could only be approximately estimated (Fig. 2, B and D, and 
table S2). In contrast, R257C polymerized much faster than WT 
(Fig. 2, C and D, and table S2), although, as shown below, this be-
havior is likely due to filament fragmentation and the generation of 
more filament ends.

Because these mutations are heterozygous, we also analyzed 
50/50 mixtures of WT/mutant ACTG2, which may more accurately 
reflect the ratio present in the smooth muscle of patients with 

Fig. 1. Choice and purification of ACTG2 mutations for study. (A) Surface representation of F-actin [Protein Data Bank (PDB) code: 8F8P] showing a ribbon diagram of 
a middle subunit (marine blue) with the side chains of ACTG2 residues reported to be mutated in VM displayed in beige or maroon for the four mutations studied here 
(R40C, R148C, R178C, and R257C). (B) Close-up view of the middle subunit shown in (A), highlighting ACTG2 residues reported to be mutated in VM (see also fig. S1 and 
table S1). The location of the hydrophobic cleft and the D-loop is indicated. (C) Coomassie-stained SDS–polyacrylamide gel electrophoresis of purified WT ACTG2 and 
mutants R40C, R257C, R148C, and R178C (full gels in fig. S2). MW, molecular weight.
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Fig. 2. Mutants R40C and R257C alter actin polymerization in different ways. (A to C) Time course of actin polymerization (2 μM total actin, including 6% pyrene-
labeled α-actin) showing comparisons between WT ACTG2 and α-actin (A); WT, R40C, WT/R40C, and half-WT (1 μM WT ACTG2, 12% pyrene-labeled α-actin) (B); and WT, 
R257C, and WT/R257C (C). (D) Polymerization rates of actin variants calculated from 7–12 reactions using at least three independent actin preparations. (E) Example of 
pyrene-actin depolymerization experiment, showing WT and α-actin. F-actin (10% pyrene-labeled α-actin) is diluted to 0.1 μM (i.e., below the Cc). (F) Relative depolymer-
ization rates of actin variants from 11 to 15 reactions using at least three independent protein preparations. Data in (D) and (F) were analyzed by one-way analysis of 
variance (ANOVA) with Welch’s test (P < 0.0001), and the P values shown are from Dunnett’s T3 multiple comparisons test. (G) Example of Cc plots, showing equilibrium 
fluorescence as a function of the actin concentration (5% pyrene-labeled α-actin) for WT ACTG2 and α-actin. Cc values were calculated from the x intercept of the graphs. 
a.u., arbitrary units. (H) Cc values of actin variants calculated from n = 3 independent experiments. Data in (H) were analyzed by one-way ANOVA (P < 0.0001), and P values 
are from Bonferroni’s multiple comparisons test. Graphs in (D), (F), (G), and (H) represent means ± SD, with “ns” indicating P values > 0.05.
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VM. The WT/R40C mixture polymerized slower than WT but faster 
than R40C, with a polymerization rate of 0.07 nM s−1 (Fig. 2, B and 
D, and table S2). To test if WT and R40C copolymerized, we also 
analyzed WT alone but at the concentration and labeling ratio pres-
ent in the mixture (i.e., 1 μM WT, 12% pyrene-labeled α-actin, re-
ferred to as half-WT). The polymerization rate of half-WT matched 
that of the WT/R40C mixture (Fig. 2, B and D, and table S2), indi-
cating that WT polymerizes mostly alone and that R40C does not 
contribute to or inhibit filament elongation even when WT filament 
seeds are present. In contrast, the polymerization rate of the WT/
R257C mixture was in between those of WT and R257C, indicating 
that this mutant copolymerizes with WT and imparts some of its 
faster polymerization behavior to the mixture (Fig. 2, C and D, and 
table S2).

The depolymerization rates of ACTG2 variants were determined 
in experiments where prepolymerized actin filaments were diluted 
to 0.1 μM total actin (including 10% pyrene-labeled α-actin), which 
is below the critical concentration (Cc) for polymerization (26). 
Rates are reported for each actin variant individually as well as rela-
tive to α-actin (table S2). WT and WT/R40C depolymerized simi-
larly, and both depolymerized slower than α-actin, with rates of 0.63 
and 0.64 s−1, respectively, compared to α-actin (Fig. 2, E and F; 
fig. S3, A and C; and table S2). The depolymerization of R40C could 
not be analyzed due to its inefficient polymerization. R257C depoly-
merized faster than WT, whereas WT/R257C depolymerized simi-
larly to WT (Fig. 2F; fig. S3, B and D; and table S2).

To determine the Cc of ACTG2 variants, defined as the mono-
mer concentration at which the polymerization and depolymeriza-
tion rates are equal (27), we measured the equilibrium fluorescence 
of polymerization reactions at different monomer concentrations 
(including 5% pyrene-labeled α-actin). Cc values were measured as 
the x intercepts of linear trend lines fitted to plots of fluorescence 
against the actin concentration. WT ACTG2 exhibited a higher Cc 
than α-actin (Fig. 2, G and H, and table S2). Although we were un-
able to measure the Cc of R40C alone, the apparent Cc of the WT/
R40C mixture was approximately twice that of WT (Fig. 2H, fig. S3E, 
and table S2). This observation supports the notion that filaments in 
this mixture are primarily formed by WT. R257C exhibited a lower 
Cc compared to WT, and the Cc of WT/R257C fell in between those 
of R257C and WT, consistent with this mutant copolymerizing with 
WT (Fig. 2H, fig. S3F, and table S2).

