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Leiomodin (Lmod) is a class of potent tandem-G-actin–binding nu-
cleators in muscle cells. Lmod mutations, deletion, or instability are
linked to lethal nemaline myopathy. However, the lack of high-
resolution structures of Lmod nucleators in action severely ham-
pered our understanding of their essential cellular functions. Here
we report the crystal structure of the actin–Lmod2162–495 nucleus.
The structure contains two actin subunits connected by one
Lmod2162–495 molecule in a non–filament-like conformation. Com-
plementary functional studies suggest that the binding of Lmod2
stimulates ATP hydrolysis and accelerates actin nucleation and
polymerization. The high level of conservation among Lmod pro-
teins in sequence and functions suggests that themechanistic insights
of human Lmod2 uncovered here may aid in a molecular under-
standing of other Lmod proteins. Furthermore, our structural and
mechanistic studies unraveled a previously unrecognized level of
regulation in mammalian signal transduction mediated by certain
tandem-G-actin–binding nucleators.

actin nucleation | nemaline myopathy | pointed-end elongation

In response to environmental or cellular signals, eukaryotic cells
use actin nucleators to convert globular actin monomers (G-actin)

into actin oligomers (actin nuclei), which then quickly lead to actin
filaments (F-actin). Actin-related protein 2/3 (Arp2/3), for-
mins, and tandem-G-actin–binding proteins are the three
classes of known actin nucleators in nonmuscle cells (1–7).
Arp2/3-mediated actin nucleation produces branched actin
networks, whereas formins and tandem-G-actin–binding nu-
cleators result in long, unbranched actin filaments (1–7). In
muscle cells, the specific mechanisms for actin nucleation and
maintenance in sarcomeres were poorly understood (8). Recent
studies have uncovered actin nucleation activities of the nebulin–
N-WASP complex (9) and of formin proteins FHOD3 (10–12),
mDia2, DAAM, FMNL1, and FMNL2 (13, 14) in sarcomeres. In
particular, leiomodin (Lmod) has been identified as a class of potent
tandem-G-actin–binding nucleators in muscle cells (15, 16);
Lmod1 is found in smooth muscle of many human tissues, and
Lmod2 and Lmod3 are found in cardiac and skeletal muscle (17).
Lmod2 knockdown severely compromises sarcomere organization
and assembly in muscle cells (15), whereas mutations, deletions
(18), or instability (19) in Lmod3 underlies severe, often lethal,
human nemaline myopathy.
Full-length human Lmod2 is predicted to have 547 residues

with two regions of low sequence complexity, an acidic region
between residues 97–138 and a polyproline (polyP) region be-
tween residues 421–448 (Fig. S1A). Probably because low-com-
plexity regions tend to be intrinsically disordered, previous
studies of human Lmod2 used a protein construct that deleted
residues 99–130 in the acidic region and residues 421–440 in the
polyP region, resulting in Lmod21–495 (15, 16). Another study on
chicken Lmod2 removed 12 residues in the polyP region (20). In all
cases, Lmod2 remained fully functional (15, 16, 20). Therefore, in the
present study we focused on the human Lmod21–495 construct as
previously used (Fig. S1A) (15, 16).
Human Lmod21–495 has three actin-binding sites (15). The first

∼340 residues are about 45% identical to the pointed-end

capping protein tropomodulin 1 (Tmod1) (21) and contain a
tropomyosin-binding helix (TM-h) and two actin-binding sites
[an actin-binding helix (A-h) and a leucine-rich repeat (LRR) do-
main] (Fig. 1A and Figs. S1 and S2A). The C-terminal ∼150-residue
extension of Lmod2 includes two predicted short helices (h1 and h2),
a basic segment (B) harboring the nuclear localization sequence (16),
and a Wiskott–Aldrich syndrome protein-homology 2 (W) domain
(Fig. 1A and Figs. S1 and S2A). Thus, Lmod2 has the capacity to
bind three actin subunits and one tropomyosin (15). Unexpectedly,
tropomyosin promoted Lmod2-mediated actin nucleation
only weakly (15). In sharp contrast, tropomyosin substantially
enhanced the binding of Lmod2 to the pointed end of preformed
actin filament for controlled elongation in cardiac muscle (16,
20). In the absence of high-resolution structures of the actin–
Lmod complex, however, rationalization of these seemingly
contradictory findings is difficult.
Historically study of the crystallographic structure of the com-

