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Introduction

Lamins polymerize to form nuclear intermediate filaments, 
which are major components of the nucleoskeleton.1 Two mam-
malian genes (LMNB1, LMNB2) encode somatic B-type lamins 
(B1 and B2, respectively), which are essential for cell viability.2,3 
A single mammalian gene, LMNA, is alternatively spliced to 
generate A-type lamins (lamins A, C, A∆10 and C2), which are 
nonessential at the cellular level. Collectively lamins and lamin-
binding proteins form ‘lamina networks’ that tether the genome 
and support most nuclear activities including transcription, 
DNA replication and genome repair; these networks also support 
mechanotransduction, signaling and development.4,5

The mechanisms by which the genome depends on lamins 
are open questions with growing relevance to human physiol-
ogy and disease. For example, LMNB1 gene duplication can 
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cause leukodystrophy6 or leucoencephalopathy,7 and mutations 
in LMNA cause a range of “laminopathies” in non-neuronal tis-
sues.1,5,8 Missense mutations in LMNA can cause dominant syn-
dromes including Emery-Dreifuss muscular dystrophy (EDMD; 
e.g., R527P or L530P mutation), Dunnigan-type familial partial 
lipodystrophy (e.g., R482Q mutation) or the accelerated aging 
disease, atypical Werner syndrome (e.g., E578V mutation). Other 
mutations in LMNA that activate cryptic mRNA splice sites can 
result in the deletion of 35 or 50 residues within the lamin A tail 
domain (mutations ∆35 and ∆50, respectively); these deletions 
block proteolytic processing of the farnesylated lamin A precur-
sor protein (prelamin A) and cause Hutchinson-Gilford Progeria 
Syndrome (HGPS).9-11 In nuclei from HGPS patient cells, all 
lamins aberrantly accumulate near the nuclear inner membrane; 
these nuclei have unusual mechanical properties (increased stiff-
ness) when challenged by mechanical force,12 consistent with 
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of LMNA, is missing not only from B-type lamins (Fig. 1A) but 
also from lamin C (Fig. 1B).

Potential direct binding to F-actin was tested in vitro using 
a high-speed pelleting assay16 with the purified recombinant 
tail domains (only) of either prelamin A (pLamA; residues 
394–664), mature lamin A (mLamA; residues 394–646), 
lamin B1 (LamB1; residues 395–586) or lamin C (LamC; 
residues 394–572; depicted schematically in Fig. 1B). We also 
tested prelamin A tails that began at residue T394 as wild-
type or bearing a disease-causing missense mutation (R482Q, 
R527P, L530P or E578V). Purified skeletal muscle G-actin (7.9 
µM) was polymerized, incubated 1 hour with each tested tail 
polypeptide (6.7 µM) at a molar ratio of ~1:1 (actin mono-
mer to tail monomer), and then centrifuged at 100,000 g 
to pellet F-actin, with the actin-binding protein α-actinin28 
as positive control and BSA as negative control. Inputs and 
pellets were then resolved by SDS-PAGE and stained with 
GelCode Blue (Fig. 2A and B). Qualitatively, all four wild-
type lamin tails (pLamA, mLamA, LamB1 and LamC) 
pelleted with F-actin above background, suggesting each 
bound F-actin directly (Fig. 2A and B). The lamin B1 and 
C tails appeared to bind F-actin less well than lamin A tails  
(Fig. 2A and B). Qualitatively normal binding was seen for 
the R482Q-mutated and E578V-mutated prelamin A tails (Fig. 
2A); residue R482 is surface-exposed on the Ig-fold25,26 whereas 
E578 is located in predicted AB-2. By contrast, the R527P- 
and L530P-mutated tails had qualitatively reduced binding to 
F-actin (Fig. 2A); both are located in AB-1 and predicted to 
disrupt the Ig-fold.25,26 We concluded that F-actin binding is 
a conserved property of lamin A and B1 tails that might be 
disrupted by two EDMD-causing missense mutations in AB-1.