R40C and R257C affect filament nucleation by Lmod1
Lmod1, an actin filament nucleator expressed in smooth muscle 
cells (18, 28, 29), is also mutated in some cases of VM (9). To assess the 
impact of ACTG2 mutations on nucleation by Lmod1, we conducted 
pyrene-actin polymerization assays in the presence of 20 nM Lmod1 
(Fig. 3). As anticipated, Lmod1 significantly enhanced the polymer-
ization rate of α-actin and WT ACTG2 (Fig. 3, A and D). While α-
actin polymerized faster than ACTG2 with Lmod1, the fold increase 
in their polymerization rates with Lmod1 was similar when compared 
to their individual polymerization rates (Fig. 3A and table S2). R40C 

Fig. 3. R40C and R257C affect filament nucleation by Lmod1. (A to C) Time course of actin polymerization with 20 nM Lmod1 (2 μM total actin, including 6% pyrene-
labeled α-actin) showing comparisons between WT ACTG2 and α-actin (A); WT, R40C, WT/R40C, and half-WT (1 μM WT, 12% pyrene-labeled α-actin) (B); and WT, R257C, 
and WT/R257C (C). (D) The polymerization rates of actin variants were calculated from 8 to 11 experiments and at least three independent actin preparations. Data were 
analyzed by one-way ANOVA with Welch’s test (P < 0.0001). P values are provided from Dunnett’s T3 multiple comparisons test. Bar graphs represent means ± SD, with ns 
indicating P values > 0.05.
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exhibited extremely slow polymerization with Lmod1, and WT/R40C 
polymerized slower than half-WT (1 μM WT, 12% pyrene-labeled α-
actin) (Fig. 3, B and D, and table S2). This result suggests that, while 
R40C mostly fails to copolymerize with WT (Fig. 2B), it can be incor-
porated into the three-actin polymerization nucleus formed by Lmod1 
(18, 28, 29). The resulting “poisoned” nuclei fail to elongate, decreas-
ing the overall polymerization. Last, Lmod1 increased the polymer-
ization rate of R257C and WT/R257C, but the fold increase in both 
cases was less than for WT, suggesting that R257C interacts ineffi-
ciently with Lmod1 (Fig. 3, C and D, and table S2).

R40C and R257C affect filament length but not 
myosin motility
Some patients with VM have mutations in smooth muscle myosin 
(10, 11), whose adenosine 5′-triphosphate (ATP)–dependent, cycli-
cal interaction with ACTG2-containing F-actin drives the contrac-
tion and relaxation of visceral smooth muscle (6). We asked if 
ACTG2 mutations affected the interaction with smooth muscle 
myosin and the myosin-dependent motility of F-actin using a glid-
ing assay (30). In this assay, we used smooth muscle myosin con-
struct SMM-S1, comprising the motor domain and essential light 
chain (MYL6). Fluorescent, rhodamine-phalloidin–stabilized actin 
filaments were applied to SMM-S1–coated coverslips to directly vi-
sualize the movement of filaments propelled by myosin heads (Fig. 4).

At time = 0, i.e., immediately after the application of actin fila-
ments onto SMM-S1–coated coverslips, the median filament length 
was approximately the same for WT ACTG2 and α-actin (Fig. 4, A 
and B, and table  S2). In contrast, despite the stabilizing effect of 
rhodamine-phalloidin, filaments formed by R40C were significantly 
shorter than those formed by WT ACTG2. Filaments formed by 
WT/R40C also appeared shorter than those formed by WT, but this 
difference was not statistically significant at time = 0. The R257C 
mutation did not appear to affect the initial median filament length, 
either alone or when mixed with WT (Fig. 4, A and B, and table S2).

In contrast, despite the stabilizing effect of rhodamine-phalloidin, 
R257C filaments fragmented when pulled on by SMM-S1 during 
the time course of the gliding assay (movie S1). This observation 
prompted us to determine the filament length at four different time 
points (time = 0, 2, 4, and 6 min). While the median filament length 
remained relatively stable or increased slightly over time for WT, 
R40C, and WT/R40C (Fig. 4C), there was a steady decrease in the 
median filament length for R257C and WT/R257C (Fig. 4, A and 
D). This result suggests that the R257C mutation renders filaments 
prone to breakage under the pulling forces of smooth muscle myo-
sin. We further observed that the difference in length between WT 
and WT/R40C filaments persisted and became statistically signifi-
cant over time (Fig. 4C), indicating that R40C contributes to polym-
erization when stabilized by rhodamine-phalloidin.

The filament gliding velocity was similar for α-actin and WT 
ACTG2 and unaffected by the R40C and R257C mutations (Fig. 4E, 
movie S1, and table S2). This finding suggests that SMM-S1 does not 
distinguish between the two actin isoforms and that compromised 
myosin motility is not the underlying cause of VM for the two 
ACTG2 mutations analyzed.

Tpm1.4 partially rescues the defects of R40C and R257C
Over 40 tropomyosin (Tpm) isoforms are expressed in humans in 
a cell-specific and tissue-specific manner (31). Tpm isoforms deco-
rate actin filaments to regulate their interactions with ABPs and 

actomyosin contraction. To investigate the effect of ACTG2 muta-
tions on filament behavior and myosin-driven motility in the pres-
ence of Tpm, we performed gliding assays using filaments decorated 
with Tpm1.4. This Tpm isoform has been found in association with 
contractile filaments in human smooth muscle cells (32, 33). To pre-
serve the natural N-terminal acetylation-dependent end-to-end in-
teraction of Tpm1.4 coiled coils on F-actin, Tpm1.4 was expressed 
in human cells for proper posttranslational modification, and the 
C-terminal affinity tag was precisely removed (34). Actin variants 
labeled with rhodamine-phalloidin were polymerized at a 4:1 ratio 
with Tpm1.4, and 2 μM Tpm1.4 was added to the final solution to 
ensure saturation of the filaments (Fig. 5A and movie S2). For most 
actin variants, the median filament length was 20 to 33% shorter 
with Tpm1.4 than without (Fig. 5B, fig. S4, and table S2). This effect 
seems to be due to an increase in the number of shorter filaments 
visualized as they become more likely to adhere to SMM-S1–coated 
coverslips when Tpm1.4 is present. The exception was R40C, whose 
median filament length increased by ~16% in the presence of Tpm1.4, 
indicating a stabilizing effect of Tpm1.4 (Fig. 5B, fig. S4, and table S2).