plexes of actin nucleators with oligomeric actin or of F-actin–
binding proteins with F-actin was difficult because actin di-
mers and trimers are kinetically unstable, and actin tetramers
rapidly polymerize into F-actin that is refractory to crystallization
(22). Indeed, although Arp2/3 has been subjected to intensive
structural studies (23–25), the crystal structure of the actin–Arp2/3
complex has eluded investigation so far. Before our study (26), the
only available crystal structure of this kind was the yeast formin
Bni1p FH2 domain that binds to two crystallographically related
tetramethylrhodamine-modified actin (TMR–actin) subunits in a
pseudo short-pitch fashion (27). However, the large size of TMR
likely interferes with its interaction with actin and with actin
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function, thus limiting the use of TMR–actin in investigations of
crystal structure.
To enable crystallographic studies of biological actin complexes,

our group recently has developed a double-mutant strategy in which
actin-binding proteins and two types of nonpolymerizable actin mu-
tants are combined to form stable complexes amenable to crystalli-
zation (26). This strategy made possible the rapid determination of
the first two crystal structures of oligomeric actin with tandem-G-
actin–binding nucleator complexes: a mammalian nucleator Cordon-
bleu (Cobl) (26) and a bacterial effector Vibrio parahaemolyticus
protein L (VopL) (28). Importantly, the observed non–filament-like
conformation in actin–Cobl and the filament-like conformation in
actin–VopL together suggest that both types of conformation are
fully accessible to an actin complex obtained via the double-mutant
strategy; thus the observed structure most likely reflects its native
functional state.
Here we report the crystal structure of the actin–Lmod2 nu-

cleus and complementary functional studies. Our data not only
unraveled the atomic mechanisms of Lmod’s essential functions
in muscle cells but also suggested a previously unrecognized level
of regulation in mammalian signal transduction mediated by
certain tandem-G-actin–binding nucleators.

Results
Overall Structure of the Actin–Lmod2 Complex. In our attempt to
obtain crystals of the actin–Lmod2 complex, we found that the
multiple lysine residues in the B segment led to severe protein
degradation. Therefore we replaced the region 406KKKKGKKVKK415

with the sequence 406GSGSGGSVGS415, resulting in the
Lmod21–495(B-GS) construct (Fig. 1A). This construct remained
highly active in actin nucleation (Fig. 1B), as did Lmod2162–495 and
Lmod2162–495(B-GS), the minimal nucleating fragments that com-
prise the second and third actin-binding sites (Fig. 1 A and B). In
agreement with the earlier report that Lmod2162–495 interacts with
two actin subunits (15), the mixture of nonpolymerizable actin
mutants and Lmod2162–495(B-GS) at 2:1 molar ratio was eluted
from a Superdex S200 size-exclusion column as a single peak (Fig.
S3A), suggesting a well-defined 2:1 actin–Lmod2162–495(B-GS)
complex in solution. In contrast, the mixture of actin and
Lmod2162–495(B-GS) at higher molar ratios (3:1 or 4:1)

generated two elution peaks, one corresponding to the 2:1 actin–
Lmod2162–495(B-GS) complex and the other comprising excessive
actin monomers (Fig. S3 B and C). Using the 2:1 actin–
Lmod2162–495(B-GS) complex peak eluted from size-exclusion
chromatography in the presence of AMPPNP, a nonhydrolysable
ATP analog, we have determined the crystal structure of the actin–
Lmod2162–495(B-GS) complex to a 2.98-Å resolution (Table S1).
Consistent with the 2:1 stoichiometry of actin:Lmod2162–495(B-GS)

that was used for crystallization, the structure contains one
Lmod2162–495(B-GS) molecule that interacts with two actin sub-
units: actin(LRR), which associates with Lmod2 in the region of
LRR–polyp-h1, and actin(W), which binds to Lmod2 in the region
of h2-W (Fig. 1C and Fig. S2B). Additionally, an extra LRR domain
in the structure (likely resulting from partial degradation of
Lmod2162–495(B-GS) during crystallization as confirmed by SDS/
PAGE) binds to the actin(W) subunit (Fig. S2B).
Recently, the crystal structures of actin with human Tmod1