To independently test and quantify binding to F-actin, we 
incubated a constant amount (13.3 µM) of each recombinant 
lamin tail for 1 hour with different concentrations of actin 
(0–18.9 µM G-actin), then pelleted F-actin at 100,000 g, 
resolved by SDS-PAGE, stained with GelCode Blue and graphed 
the percentage of each tested protein that bound F-actin, after 
subtracting the amount of each tested protein that pelleted in 
the absence of actin (Fig. 2C and D). Under these conditions 
the initial rates of binding at low (<2 µM) actin concentra-
tions were indistinguishable for mature and prelamin A tails  
(Fig. 2C). However, at high (>5 µM) actin concentrations, 
approximately 43% of wildtype mature lamin A tails pelleted 
but surprisingly, only ∼30% of prelamin A tails pelleted under 
the same conditions (Fig. 2C). These results suggested residues 
647–664, unique to prelamin A, reduced binding to F-actin at 
steady-state. Lamin B1 and C tails bound F-actin significantly 
less well (5–7% bound) than the mature and precursor lamin A 
tails at high (>5 µM) actin concentrations (Fig. 2C).

Only ∼11% of the R527P and L530P mutants (in prelamin 
A tail) pelleted at high actin concentrations (Fig. 2D), ∼66% 
less than the prelamin A control. In other words, lamin tails 
with AB-1 only (e.g., lamins B1 and C) bound actin to a simi-
lar extent as tails with AB-2 plus Ig-fold-disrupting mutations 
in AB-1 (e.g., lamin A mutants R527P or L530P; maximum 
∼5–11%). This suggested AB-1 and AB-2 each contribute to 

other evidence that A-type lamins have major mechanical roles 
in the nucleus.13 A third mutation that deletes 90 residues within 
lamin A (∆90) causes a postnatally lethal disorder, restrictive 
dermopathy.14

The mechanisms that link specific lamin mutations to spe-
cific diseases are open questions, to which current evidence sug-
gests there will be multiple correct answers. For example A-type 
lamins confer ‘stiffness’ properties to the nucleoskeleton that are 
important not only for the structural integrity of the nucleus, 
but also for force-induced changes in gene regulation (mechan-
otransduction) and the structural integrity of the cytoskeleton.13 
Indeed, the inner nuclear membrane protein emerin, which binds 
lamins directly,15 is also a pointed-end F-actin capping protein,16 
binds nuclear myosin 1c (NM1) directly,17 and is required for 
mechanotransduction.18

Previous studies19,20 suggested two regions of human lamin 
A might associate with actin. All isoforms of actin can actively 
enter and exit nuclei, and the two Nuclear Export Sequences are 
identical in all six human isoforms.21,22 Actin functions in many 
nuclear pathways including chromatin remodeling, transcription 
and RNA export.21,22 Within the nucleus, actin does not assemble 
conventional F-actin filaments; instead ∼80% is free and ∼20% 
adopts alternative polymeric states to which phalloidin cannot 
bind.21,23,24 One potential actin-binding region of lamin A, here 
designated Actin-Binding site 1 (AB-1; residues 461–536) was 
identified in a yeast two-hybrid screen.19 The second proposed 
site, here designated AB-2 (residues 563–646) was sufficient as 
an exogenous lamin fragment to co-immunoprecipitate actin 
from human lung carcinoma A549 cells.20 Whether actin and 
lamin A associated directly or indirectly was not determined.19,20

We hypothesized lamin A might bind actin directly. To test 
this hypothesis we studied purified recombinant lamin tail-
domain polypeptides and conventionally assembled F-actin, 
since biochemical studies of nuclear actin polymers are not yet 
feasible. We report that F-actin binds directly to both B- and 
A-type lamins, via AB-1. Under these in vitro conditions mature 
lamin A tails bound almost twice as much actin, at steady state, 
than did unmodified prelamin A tails, suggesting potential 
auto-inhibition. We further report that AB-2, which is unique 
to lamin A, confers the ability to bundle or crosslink actin fila-
ments in vitro.