For all actin variants analyzed, filament gliding velocities were ap-
proximately fourfold faster with Tpm1.4 than without (table S2), which 
is consistent with previous observations (35). However, as observed in 
the absence of Tpm1.4 (Fig. 4E and table S2), there was no significant 
difference in gliding velocity among filaments of different actin iso-
forms, mutants, or WT/mutant mixtures in the presence of Tpm1.4 
(Fig. 5C). These results indicate that SMM-S1 does not distinguish 
between these actin variants with or without Tpm1.4. In addition, 
Tpm1.4 appeared to protect R257C filaments from breaking under the 
pulling forces of SMM-S1 as the median length was approximately the 
same for R257C-Tpm1.4 and WT filaments over time (Fig. 5D).

R40C and R257C impair subunit-subunit contacts in the 
actin filament
To better understand the effects of the R40C and R257C mutations 
on filament stability, we obtained high-resolution (2.45 to 2.72 Å) 
cryo–electron microscopy (cryo-EM) structures of WT ACTG2, 
R40C, and R257C filaments using helical reconstruction (Fig. 6, 
fig. S5, and table S3). Nucleotide hydrolysis and γ-phosphate release 
occurred during sample preparation, before vitrification, resulting in 
all three structures containing Mg–adenosine 5′-diphosphate-bound 
actin subunits. The three structures are very similar overall and also 
similar to that of α-actin (19, 20). No changes in helical twist or rise 
were observed. Closer inspection, however, reveals how the muta-
tions disrupt inter- and intrasubunit contacts in the filament.

Residue R40 is located within the D-loop of actin, responsible for 
crucial intersubunit contacts both within and between the two long-
pitch helices (or strands) of F-actin (21). R40C filaments for cryo-
EM analysis could only be obtained in the presence of phalloidin 
(unlabeled). The absence of the arginine side chain in R40C elimi-
nates contacts observed in the WT structure with the side chain of 
residue D287 and the main backbone oxygen of G267 (Fig. 6, A and 
B). These residues belong to two different adjacent subunits: one on 
the long-pitch helix (D287) and one on the short-pitch helix (G267), 
making the R40C mutation particularly disruptive to the filament 
structure. Phalloidin binds near residue R40 and establishes new 
lateral and longitudinal contacts with the long-pitch helices, ex-
plaining how it can partially rescue R40C polymerization in vitro.

In the WT structure, residue R257 forms an important intra-
subunit salt bridge with E196, located on a loop that contacts a 
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protomer from the opposite long-pitch helix (Fig. 6, B and C). The 
R257C mutation abolishes this salt bridge, destabilizing lateral in-
terstrand contacts within the filament. The observed structural ef-
fects of the R257C mutation are less severe than those of the R40C 
mutation. Consistently, R257C polymerizes better than R40C, yet 
R257C filaments are susceptible to fragmentation when pulled by 
myosin heads.

DISCUSSION
The six human actin isoforms are highly similar, with sequence 
identities ranging from 93 to 99% (15), yet they play cell-specific 

and tissue-specific roles and exhibit distinct biochemical properties 
(14, 36–40). In this context, our findings reveal that WT ACTG2, 
which is primarily expressed in the smooth muscle of hollow or-
gans, behaves as a less dynamic isoform compared to α-actin. It 
exhibits slower polymerization and depolymerization rates than α-
actin, along with a higher Cc for polymerization (Fig. 2, A and D to 
H, and table S2). WT ACTG2 also polymerizes at a slower rate than 
α-actin in the presence of the smooth muscle actin filament nuclea-
tor Lmod1. Yet, the fold change in the polymerization rate with and 
without Lmod1 is approximately the same for both isoforms (Fig. 3, 
A and D, and table S2). There is also no significant difference in 
the SMM-S1–driven gliding velocity of filaments formed by WT 

Fig. 4. Mutants R40C and R257C affect filament length but not myosin motility. (A) Representative epifluorescence images of rhodamine-phalloidin α-actin (gray), 
WT ACTG2 (blue), R40C (gold), R257C (red), WT/R40C (green), and WT/R257C (purple) gliding on SMM-S1–coated coverslips at different times (as indicated; scale 
bars, 10 μm). (B) Filament length quantification at time = 0 (n = 5 experiments). (C and D) Filament length quantification over time for WT, R40C, and WT/R40C (C) and WT, 
R257C, and WT/R257C (D) (n = 5 experiments from at least three independent actin preparations). (E) Quantification of SMM-S1–driven filament velocities. Filaments were 
manually tracked in ImageJ (n = 4 experiments). Data in (B) and (E) were analyzed by one-way ANOVA (P < 0.0001), with P values from Bonferroni’s multiple comparisons 
test. Data from (C) and (D) were analyzed by two-way repeated measures (RM) ANOVA. P values, displayed in tables below the graphs, are from Tukey’s multiple compari-
sons test. Data were pooled from three actin and two SMM-S1 independent preparations. Graphs show means ± SEM, with ns indicating P values > 0.05.
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ACTG2 and α-actin, with or without Tpm1.4 (Figs.  4E and 5C). 
These observations suggest that Lmod1, smooth muscle myosin, 
and Tpm1.4 do not discriminate between these two isoforms. More 
likely, it is the cumulative effect of minor differences, such as those 
observed here, that define the tissue specificity of actin isoforms. In 
addition, in their respective tissues, ACTG2 and α-actin associate 
with tissue-specific Tpm isoforms, providing an additional layer of 
regulation and differentiation of their actin-Tpm copolymers (41).