A-h and Tmod1 LRR were determined separately (29). Structural
modeling suggested that the Tmod1 A-h and LRR respectively
bind to the first (subunit n+1) and second (subunit n) actin
protomer at the pointed end of the filament (Fig. S2C) (29).
Given that (i) the first ∼340 residues of Lmod21–495 share a high
(∼45%) sequence identity with human Tmod1; (ii) in the ab-
sence of the W domain, Lmod2 behaved just as did Tmod1 (16,
20); and (iii) similar to Tmod1, Lmod2 is capable of binding to
the pointed end of a preformed actin filament (20), we expect
that Lmod21–340 binds to subunits n+1 and n in a conformation
similar to that of human Tmod1. Indeed, the actin(LRR)–LRR
complex in the modeled actin–Tmod1 structure (Fig. S2C) (29) was
readily superimposable to that in our actin–Lmod2162–495(B-GS)
structure (Fig. 1C), with rmsds of 1.2 Å and 0.9 Å for actin(LRR) and
LRR, respectively (Fig. S2D). Because the Lmod2 construct in our
study lacks the N-terminal 161 residues (including the A-h helix), this
superposition allowed us to borrow the actin(A-h)–A-h complex
structure from the modeled actin–Tmod1 structure (Fig. S2C),
which combined with our actin–Lmod2162–495(B-GS) structure
(Fig. 1C), provides a plausible structural model of Lmod21–495
bound with three actin subunits (Fig. 1D).

The Actin–Lmod2 Interfaces. The A-h region from Tmod1 contains
residues 58–99 in which residues 58–84 are highly similar to the
corresponding region (residues 60–86) of Lmod2 (Fig. S1B). We
therefore modeled the actin(A-h)–A-h complex structure for
Lmod2 by keeping only residues 58–84 (Tmod1 numbering) and
in silico replacing Tmod1 residues with the corresponding Lmod2
residues if they differed. The modeled actin(A-h)–A-h complex
structure readily accommodated the introduced Lmod2 residues,
including bulky substitutions such as H72Y and L73W (Lmod2
numbering) (Fig. 2A).
In the actin–Lmod2162–495(B-GS) crystal structure, actin(LRR)

interacts with Lmod2 in the region of LRR, polyP, and h1 (Fig.
2B and Fig. S4 A and B). The Lmod2 LRR domain interacts with
actin at subdomains 1 and 2. An LRR motif contains a module of
the β-strand–loop–α-helix in which the loop within the motif is
the “ascending” loop and the loop connecting two neighboring
LRR motifs is the “descending” loop (30). The ascending loops
mediate most of the interactions with actin (Fig. 2B). Interestingly,
the reverse sequence of the h1 helix and its neighboring re-
gions (residues 399–415) (h1 reverse) is quite similar to the helix
and LKRV motif (comprised of residues L485, K486, R487,
and V488) of the W domain (Fig. 2B). It binds to the cleft
between subdomains 1 and 3 in an opposite direction from the
W domain. This binding mode also is seen for other actin-
binding proteins including the α-helix at residues 121–139 of
gelsolin (29). Located between the LRR domain and the h1
helix is the shortened polyP region in which a stretch of proline
residues extends along the surface of the actin(LRR) domain
(Fig. 2B and Fig. S4A).
Lmod2 binds to actin(W) through the h2–W region in the

actin–Lmod2162–495(B-GS) structure (Fig. 2C and Fig. S4 C and
D). The W domain interacts with actin via the hydrophobic