Results

Lamin polypeptides have three major domains: a small 
N-terminal globular ‘head’, long coiled-coil ‘rod’ and large 
C-terminal globular ‘tail’.4 Within the tail is one known struc-
tural feature: a conserved lamin-specific Ig-fold domain compris-
ing residues 436–545 in human lamin A and residues 438–545 
in human lamin B1.25,26 The Ig-fold appears to mediate many 
specific protein-protein interactions.27 For example, lamin A tail 
residues 461–536 within the Ig-fold (Fig. 1A; AB-1) were suffi-
cient to recover actin (and other proteins, including nuclear titin) 
in a two-hybrid study.19 The AB-1 region of lamin A is 68 and 
75% conserved in lamins B1 and B2, respectively. By contrast 
AB-2 was unique to lamin A; this region, encoded by exon 11 
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The contribution of AB-2 to F-actin binding was indepen-
dently evaluated by testing internal deletions ∆35, ∆50 and ∆90 
in polypeptides that initiated at residue E385 (see Fig. 1B). 
Interestingly compared to the mature control, this prelamin A 
tail showed a substantially lower initial rate of binding to F-actin, 
suggesting residues 385-393 contribute to auto-inhibition. 

binding actin. Interestingly, the R482Q and E578V mutations 
(also in the prelamin A tail) had apparently normal rates of 
binding at low (<2 µM) actin concentrations but then plateaued 
at 18 and 22%, respectively; ∼30% less than their prelamin A 
control, suggesting mild but detectable impairment at steady 
state (Fig. 2D).

Figure 1. Conservation of AB-1 but not AB-2 in A- and B-type lamin tails; constructs used in this work. (A) Amino acid sequences of the tail domains 
of human prelamin A, lamin B1 and lamin B2. Predicted actin-binding sites AB-1 and AB-2 are indicated by solid lines. The nuclear localization signal 
(NLS)4 and Ig-fold domain are indicated by dashed lines, and residues R482, R527, L530 and E578 are marked. Arrowheads mark the left and right bor-
ders of the ∆35, ∆50 and ∆90 deletions in lamin A. (B) Schematic diagram showing the positions of AB-1 and AB-2 in the precursor and mature lamin A 
tails (pre Lam A and mature Lam A, respectively), and showing the missense and deletion mutations studied in this work. Shaded region in prelamin A 
indicates the Ig-fold. Shaded region in AB-2 indicates the minimal actin-binding site deduced in this work.
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(e.g., filamins) can ‘bundle’ F-actin filaments.29 Bundling can be 
assayed by low speed sedimentation since cross-linked bundles 
of F-actin readily pellet, whereas single actin filaments remain 
in solution.30 To determine if lamin A tails bundled F-actin, we 
polymerized purified G-actin (7.9 µM), then incubated 1 hour 
with each tested tail polypeptide (6.7 µM) at a molar ratio of 
~1:1 (actin monomer to tail monomer), and centrifuged at 
17,000 g, resolved pellets by SDS-PAGE, stained with GelCode 
Blue (Fig. 3A, B and D), and quantified by densitometry  
(Fig. 3C and E). Controls verified that F-actin alone and F-actin 
plus BSA remained soluble, and that F-actin was pelleted 

F-actin binding of ∆35 and ∆50 plateaued at ∼18% (Fig. 2E, 
quantified in F); 60% less than the mature A tail, but only 25% 
less than the control prelamin A tail (Fig. 2F). This value (maxi-
mum ∼18% bound) was substantially higher than the maximum 
binding of either the ∆90 tail (∼7% bound; Fig. 2F), or the B1 
and C tails that initiated at residue 394 (∼5–7% bound; Fig. 2C), 
which have AB-1 but completely lack AB-2. We concluded that 
∆35 and ∆50 both retain a minimally functional AB-2 domain, 
comprising residues 564–608.

The lamin A tail, but not lamin B1 or C tails, can bun-
dle F-actin. Other proteins with two actin-binding sites  