The four disease-causing mutations studied here disrupt ACTG2 
function in distinct ways, affecting the stability of G-actin or F-
actin, altering the polymerization kinetics, or disrupting interac-
tions with ABPs and actin itself within the filament. As discussed 
below, the observed biochemical and structural disruptions of the 
mutants appear to correlate with the range of disease severity ob-
served in patients with VM.

ACTG2 R148C
The biochemical analysis of mutations of actin residue R148, including 
R148C, has proven challenging. An attempt to purify the equivalent 

mutation in smooth muscle α-actin (ACTA2 R149C) from Sf9 cells 
was unsuccessful due to this mutant’s association with the chapero-
nin complex (42). Chaperonin complex association did not pose a 
problem in our study, which used human cell expression. However, 
while the expression of ACTG2 R148C was robust, its purification 
was also limiting here due to poor binding of the mutant to the 
Ca2+-dependent G4G6 affinity column (Fig. 1C and fig. S2B) (14). 
The inefficient binding of R148C to G4G6 is nonetheless revealing 
of the relatively mild disease phenotype of this mutation. In cells, 
multiple families of ABPs orchestrate the assembly and disassembly 
of actin filaments (26). Most of these ABPs, including gelsolin (25), 
interact with the hydrophobic cleft in actin, which also mediates in-
tersubunit contacts in the filament (21, 22). R148C and other muta-
tions within this cleft are likely to disrupt these interactions and thus 
be excluded from filaments due to their inability to bind filament 
assembly factors such as formins and WH2-domain containing pro-
teins that also target this cleft (43). Supporting this view, tagged 
R148 mutants overexpressed in immortalized cell lines show re-
duced colocalization with phalloidin-stained filament structures 

Fig. 5. Tpm1.4 partially rescues the defects of R40C and R257C. (A) Representative epifluorescence images of Tpm1.4-coated rhodamine-phalloidin α-actin (gray), WT 
ACTG2 (blue), R40C (gold), R257C (red), WT/R40C (green), and WT/R257C (purple) gliding on SMM-S1–coated coverslips at different times (as indicated; scale bars, 10 μm). 
(B) Filament length quantification with Tpm1.4 at time = 0 (n = 5 to 6 experiments). Data were analyzed by one-way ANOVA (P = 0.0007), and P values are from Bonferroni’s 
multiple comparisons test. (C) Quantification of SMM-S1–driven filament velocities. Filaments were manually tracked in ImageJ (n = 4 experiments). Quantification of fila-
ment velocity (n = 4 experiments). Data were analyzed by one-way ANOVA with Welch’s ANOVA tests (P = 0.7873), and P values are from Dunnett’s T3 multiple compari-
sons test. (D) Filament length quantification over time for WT, R257C, and R257C + Tpm1.4 (n = 5 experiments). Data were analyzed by two-way RM ANOVA. P values, 
displayed in the table below the graph, are from Tukey’s multiple comparisons test. Data were pooled from three actin and two SMM-S1 independent preparations. 
Graphs display means ± SEM, with ns indicating P values > 0.05.
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(44, 45). Moreover, large actin-positive aggregates form in the 
smooth muscle cells of patients with VM carrying R148 mutations 
(24, 44). These observations are consistent with R148 variants being 
excluded from filaments and accumulating in cells, leading to dis-
ruption of the smooth muscle cell architecture and contractility.

ACTG2 R178C
The R178C mutation is associated with the most severe VM presen-
tation, MMIHS, and overexpression of mutants of residue R178 in 
cell cultures leads to more severe contractility defects than other 
ACTG2 mutants (4, 45, 46). In addition, mutations of the corre-
sponding amino acid in ACTA2 (R179) cause multisystem smooth 
muscle dysfunction syndrome, a condition affecting both visceral 
and vascular smooth muscle (47). While ACTG2 R178C was suc-
cessfully purified, reliable biochemical data could not be obtained 
due to protein degradation during dialysis. This contrasts with WT, 
R40C, R148C, and R257C, which were all proteolytically stable after 
purification (Fig. 1C and fig. S2, C and D). Other than its tendency 
to degrade, R178C also failed to polymerize, precluding further 
analysis and consistent with protein misfolding. A prior analysis of 
ACTA2 R179H also reported severe polymerization defects, albeit 
not protein degradation (39). The degradation of ACTG2 R178C 
observed here may possibly result from the more severe impact on 
protein stability of an arginine mutation to cysteine than histidine. 
R178 makes important contacts between the two major actin do-
mains, which rotate relative to one another during the G-actin to 
F-actin transition (20, 48). By disrupting this important linkage, the 
R178C mutation may allow the domains to move uncoordinatedly 
and expose the hydrophobic core of the actin monomer. R178C 
might also be misfolded in cells, which could compromise smooth 

muscle contractility through activation of the unfolded protein re-
sponse pathway (49).