Fig. 1. Structure of actin–Lmod2. (A) Domain organization of hu-
man Lmod21– 495 and constructs used in this study. (B) Pyrene-based ac-
tivity assay of Lmod21–495 and its various constructs. a.u., arbitrary units.
(C) The crystal structure of actin–Lmod2162–495(B-GS). All residues are visu-
alized except an internal flexible region (residues 339–388) between LRR and
polyP, the extreme four N-terminal residues (162–165), and five C-terminal
residues (491–495). AMPPNP is shown as ball-and-stick models, and the Mg2+

ions are shown as purple spheres. (D) The modeled structure of actin–
Lmod21–495 in which the actin(A-h)–A-h complex structure was borrowed
from the Tmod1 structure (PDB ID code: 4PKG) and combined with our
crystal structure of actin–Lmod2162–495(B-GS). See also Movies S1–S3.
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residues L473, M474, and I477 on the α-helix (residues 468–479)
and via the residues L485, K486, R487, and V488 that form the
LKRV motif (Fig. 2C and Fig. S4D). In addition, the small α-helix,
h2, at residues 436–441, associates with actin through mostly ionic
interactions (Fig. 2C and Fig. S4C).
Each of the three actin-binding sites has a similar dissociation

constant with actin monomers (at a Kd of 3–4 μM), corresponding to
a binding energy (ΔG) of −7.30 to −7.51 kcal/mol (Fig. 2D and Fig.
S5). In contrast, the Kd of the full-length Lmod21–495(B-GS) is about
10 times lower, with a ΔG of −9.05 kcal/mol, which is significantly
smaller than the sum of binding energies by all three actin-binding
sites (at ΔG of −22.30 kcal/mol). One possible reason for this differ-
ence is the entropic cost of ordering Lmod2 andmultiple actin subunits

into a compact complex; another is that not all three actin-binding sites
may contribute equally to the formation of the actin–Lmod2 complex.
The key residues of Lmod2 that are involved in interacting with

actin subunits (Fig. 2) are highly conserved overall among human and
mouse Lmod isoforms (Fig. S1B). They were subjected to site-
directed mutagenesis followed by pyrene-based activity assays (Fig. 3).
The mutations on the h2 helix had the smallest impacts on actin
polymerization activity (Fig. 3D), agreeing with the weak interactions
of this region with actin(W) (Fig. 2C). The mutations on the A-h and
h1 regions resulted in small decreases in actin polymerization activity
(Fig. 3 A and C), consistent with the dispensable nature of A-h in
Lmod2-mediated actin nucleation (15). The largest reductions in
actin polymerization activity were observed for mutations on the
LRR domain (Fig. 3B) and the W domain (Fig. 3D). For instance,
the triple mutation H272G/H302G/R324A located at the second half
of the LRR domain (Fig. S1B) almost completely diminished Lmod2
activity (Fig. 3B). Also tested was G252R, a single mutation on the
LRR domain that, when present in Lmod3, caused lethal nemaline
myopathy in multiple patients (18). G252 is completely buried at the
N terminus of helix 250–262 within the LRR domain (Fig. 2B and
Fig. S6). The small-to-large mutation G252R introduced a charged
residue and may substantially destabilize the local structure of this
region. The drastic decrease in actin polymerization activity by this
single mutation (Fig. 3B) helped explain its observed lethality in
patients. Similarly, deletion of the 32 C-terminal residues belonging
to the W domain (ΔT464–R495) caused significant loss in actin
nucleation activity (Fig. 3D), as is consistent with its important roles
in Lmod2-mediated nucleation (15). Within the W domain, muta-
tions in the helix region (L473A/M474A/I477A) and in the LKRV
motif (L485A/K486E/R487E/V488A) resulted in substantial re-
duction in pyrene-based activities (Fig. 3D).

A previously unidentified Actin–Actin Interface. In the actin–
Lmod2162–495(B-GS) crystal structure (Fig. 1C), actin(LRR) con-
tributes three loop regions, residues 110–113, 173–177, and 287–290,
to interact with actin(W) in the regions of a short α-helix (residues
222–233), N252 on helix 252–262, and the C terminus of helix
184–196. Both hydrophobic interactions [involving residues L110
and L176 on actin(LRR) and residues M227, A228, and A231 on
actin(W)] and hydrophilic interactions (i.e., five intermolecular
hydrogen bonds) were observed at the interface (Fig. 2E and Fig.
S4E). This interface between actin(LRR) and actin(W) led to the
burial of accessible surface areas of 497 Å2 for actin(LRR) and
560 Å2 for actin(W).
Using the model of F-actin from X-ray fiber diffraction [Protein