Figure 2. High speed pelleting assay to detect and quantify lamin tail binding to F-actin. G-actin (7.9 µM) was polymerized and incubated 1 hour with 
each tested protein (final concentration 6.7 µM lamin tails or BSA, 1.33 µM α-actinin), then centrifuged 30 minutes at 100,000 g. To control for back-
ground pelleting of lamins alone, actin was omitted from reactions marked (-). Gels were stained with GelCode Blue. L, load (10%) and P, pellet (20%). 
Gels shown are representative of three independent repeats. (A and B) Proteins tested for binding to F-actin were mature lamin A tail (mLamA), prelamin 
A tail (pLamA), lamin B1 tail (LamB1), α-actinin, BSA and prelamin A tail mutants R482Q, R527P, L530P, E578V and lamin C tail (LamC). (C and D) Indepen-
dent binding assays in which F-actin (0–18.9 µM G-actin) was incubated 1 hour with a constant concentration (13.3 µM) of each tested protein; pellets 
were resolved and stained with GelCode Blue as in (A), and results were quantified by densitometry and plotted in (C and D) (n ≥ 3; bars indicate SEM). (E) 
Same type of assay as (A), testing the tails of mature lamin A (mLamA), prelamin A (pLamA) and corresponding deletion mutants ∆35, ∆50 and ∆90 for 
binding to F-actin. (F) Quantification of independent binding assays in which F-actin (0–18.9 µM G-actin) was incubated 1 hour with a constant concen-
tration (13.3 µM) of either mature lamin A tail (mLamA), prelamin A tail (pLamA), or deletion mutants ∆35, ∆50, ∆90. (n ≥ 3, bars indicate SEM).
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nature of the bundling assay (F-actin can be bundled by a few, or 
many, lamin molecules).

Supporting the idea that the R482Q mutant has two func-
tional actin-binding sites, R482Q bundled F-actin nearly as well 
as wildtype lamin A tails (Fig. 3A and C). The R527P and L530P 
mutations (in AB-1) decreased F-actin bundling by 27 and 40% 
respectively (Fig. 3A and C), but this reduction was statistically 
significant only for L530P (p = 0.01, n = 4). Both mutants bun-
dled significantly more F-actin than did the wild-type lamin B1 

efficiently (∼70%) by α-actinin, the positive control31 (Fig. 3A 
and C). The lamin B1 and C tails showed only background levels 
of bundling, consistent with having a single actin-binding site 
(AB-1; Fig. 3A–C). The mature and precursor wildtype lamin 
A tails pelleted F-actin with similar efficiency (∼38%) (Fig. 3A  
and C), suggesting similar F-actin bundling activity. This result 
was initially puzzling, since the prelamin A tail showed (at a 
higher concentration, 13.3 µM) reduced steady-state binding 
to F-actin (Fig. 2), but can be explained by the more ‘permissive’ 

Figure 3. Lamin A tails can bundle F-actin. Low speed pelleting assays. G-actin (7.9 µM) was polymerized and incubated 1 hour with each tested 
protein (final concentration 6.7 µM lamin tails or BSA; 1.33 µM α-actinin), then centrifuged 30 minutes at 17,000 g. To control for background pelleting 
of lamins, actin was omitted from reactions marked (-). (A and B) Proteins tested for binding to F-actin were prelamin A tail (pLamA), mature lamin A 
tail (mLamA), lamin B1 tail (LamB1), α-actinin (positive control), BSA (negative control), prelamin A mutants R482Q, R527P, L530P, E578V, or lamin C tail 
(LamC). L, load (10%) and P, pellet (20%). (C) Quantification by densitometry of bundling assays in (A and B) (n ≥ 3, bars indicate SEM). Differences were 
significant as determined by Student’s t-test: *p < 0.05, **p < 0.01, ***p < 0.005. (D and E) Same low speed pelleting assays as (A) for F-actin, plus or 
minus prelamin A tail (pLamA) or deletion mutants ∆35, ∆50 or ∆90. L, load (10%) and P, pellet (20%). Results from (D) were quantified by densitometry 
in (E) (n ≥ 3, bars indicate SEM). Differences were significant as determined by Student’s t-test: *p < 0.05, ***p < 0.005.
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started at residue E385. The ∆90 deletion failed to bun-
dle actin filaments above the BSA negative control (Fig. 
3D and E). This result was both significant (p = 10-6, n = 
6) and consistent with the absence of AB-2. F-actin bun-
dling by the ∆35 mutant did not differ significantly from 
the wildtype prelamin A control (Fig. 3D and E) suggest-
ing AB-2 residues 624–646 were dispensable. The ∆50 tail 
bundled 24% less F-actin (Fig. 3D and E), a statistically 
significant result (p = 0.04, n = 6) that suggested residues 
609–623 contribute to AB-2 activity, either by contributing 
to F-actin affinity or, we speculate, by helping overcome 
the proposed auto-inhibition by residues 647–664. Based 
on these results we suggest the ‘minimal’ AB-2 site com-
prises residues 564–608. Interestingly the E578V mutation, 
located within the proposed minimal AB-2 site, caused 
50% more F-actin to pellet in this assay (Fig. 3A and C). 
This increase was significant (p = 0.008, n = 3) and sug-
gests excessive or enhanced lamin A binding to actin might 
contribute to atypical Werner syndrome.