ACTG2 R40C
Mutations of ACTG2 residue R40 cause pediatric-onset VM, with 
associated defects extending to the bladder (4). While R40C ex-
pressed and purified successfully, this mutation severely impaired 
polymerization both alone or stimulated by Lmod1 (Fig. 1C; Fig. 2, 
B and D; Fig. 3, B and D; and table S2). The inefficient polymeriza-
tion of R40C impeded a reliable estimation of its polymerization 
and depolymerization rates and Cc for filament assembly. Neverthe-
less, short R40C filaments were obtained with the addition of phal-
loidin, enabling analyses of this mutant’s structure and filament 
gliding velocity by myosin, with or without Tpm1.4 (Fig. 4, A and E; 
Fig. 5, A and C; and table S2). R40C is situated within the D-loop in 
actin, which mediates important intersubunit contacts within F-
actin by inserting into the hydrophobic cleft of the long-pitch sub-
unit immediately above (21). As observed in the structure (Fig. 6, A 
and B), the R40C mutation falls near the binding site of phalloidin 
and breaks important intersubunit contacts both within and be-
tween the two long-pitch helices of the filament. These observations 
explain both the disruptive effect of the mutation on polymeriza-
tion and the stabilizing effect of phalloidin on filament forma-
tion by R40C.

In contrast, the R40C mutation falls farther away from the bind-
ing surfaces of myosin and Tpm (fig. S6) (23), whose interactions 
with R40C filaments remained unaffected (Figs.  4E and 5C). For 
most actin variants studied here, the median filament length de-
creased slightly in the presence Tpm1.4 (fig. S4 and table S2). We 
suggest that this effect is due to a greater number of smaller filaments 

A B C

Fig. 6. R40C and R257C impair subunit-subunit contacts in F-actin. (A to C) Cryo-EM maps of R40C (purple), WT (gray), and R257C (blue) with resolutions of 2.54, 2.45, 
and 2.72 Å, respectively. The polymerization of R40C is inefficient, requiring its structure to be determined with bound phalloidin (green). Close-up ribbon diagrams 
highlighting local differences between WT and the mutants and the disruption of inter- and intrasubunit contacts (dashed lines). Different actin subunits in the vicinity of 
the mutations are colored differently. The definition of the short-pitch (orange) and long-pitch (cyan) helices is shown on the WT map. PE and BE indicate pointed and 
barbed ends, respectively.
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appearing within the field of view as a result of filaments binding 
more avidly to myosin heads on the coverslip when decorated with 
Tpm1.4 (50). Despite this general effect, the addition of Tpm1.4 
slightly increased the median length of R40C filaments (fig. S4 and 
table S2). Tpm forms a rope-like polymer on each side of F-actin, 
which appears to add to the stabilizing effect of phalloidin on R40C 
filaments.

Because most VM-causing ACTG2 mutations are heterozygous, 
coexisting with WT in cells (1), we also studied 50/50 mixtures of 
WT and mutants. This analysis revealed that R40C mostly does not 
copolymerize with WT as the WT/R40C mixture polymerized at 
approximately the same rate as half-WT, had a twofold lower Cc, 
and depolymerized at a similar rate as WT (Fig. 2, B, D, F, and H; 
fig. S3, C and E; and table S2). However, WT/R40C hindered nucle-
ation by Lmod1, showing slower polymerization than half-WT 
(Fig. 3, B and D, and table S2). This result suggests that R40C can be 
incorporated as a subunit into the three-actin polymerization nucle-
us formed by Lmod1 (18). However, R40C’s incorporation into the 
Lmod1-formed nucleus inhibits elongation, which is independent 
of Lmod1, thus exerting a dominant negative effect on the polymer-
ization rate of WT in the mixture.

Myosin glided all the F-actin species analyzed here (α-actin, WT, 
R40C, R257C, and their 50/50 mixtures with WT) with similar 
velocities, and approximately fourfold faster when filaments were 
decorated with Tpm1.4 (Figs. 4E and 5C). That myosin and Tpm1.4 
do not discriminate between these filaments is not unexpected; α-
actin and ACTG2 share 98.4% sequence identity, and the mutations 
R40C and R257C do not affect the binding surfaces of Tpm nor 
myosin (fig.  S6) (23). Collectively, our observations suggest that 
R40C is likely to cause disease through its markedly compromised 
polymerization. Our findings are consistent with a previous cellular 
study that showed reduced incorporation of ACTG2 R40C into fila-
ments (45), potentially indicating that this mutant exists mostly as 
G-actin and may sequester ABPs, like Lmod1, that are necessary for 
muscle function.

ACTG2 R257C
R257C, the most frequently observed VM mutation, is associated 
with severe pediatric-onset disease that commonly affects the bowel 
and bladder function (4). Unexpectedly, R257C polymerized and 
depolymerized faster and exhibited a lower Cc than WT ACTG2 
(Fig. 2, C, D, F, and H; fig. S3, D and F; and table S2). Lmod1 en-
hanced R257C polymerization, albeit to a lesser extent compared to 
WT (Fig. 3, C and D, and table S2), which might be attributed to 
compromised Lmod1 binding or masking of the stimulatory effect 
of Lmod1 due to the mutant’s intrinsically faster polymerization 
rate. WT and R257C appear to copolymerize since their 50/50 mix-
ture displays values of polymerization, Cc, and Lmod1-driven po-
lymerization intermediate between those of the mutant and WT 
(Fig. 2, C, D, and H; Fig. 3, C and D; fig. S3F; and table S2).