Data Bank (PDB) ID code: 2ZWH] (31), we estimated that each
actin subunit buries ∼1,010 Å2 or ∼455 Å2 when an actin subunit is
added to form a longitudinal or short-pitch dimer, respectively.
However, neither of these actin dimers is sufficiently stable in so-
lution. Therefore, although the interactions between actin(LRR)

Fig. 2. Actin–Lmod2 and actin–actin interfaces. (A) Detailed interactions of
actin(A-h) with the Lmod2 A-h region (residues 60–86) in the modeled actin(A-h)–
Lmod2 A-h structure. (B) Detailed interactions between actin(LRR) and
Lmod2 LRR-polyP-h1 observed in the crystal structure of actin–Lmod2162–495(B-GS).
Also shown is the alignment of h1 in reverse order (h1 reverse) and theWdomain.
The helix in each region is highlighted in a red box. Asterisks indicate identical
residues and colons indicate similar residues. Residues mediating important
actin–Lmod2 interactions are highlighted in yellow background. (C) Detailed
interactions between actin(W) and Lmod2 h2-W observed in the crystal
structure of actin–Lmod2162–495(B-GS). The four subdomains of actin are labeled
1–4. (D) The dissociation constants and binding energies of Lmod21–495(B-GS) and
its individual actin-binding sites with actin. (E) Detailed interactions between
actin(LRR) (shown in green ribbons and as a gray surface) and actin(W) (in cyan)
observed in the crystal structure of actin–Lmod2162–495(B-GS). Inter-actin hydrogen
bonds are shown as dashed orange lines.

Fig. 3. Pyrene-based activity of 25 nM Lmod2 and various mutants. Shown
are mutations in the A-h region (A), LRR domain (B), h1 (C), and W/h2 (D).
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and actin(W) in the actin–Lmod2162–495(B-GS) structure are spe-
cific, Lmod2 must have served to hold the actin(LRR)–actin(W)
dimer together to allow the complex to elute as a well-defined single
peak in size-exclusion chromatography (Fig. S3).

Actin(LRR) and Actin(W) Are Poised for ATP Hydrolysis. Similar to
the modeled actin–Tmod1 structure (Fig. S2C) (29), actin(A-h)
and actin(LRR) of the modeled actin–Lmod21–495 structure are
expected to locate at subunit n+1 and n, respectively, at the
pointed end of actin filament. However, this location leads to a
partial overlap of actin(W) with actin subunit n−1 (Fig. 4 A
and B), suggesting a non–filament-like conformation of the

experimental actin–Lmod2162–495(B-GS) structure and the
modeled actin–Lmod21–495 nucleus.
The Lmod2162–495(B-GS) construct used here is shorter than

the predicted full-length human Lmod21–547 by 20 residues
within the polyP region (Fig. S1A), and it is reasonable to ask
whether this 20-residue deletion might be the cause of the non–
filament-like conformation of the actin–Lmod2 structure. The
non–filament-like conformation of the actin–Lmod2 nucleus arises
from the relative organization of actin(LRR) and actin(W) that
differs from F-actin (Fig. 4A). The 20-residue deletion is in the
disordered region (indicated by a dashed line in Fig. 4A) immedi-
ately proceeding the structured polyP region, and the entire polyP
region is located between the LRR domain and the h1 helix, both of
which bind to the same actin(LRR) subunit. Thus, the disordered
polyP region is locked on an opposite face of F-actin away from the
actin(W) subunit and is highly unlikely to influence the relative
location of actin(W) in the actin–Lmod2 nucleus.
The next question is how the non–filament-like conformation of