We independently assayed F-actin bundling using a 
fluorescence-based method that did not involve centrifu-
gation. Purified G-actin (1.7 µM) was polymerized, then 
incubated 1 hour with increasing (1.7–14.9 µM) concentra-
tions of each lamin tail to allow bundling; F-actin bundles 
were then stained with rhodamine-phalloidin and directly 
visualized by fluorescence microscopy (Fig. 4). Fluorescent 
bundles were detected, and increased qualitatively as a 
function of lamin tail concentration in reactions contain-
ing mature and prelamin A tails, but not in reactions with 
BSA alone, lamin B1, lamin C or ∆90 tails (Fig. 4), con-
sistent with the low-speed bundling results (Fig. 3). Also 
consistent with centrifugation-based assays, the R527P 
and L530P mutations reduced bundling in the rhodamine 
labeling assay, consistent with impaired function of AB-1. 
The ∆35 and ∆50 tails also bundled F-actin in the rhoda-
mine labeling assay, confirming the presence of a minimal 
AB-2 site. The E578V mutation, which increased F-actin 
bundling 50% in the low-speed pelleting assay, was indis-
tinguishable from wildtype in the qualitative rhodamine 
assay (Fig. 4). These findings prompted three conclusions: 
(a) wildtype mature and prelamin A tails can bind at least 
two actin filaments simultaneously in vitro, (b) disease-
associated lamin A mutations can impair bundling and  

(c) the lamin B1, lamin C and ∆90 tails fail to bundle and there-
fore have only one functional site, AB-1.

We visualized actin filaments bundled by either mature 
lamin A tails, prelamin A tails, lamin B1 tails or α-actinin by 

or C tails (Fig. 3C). These bundling results suggested the R527P 
and L530P mutations in AB-1 reduced, but did not abolish, bind-
ing to F-actin (see Discussion).

The effects of the ∆35, ∆50 and ∆90 deletions on F-actin 
bundling were studied using prelamin A tail polypeptides that 

Figure 4. Rhodamine-phalloidin assay for lamin-bundled F-actin. 
G-actin (1.7 µM) was polymerized and incubated 1 hour with 
the indicated concentration of each lamin tail, then stained with 
rhodamine-labeled phalloidin and directly visualized by fluores-
cence microscopy. Tails tested were: prelamin A (pLamA), mature 
lamin A (mLamA), lamin B1 (LamB1), lamin C (LamC), prelamin A 
mutants R482Q, R527P, L530P, E578V, deletion mutants ∆35, ∆50 
or ∆90, or BSA as negative control. (394) and (385) indicate the 
first residue of each tested polypeptide.
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mutations did not eliminate binding as expected from the Ig-fold 
structure.25,26 R527 is a surface exposed residue predicted to form 
hydrogen bonds26 and a salt bridge25 that stabilize the Ig-fold. 
L530 is an interior (buried) residue predicted to be important 
for the overall structure of the fold.25,26 Based on this milder-
than-expected disruption of binding, and the weak binding of 
lamin C and ∆90 tails we suggest the Ig-fold may be stabilized by 
interactions with another region of the tail, specifically residues 
564–608 in AB-2. Inefficient actin binding and bundling by the 
lamin A ∆50 protein (‘progerin’) might contribute to the struc-
tural collapse of the lamina network in HGPS patient nuclei12 
and might also impair dynamic rearrangements of nuclear actin 
polymers in response to mechanical stress.12,47

Based on these findings, we propose that prelamin A resi-
dues 647–664, which are normally cleaved, carboxymethylated, 
farnesylated and then proteolytically removed during lamin A 
maturation in vivo, might act in concert with residues 385–39352 

to auto-inhibit prelamin A binding to actin and potentially other 
partners that bind the Ig-fold region,27 including nuclear titin,19 
Sun1,48 Sun2,49 emerin15 and nesprins.50,51 We hypothesize that 
lamin head-to-tail polymerization, proposed to involve lamin A 
residues 385–393,52 is also subject to auto-inhibition in prelamin 
A. These models, and the potential impact of carboxymethyla-
tion and farnesylation will be important to test in the future.