While the initial median length and gliding velocity of R257C 
and WT filaments were similar (Fig. 4, B and E), myosin fragmented 
R257C and WT/R257C filaments over time, suggesting a destabiliz-
ing effect of the mutation on actin filament structure (Fig. 4D). This 
observation is consistent with the cryo-EM structure, which re-
vealed that the R257C mutation removes intra- and intersubunit 
contacts at the interface between the two long-pitch helices and 
away from the myosin- and Tpm-binding surfaces (Fig. 6, B and C, 
and fig. S6). As with R40C, Tpm1.4 had a stabilizing effect on R257C 

filaments, inhibiting fragmentation (Fig. 5D). The susceptibility of 
R257C filaments to fragmentation likely explains the faster polym-
erization and depolymerization rates observed with this mutant. 
Fragmentation generates new barbed and pointed ends that gain 
and lose subunits in polymerization and depolymerization reac-
tions, respectively. This effect is somewhat analogous to the increase 
or decrease in polymerization resulting from filament severing by 
cofilin as a function of the monomer concentration (51, 52). At high 
monomer concentrations, barbed ends generated by cofilin elon-
gate, whereas below the Cc, the ends depolymerize. We note that the 
forces exerted on filaments in gliding assays are substantially lower 
than those produced by cell and tissue contraction. Therefore, in 
cells and tissues, filament fragmentation with mutant R257C may 
occur even in the presence of Tpm, adding to this mutant’s dysfunc-
tion in VM. Overall, our results suggest lower stability of R257C 
filaments, potentially explaining the increased G- to F-actin ratio 
observed in cells expressing this mutant (53, 54).

Comparisons with the corresponding mutation in ACTA2 (R258C) 
that causes familial thoracic aortic aneurysms and dissection reveal 
discrepancies. Unlike our findings, ACTA2 R258C polymerized 
more slowly and had a higher Cc than WT ACTA2 by total internal 
reflection fluorescence microscopy (55). Moreover, filament frag-
mentation was not observed in gliding assays, and Tpm appeared 
to hinder myosin binding to ACTA2 R258C filaments, contrasting 
with our observed roughly fourfold increase in gliding velocity with 
Tpm1.4-decorated ACTG2 R257C filaments. Because the two smooth 
muscle actin isoforms differ only by four amino acids, these differ-
ences may stem from variations in the expression and purification 
methods used in the two studies (14).

In summary, the most common ACTG2 mutations linked to VM 
disrupt smooth muscle function via different biochemical mecha-
nisms: R40C disrupts actin polymerization, R148C perturbs interac-
tions with ABPs, R178C affects protein folding leading to aggregation 
and degradation, and R257C destabilizes filaments such that they 
become prone to fragmentation under tension. This knowledge can 
inform the behavior of related ACTG2 mutations and aid the devel-
opment of mechanism-based therapies for VM.

MATERIALS AND METHODS
Proteins
Mutants (R40C, R148C, R178C, and R257C) of human ACTG2 
(UniProt P63267) were created using the QuikChange II XL muta-
genesis kit (Agilent Technologies) with primers listed in table  S4. 
WT and mutant ACTG2 variants were expressed and purified as we 
recently described (14), using a His-FLAG-TEV-ACTG2 construct 
and FLAG-dependent and Ca2+-dependent gelsolin G4G6 affinity 
columns. Briefly, proteins were expressed in Expi293F cells (Thermo 
Fisher Scientific) at 37°C with 8% CO2 for 48 hours, and cells were 
harvested and stored at −80°C. Cell pellets were thawed and lysed in 
a Dounce homogenizer with 25 mM sucrose-containing lysis buffer 
[10 mM Tris-HCl (pH 8), 10 mM CaCl2, 2 mM MgCl2, 0.1% octyl-
β-glucoside, and 0.5 mM ATP] and protease inhibitors. The lysate, 
after centrifugation, was incubated overnight at 4°C with recombi-
nant His-G4G6, loaded onto an anti-FLAG column (GenScript Biotech) 
and eluted with low pH buffer (100 mM glycine, pH 3.5) directly 
into a neutralizing buffer [100 mM Tris-HCl (pH 8), 10 mM CaCl2, 
1 mM MgCl2, and 0.5 mM ATP]. Elution fractions were incu-
bated with His-TEV protease to remove the N-terminal affinity tag 
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from ACTG2 and His-Naa80∆ (residues 78 to 308, with acetyl co-
enzyme A) to acetylate the N terminus (16) during overnight dialy-
sis in G-buffer [5 mM Tris-HCl (pH 8), 0.2 mM CaCl2, 0.2 mM ATP, 
and 0.1 mM NaN3] at 4°C. His-MBP-G4G6 was added before load-
ing onto a Ni-NTA column (Thermo Fisher Scientific). After exten-
sive washing, ACTG2 was eluted in 10 mM Tris-HCl (pH 8), 1 mM 
MgCl2, and 0.5 mM ATP with the addition of 3 mM EGTA that 
dissociates ACTG2 from G4G6 while His-MBP-G4G6, His-TEV, 
His-Naa80∆, and any uncut His-FLAG-TEV-ACTG2 remain on the 
column. All the ACTG2 variants were produced in parallel, dialyzed 
into G-buffer overnight at 4°C, and polymerized (except R40C) and 
depolymerized before analysis. Proteins underwent centrifugation 
at 200,000g for 30 min, and their concentrations were determined 
spectrophotometrically using ε (λ = 290 nm) = 266,000 M−1 cm−1. 
Protein yields ranged from 0.2 to 0.5 mg per liter of culture, which is 
lower than what we previously obtained for skeletal α-actin and cy-
toplasmic β-actin (14).

α-Actin was purified from rabbit skeletal muscle (Pel-Freez Bio-
logicals) (56). For polymerization/depolymerization assays, α-actin 
was labeled with N-(1-pyrene)iodoacetamide (Toronto Research 
Chemicals), referred to here as pyrene-labeled α-actin.