actin–Lmod2 nucleus complexes serves as the seed for productive
actin polymerization. The actin–Cobl nucleus also has a non–fila-
ment-like conformation in which ATP hydrolysis is required to
discharge the bound W domain, thus releasing the steric clash and
allowing rapid growth at the barbed end (26). We first measured the
distances between Q137 and the γ-phosphate group (γ-P) of
AMPPNP (ATP) in different structures since previous studies
suggested that shorter distances correspond to more effective ATP
hydrolysis (31–34). Compared with the 14 ATP–actin structures
bound with individual actin-binding domains (Q137–γ-P distances
averaged at 5.2 ± 0.3 Å), actin(LRR) and actin(W) in the actin–
Lmod2162–495(B-GS) structure have significantly shorter Q137–γ-P
distances (at an averaged distance of 4.0 ± 0.1 Å; P < 0.001 in two-
tailed Student’s t test) (Fig. 4 C and D, Fig. S7, and Table S2) and
thus presumably are poised for efficient ATP hydrolysis. The more
accessible position of Q137 in the actin(LRR) and actin(W) do-
mains of the actin–Lmod2162–495(B-GS) crystal structure is re-
markably similar to the position of Q137 in the other two known
complex structures of actin with tandem-G-actin–binding nuclea-
tors, AMPPNP–actin–Cobl–2W (PDB ID code: 4JHD) (Fig. 4D and
Table S2) (26) and ATP–actin–VopL (PDB ID code: 4M63)
(Table S2) (28). Thus the roles of these actin nucleators are likely
twofold: (i) to hold multiple G-actin monomers together into an
actin nucleus and (ii) to prime the actin nucleus for efficient ATP
hydrolysis that eventually may allow the release and recycling of
actin nucleators. In marked contrast, actin(A-h) borrowed from the
actin–Tmod1 A-h structure (PDB ID code: 4PKG) (29) has a
Q137–γ-P distance similar to the 14 ATP–actin structures bound
with individual actin-binding domains (Fig. 4 C and D). Whether
actin(A-h) assumes a shorter Q137–γ-P distance in the native actin–
Lmod21–495 complex awaits elucidation in future studies.
To confirm that Lmod2 indeed positions actin(LRR) and actin

(W) for efficient ATP hydrolysis, we monitored the rate of ATP
hydrolysis in reactions that contain actin in the presence or ab-
sence of Lmod2162–495(B-GS). For this set of experiments, we used
nonpolymerizable actin mutants to ensure the formation of actin–
Lmod2 nuclei while preventing actin polymerization. In doing so,
ATP hydrolysis was limited to two main sources: spontaneous
hydrolysis in the test condition or upon Lmod2 stimulation. As
expected, spontaneous ATP hydrolysis that increased with time
was observed in the test condition (in F-buffer) for both samples
(Fig. 4E). However, in addition to the spontaneous ATP hydro-
lysis, the actin–Lmod2162–495(B-GS) sample exhibited significantly
accelerated ATP hydrolysis within the first 20 min. The maximal
difference between these two samples was reached at ∼20 min and
was maintained for the rest of the monitored period (20–240 min)
(Fig. 4E). Lmod2-mediated pyrene-based actin polymerization
activity took ∼20 min to reach equilibrium (Fig. 3); therefore, the
observed accelerated ATP hydrolysis in the actin–Lmod2162–495(B-GS)
sample is most likely the result of Lmod2 stimulation. In
contrast, when ATP hydrolysis was blocked, e.g., by the use of
nonhydrolysable AMPPNP, Lmod2-mediated actin polymeriza-
tion activity was drastically impaired (Fig. 4F).

Fig. 4. The actin–Lmod2 nucleus is in a non–filament-like conformation in
which Lmod2-bound actin subunits are poised for efficient ATP hydrolysis.
(A) The modeled structure of actin–Lmod21–495 superimposed on actin fila-
ment. Actin subunits in the filament are labeled as n−2 to n+1 from the
barbed end to the pointed end. (B) Enlarged view of the boxed region in A
to highlight the steric clash between actin(W) and subunit n−1 of actin fil-
ament. (C) The distances of Q137–γ-P in the actin–Lmod21–495 structural
model. Actin(A-h) is from the modeled actin(A-h)–Lmod2 A-h structure, and
actin(LRR) and actin(W) are from the experimental actin–Lmod2162–495(B-GS)
crystal structure. (D) Statistic comparison of known structures of actin with
actin-binding proteins (****P < 0.001; ***P < 0.005; two-tailed Student’s
t test). Structures used include 14 actin-ABS structures, actin(LRR) and actin(W)
in AMPPNP–actin–Lmod2 as determined in this study, ATP–actin–Tmod (PDB
ID code: 4PKG), and AMPPNP–actin–Cobl (PDB ID code: 4JHD) (Table S2). The
data are presented as mean ± SD. (E) ATP hydrolysis of nonpolymerizable
actin mutants in the absence (blue circles) and presence (orange triangles) of
Lmod2162–495(B-GS). (F) Pyrene-based actin polymerization activity of 25 nM
Lmod21–495(B-GS) in the presence of ATP or AMPPNP.
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Discussion
The Structure of the Actin–Lmod2162–495(B-GS) Nucleus Is Incompatible
with Tropomyosin Binding. Of note, the observed actin–Lmod2162–495
nucleus structure is not compatible with the binding of tropomyosin,
because superimposing the A- and M-states of tropomyosin (35, 36)
onto the modeled actin–Lmod21–495 structure results in steric
clash with actin(W) (Fig. 5 A and B). This incompatibility explains
tropomyosin’s very weak promotion of nucleation at low concen-
trations but strong inhibition at high concentrations (15). This steric
clash, together with the partial overlap of actin(W) with subunit n−1
of actin filament (Fig. 4 A and B), suggests that Lmod2 most likely
adopts a distinct conformation when binding to the pointed end of
preformed, tropomyosin-decorated actin filaments in maintaining
their lengths (16, 20) (see below).

Model of Lmod2 Functions in de Novo Nucleation and Pointed-End
Elongation. Our data support a hypothetical model for Lmod2-
mediated de novo nucleation/polymerization (15) and controlled

pointed-end elongation (Fig. 5C) (20). The experimental actin–
Lmod2162–495(B-GS) structure (Fig. 1C) and the modeled actin–
Lmod21–495 structure (Fig. 1D) represent a de novo nucleus in
which actin(LRR) and actin(W) have significantly closer Q137–
γ-P distances poised for efficient ATP hydrolysis (Fig. 4 C and D).
Hydrolysis of ATP into ADP and inorganic phosphate in actin
(LRR) and actin(W) and the subsequent release of inorganic
phosphate may change the conformation of actin subdomain 2 (37,
38), result in a partial dissociation of Lmod2 from the nucleus,
thereby releasing the steric clash to allow fast growth at the barbed
end (Fig. 5C, Left). The less compact structure of Lmod2 with a
displaced W domain also may be the conformation that binds to
preformed actin filaments, where the W domain controls elongation
at the pointed end by providing a constant supply of actin mono-
mers (Fig. 5C, Right). This delivery function of the W domain is
analogous to that proposed for the tandem-W domains in the
bacterial effector VopL (28). The Lmod2-mediated pointed-end
elongation of the preformed filament is enhanced by tropomyosin
via the TM-h site located at the N terminus of Lmod2 (Fig. 5C,
Right) (20), as suggested by their spatial proximity on actin filament
(Fig. 5 A and B). This model explains the observation that the W
domain is crucial for the unique “non-capping” and pointed-end
elongation functions of Lmod2, whereas in its absence, Lmod21–342
(16) and Lmod21–462 (20) behave in the same way as Tmod1. The high
level of conservation among Lmod proteins in sequence and functions
suggests that the mechanistic insights of Lmod2 learned from this
study may provide a mechanistic understanding of other Lmod pro-
teins. For instance, the structure of actin–Lmod2162–495(B-GS) and the
functional study of Lmod2 G252R mutant explain the lethal
consequence of Lmod3 G252R in patients.

The Non–Filament-Like Conformation of Actin and Tandem-G-Actin–
Binding Nucleator Complexes in Mammals. It is interesting that
the actin nucleus assembled by the C-terminal domain of the
bacterial effector VopL (28) is in a filament-like conformation
that presumably allows rapid formation of actin filament bene-
ficial to pathogen invasion. However, in sharp contrast, the only
two structurally characterized mammalian tandem-G-actin–binding
nucleators, Lmod2 in this study and Cobl in our previous study (26),
both adopt a non–filament-like conformation in which the actin
subunits bound by tandem-G-actin–binding sites are poised for ef-
ficient ATP hydrolysis (Fig. 4). The non–filament-like conformation
of these actin nuclei understandably blocks rapid actin polymeriza-
tion at the barbed end. However, subsequent ATP hydrolysis in
nucleator-bound actin subunits by the better positioned Q137 and
the release of inorganic phosphate likely would destabilize the actin-
nucleator complexes, leading to partial or complete removal of the
nucleator and allowing rapid growth at the barbed end. Therefore, it
is intriguing to speculate that the non–filament-like conformation of
the actin nucleus and the better positioned Q137 in nucleator-bound
actin subunits together may constitute an elegant sensing mechanism
for at least some of the mammalian tandem-G-actin–binding nu-
cleators in which productive actin polymerization would be possible
only in the presence of persistent signals, thus offering an important
level of regulation in actin-mediated signal transduction pathways.