Recombinant baculovirus carrying a C-terminally FLAG-tagged 
and Myc-tagged SMM-S1 construct (provided by L. Sweeney) was 
coexpressed with a virus encoding the essential light chain (MYL6) 
in Sf9 cells (57). The cell pellet was washed, rapidly frozen, and 
stored at −80°C. For purification, the pellet was lysed with a Dounce 
homogenizer in 10 mM Tris-HCl (pH 7.5), 200 mM NaCl, 4 mM 
MgCl2, 1 mM EGTA, 0.5% IGEPAL,1 mM β-mercaptoethanol 
(βΜΕ), 1 mM dithiothreitol (DTT), and protease inhibitors. Lysed 
cells were clarified by centrifugation at 162,000g for 1 hour. The su-
pernatant was loaded onto a 2-ml anti-FLAG column and washed 
with 10 mM Tris-HCl (pH 7.5), 200 mM NaCl, 4 mM MgCl2, 1 mM 
EGTA, 1 mM βΜΕ, 1 mM DTT, and protease inhibitors. SMM-S1 
was eluted after 90-min incubation with 10 mM Tris-HCl (pH 7.5), 
200 mM NaCl, 1 mM EGTA, 1 mM DTT, FLAG peptide (0.2 mg/
ml), and protease inhibitors. The protein was further purified on a 
Mono Q column with a 50 to 1000 mM KCl gradient in 10 mM Tris-
HCl (pH 7.5), 1 mM EGTA, and 1 mM DTT (SMM-S1 elutes at 
~600 mM KCl). Purified SMM-S1 was dialyzed overnight at 4°C in 
60 mM Mops (pH 7.0), 100 mM KCl, 1 mM EGTA, 1 mM MgCl2, 1 mM 
DTT, and 50% glycerol, aliquoted, and stored at −20°C. The protein 
concentration was determined using the Bradford colorimetric as-
say (Bio-Rad) and bovine serum albumin (BSA) standards (Thermo 
Fisher Scientific). Before use, SMM-S1 was mixed with phalloidin-
stabilized actin filaments in the presence of 2 mM MgCl2 and 2 mM 
ATP, followed by centrifugation at 200,000g for 1 hour to remove 
inactive myosin heads.

The human Lmod1 protein used in this study was previously ob-
tained and stored at −80°C (18). Upon thawing, the activity of the 
sample was verified through polymerization assays with pyrene-
labeled α-actin.

Human Tpm1.4 was cloned and purified as we have described 
previously (34). Briefly, Tpm1.4-Intein-CBD was expressed in Ex-
pi293F cells at 37°C with 8% CO2 for 48 hours. Cells were lysed with 
a Dounce homogenizer, and the protein was purified using a chitin 
affinity column (New England Biolabs). Intein cleavage was induced 
overnight with 40 mM DTT at room temperature. Tpm1.4 was fur-
ther purified through a Mono Q column, concentrated, and stored 
at −80°C.

Antibodies
The commercial antibodies used in this study are listed in table S5 
and were used following the instructions of the manufacturer.

Pyrene-actin polymerization
Actin polymerization was measured as the time course of the fluo-
rescence increase resulting from pyrene-actin incorporation into 
filaments in experiments conducted at 25°C. Polymerization of ac-
tin alone was performed using a Cytation 5 imaging plate reader 
(BioTek), while polymerization in the presence of 20 nM Lmod1 
was conducted on a Cary Eclipse fluorescence spectrophotometer 
(Varian Medical Systems). Before data acquisition, 4 μl of G-buffer 
or 4 μl of Lmod1 was added to 196 μl of 2 μM Mg-ATP-actin vari-
ants (including 6% pyrene-labeled α-actin) in F-buffer [10 mM Tris-
HCl (pH 8), 1 mM MgCl2, 50 mM KCl, 1 mM EGTA, 0.2 mM ATP, 
0.5 mM DTT, and 0.1 mM NaN3]. Polymerization curves were nor-
malized by dividing each point by the total fluorescence increase. 
Polymerization rates are reported as the maximum slopes of the po-
lymerization curves, divided by the total change in fluorescence at 
the polymerization plateau, and multiplied by 2 μM minus the mea-
sured Cc for each actin variant. For R40C, the polymerization rate 
was estimated based on WT ACTG2 parameters.

Pyrene-actin depolymerization
Actin depolymerization reactions were conducted as described pre-
viously (58). Briefly, 4 μM actin variants (including 10% pyrene-
labeled α-actin) were polymerized in F-buffer for 4 hours at 
25°C. Before data acquisition, polymerized actin was diluted below 
the Cc (0.1 μM in 200 μl) in G-buffer with 0.2 mM MgCl2 (instead 
of 0.2 mM CaCl2) to induce depolymerization. Depolymerization 
curves were recorded with a Cytation 5 imaging plate reader, and 
the data were fitted by two-phase exponential decay in GraphPad 
Prism (version 10.0.3) in which the fast rate constant corresponds to 
the depolymerization rate for each experiment. Each actin variant 
was analyzed concurrently with α-actin (control), and depolymer-
ization rates were normalized to the rate of α-actin. Non-normalized 
depolymerization rates are also reported in table S2.

Cc measurements
Pyrene fluorescence at equilibrium was measured following over-
night incubation of different concentrations of actin variants (includ-
ing 5% pyrene-labeled α-actin) in F-buffer. For each concentration, 
control reactions were recorded with 5% pyrene-labeled α-actin 
alone (i.e., added to F-buffer). The change in fluorescence was deter-
mined by subtracting the pyrene-labeled α-actin control from the 
corresponding equilibrium fluorescence measurements of each actin 
variant and plotted against the actin concentration. The Cc (x inter-
cept) was calculated from the linear trend line using Microsoft Excel. 
For each actin variant, the Cc is reported as the mean from three in-
dependent experiments.

Gliding assays
Actin (4 μM ACTG2 variants or 2 μM α-actin) was polymerized for 
2 hours at room temperature in 60 mM Mops (pH 7.0), 25 mM KCl, 
1 mM MgCl2, 1 mM EGTA, and 1 mM DTT, and filaments were 
stabilized with rhodamine-phalloidin (Invitrogen). In experiments 
involving Tpm1.4, actin was copolymerized with 1 μM Tpm1.4 (0.5 μM 
Tpm1.4 for α-actin), and an additional 2 μM Tpm1.4 was added to 
the final assay solution flowed into the chamber. Gliding assays 
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were performed on 0.5% nitrocellulose-coated coverslips (collodion 
2% in amyl acetate, Electron Microscopy Sciences). Reagents were 
added to the chamber in the following order: c-Myc antibody (0.1 mg/
ml; Developmental Studies Hybridoma Bank), BSA (2 mg/ml; 
Sigma-Aldrich), 25 μl of 3.5 to 5 μM Myc-tagged SMM-S1 incubat-
ed for 5 min (x3), and 75-μl wash with BSA (2 mg/ml). The final 
assay solution contained 10 nM rhodamine-phalloidin–stabilized 
actin filaments (20 nM for the WT/R40C mixture), 0.1% methylcel-
lulose, 2 mM MgCl2, 2 mM ATP, glucose (5 mg/ml), glucose oxidase 
(92 U/ml; Sigma-Aldrich), bovine liver catalase (48 mg/ml; Roche), 
and BSA to prevent nonspecific binding. Motility chambers were 
sealed with vacuum grease. Fluorescent actin filaments were visual-
ized using a Leica DMIRB microscope with a 100-fold magnifica-
tion Leica oil-immersion objective (aperture 1.4). An initial image 
was taken within seconds of chamber sealing, and video acquisition 
started after 2-min incubation on the objective heater to equilibrate 
the temperature at 30°C. Actin filament lengths were manually mea-
sured in ImageJ (https://imagej.net/ij/), using 20 to 80 filaments per 
image, depending on the filament density. For velocity measure-
ments, the leading end of 8 to 12 filaments per video were tracked 
using the Manual Tracking plugin of ImageJ, and the average veloci-
ties were calculated from the displacement over time using Microsoft 
Excel. Filament length over time was assessed by manually mea-
suring 25 to 60 filaments at each time point from each video (movies 
S1 and S2). Data for each condition were pooled from at least three 
actin and two SMM-S1 preparations.

Cryo-EM analysis
Actin (4 μM) was polymerized in F-buffer for 2 hours at room 
temperature. For R40C, 5 μM phalloidin (Cayman Chemical) was 
added during polymerization. Samples (3 μl) were applied to glow-
discharged (90 s; easiGlow, PELCO) R1.2/1.3 200-mesh Quantifoil 
holey carbon grids (Electron Microscopy Sciences). Grids were 
blotted for 2.5 s with force 0 using Whatman 41 filter paper and 
flash-frozen in liquid ethane using a Vitrobot Mark IV (Thermo 
Fisher Scientific).

Cryo-EM datasets were collected using the EPU software (Ther-
mo Fisher Scientific) on a 300-keV FEI Titan Krios transmission 
electron microscope equipped with a Gatan K3 direct electron de-
tector and an energy filter (BioQuantum). The number of micro-
graphs collected were 512, 4461, and 1021 for WT, R40C and R257C, 
respectively. Micrographs were collected at a defocus range of −0.5 
to 2.5 μm, with a nominal magnification of ×81,000 and a pixel size 
of 0.54 Å.

Movies were imported into CryoSPARC v4.0 (59) and binned by 
two during patch motion correction. After patch contrast transfer 
function (CTF) estimation, actin filaments were manually picked to 
generate templates. Templates were used to pick filament segments 
using the filament tracer function of CryoSPARC with a diameter of 
90 Å and a 0.3 x diameter increment between segments. Segments 
(479624, WT; 3423214, R40C; and 493435, R257C) were extracted 
using a box size of 256 pixels. The best particles (or segments) were 
selected after two-dimensional (2D) classification (475334, WT; 
3400116, R40C; and 380452, R257C) and used in helical refinement 
and initial map generation.

Initial helical parameters were set to −166° twist and 27.5-Å rise, 
remaining mostly unchanged during helical refinement. Final par-
ticle stacks underwent global and local CTF refinement, followed 
by additional helical refinement to yield final cryo-EM maps at 

resolutions of 2.45, 2.54, and 2.72 Å for WT, R40C, and R257C, re-
spectively. The orientation distribution and efficiency of the particle 
stacks were determined using cryoEF (60). The 3D Fourier shell 
correlation and sphericity of each map were calculated using the 
3DFSC server (61). Local resolution estimation was done in 
CryoSPARC. Coot (62) and Phenix (63) were used for model build-
ing and refinement, starting from a high-resolution structure of the 
filament (PDB code: 8F8P) (20). Figures were prepared in Chime-
raX (64). The cryo-EM workflow and structure quality validation 
are shown in fig. S5.

Statistical analyses
All statistical analyses were carried out using GraphPad Prism ver-
sion 10.0.3. Shapiro-Wilk tests were used to validate the normal dis-
tribution of datasets. For datasets with n > 3, Bartlett’s test was used 
to assess if the SDs differed significantly, guiding the choice between 
parametric or nonparametric tests. One-way ANOVA tests were 
used for most experiments with preselected multiple comparisons, 
and specific test names and results are provided in the figure leg-
ends. Two-way ANOVA tests were used for measurements of fila-
ment length over time, and the corresponding P values are given in 
the figures. A comprehensive list of statistical tests and P values is 
included in table S6.
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