Materials and Methods
Proteins. Nonpolymerizable Drosophila 5C actin mutants were purified as
previously described (26). Wild-type actin was purified from rabbit skeletal
muscle, and pyrene-labeled actin was purchased from Cytoskeleton, Inc. The
cDNA encoding human Lmod21–495 (UniProt ID Q6P5Q4.2) (Fig. S1A) was
codon-optimized and synthesized using a two-step gene-assembly method
(39) to obtain the same construct as reported earlier (15, 16).

Crystallization, Data Collection, and Structural Refinement. The actin–
Lmod2162–495(B-GS) complex at a stoichiometry of 2:1 was purified by
size-exclusion chromatography in F-buffer (10 mM Hepes, 100 mM KCl, 1 mM
MgCl2, 0.2 mM AMPPNP, 1 mM DTT, pH 7.6) and concentrated to 10 mg/mL for
crystallization screening. Plate-like crystals were obtained using the vapor-dif-
fusion hanging-drop method. X-ray diffraction data were collected at 100 K at
the 21ID-F beamline at Advanced Photon Source. Data processing and structural
refinement were accomplished as previously described (26).

Fig. 5. Mechanisms of Lmod2-mediated de novo nucleation and pointed-
end elongation. (A and B) The actin(W) subunit of the actin–Lmod21–495
nucleus structural model is incompatible with tropomyosin in the A or M
states on actin filament. The actin–Lmod21–495 structural model is super-
imposed onto the cryo-EM structures of actin-tropomyosin in the A (apo)
state (PDB ID code: 3J8A) (A) and myosin-bound M (rigor)-state (PDB ID code:
4A7F) (B). The resulting steric clash of actin(W) with tropomyosin is high-
lighted by an arrow. The N terminus of Lmod2 A-h (residue 60) is shown to
indicate the close proximity of Lmod2 TM-h (N-terminal to A-h) with
tropomyosin. (C) A model for Lmod2-mediated de novo nucleation (Left)
and pointed-end elongation (Right). A partial dissociation of Lmod2 from
the nucleus likely releases the steric clash, thus allowing rapid growth at the
barbed end. The less compact conformation of Lmod2 also allows controlled
pointed-end elongation.
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Pyrene-Based Actin Polymerization Assay. The pyrene-actin polymerization
assay was performed using wild-type actin as previously described (26). A
range of protein concentrations was used for each Lmod2 construct.

Binding Affinity of Actin with Lmod2 or Its Fragments. The binding affinity of
actin with Lmod21–495(B-GS) and its fragments was measured using Octet RED96
(Pall ForteBio Corp.). Nonpolymerizable actin 5C mutant (actin II) was used in the
assays to allow interaction with Lmod2 but prevent actin polymerization. The as-
sociation and dissociation reactions were conducted in 20 mM Tris·HCl, 50 mM
NaCl, pH 8.0 at 25 °C. The dissociation constants were calculated as Kd = Koff/Kon

fromwhich the binding energy (ΔG) was derived using ΔG = RT ln(KD/c
θ), where R

is the ideal gas constant, T is the temperature (298 K), and the standard reference
concentration cθ = 1 M.

ATP Hydrolysis in Actin Stimulated by Lmod2162–495(B-GS). This assay was carried
out essentially as described earlier (40). Both the actin with Lmod2162–495(B-GS)
and actin alone samples were exchanged into F-buffer and placed on ice. To
determine the rate of ATP hydrolysis, samples were incubated on ice, and 50-μL
samples were taken at various time points and loaded on a Mono Q 4.6/100 PE
column (GE Healthcare). ATP and ADP standards were at 25 μM.
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