Materials and Methods

Lamin tail constructs. Human lamin tail constructs in pET23b 
(Novagen) which places a His6-tag at the C-terminus and a 
T7 tag at the N-terminus, were described previously19 for the 
mature lamin A tail (residues 394–646), prelamin A tail (resi-
dues 394–664, either wildtype or bearing single missense 
mutations R482Q, R527P, L530P, E578V), and lamin B1 tail 
(residues 395–586). Expression constructs for the slightly lon-
ger mature lamin A tail (residues 385–646) and the wildtype or 
deleted (∆35, ∆50, ∆90) prelamin A tail residues 385–664 were 
generated by PCR amplification of full length lamin A cDNAs 

transmission electron microscopy (TEM). Control bundles 
formed by α-actinin were somewhat loose (Fig. 5) as expected.31,32 
Wildtype mature and precursor lamin A tails produced relatively 
tight F-actin bundles (Fig. 5) consistent with the smaller molec-
ular dimensions of lamin A tail monomers (mature 26.9 kD; 
precursor 28.8 kD) compared to the antiparallel dimers formed 
by α-actinin (116 kD).31,32 The lamin B1 tail, which showed no 
bundling activity in previous assays, was also negative by TEM 
(Fig. 5).

Discussion

Both A- and B-type lamin tail domains are shown here to bind 
actin filaments directly, extending previous studies.19,20 Our 
results support two non-exclusive models. The first model is that 
native lamin filaments, especially those formed by lamin A, can 
directly interact with actin polymers in the nucleus. Since lamins 
are abundant, the second model is that lamins, and particularly 
lamin A, function to sequester G-actin or otherwise regulate 
actin polymers, as a mechanism to avoid spontaneous formation 
of F-actin in the nucleus.21,22,33 Whether lamins bind G-actin has 
not yet been determined. However, actin ‘suppression’ models are 
strongly supported by the formation of phalloidin-stainable fibers 
in Drosophila larval body wall muscle nuclei that lack the A-type 
lamin (lamin C).34 Our biochemical studies used purified rab-
bit skeletal muscle actin, which is predominantly skeletal α-actin 
and in humans differs from non-muscle β-actin and γ-actin by 
only 18 residues.35 Further work is needed to determine which 
actin residues contact lamins.

We discovered that lamin A tails are uniquely capable of 
bundling actin filaments in vitro, consistent with the presence 
of two independent actin binding sites. The first site, AB-1, 
is shared and conserved in all lamins whereas the second site, 
AB-2, is unique to lamin A. F-actin bundles were detected by 
rhodamine-phalloidin labeling and by TEM imaging, suggesting 
lamin-mediated bundling was not an artifact of centrifugation in 
the high- and low-speed pelleting assays. These findings suggest 
potential concerted mechanisms for pathways that are known 
to require both polymerizable actin and A-type lamins, such as 
mRNA export,36-39 intranuclear chromatin movement40,41 and 
transcription.5,42-44

Although nuclei lack phalloidin-stainable F-actin, approxi-
mately 20% of actin in the nucleus is found in alternative poly-
meric state(s).21,23,24 We speculate that short ‘unconventional’ 
actin filaments, anchored by emerin16 and potentially bundled by 
lamin A near the inner nuclear membrane, might help space and 
reinforce lamin filaments and contribute to dynamic changes in 
the mechanical properties of the nucleoskeleton at the nuclear 
envelope, and nuclear interior. Furthermore, lamin A expression, 
an early mark of differentiation,45,46 might contribute to develop-
ment in part by supporting diverse actin-dependent pathways.

Implications for lamin A tail structure: proposed Ig-fold 
‘stabilizing’ and ‘auto-inhibitory’ domains. AB-1 comprises 
most of the Ig-fold domain of the lamin tail. The Ig-fold is nec-
essary for lamin A tails to bind F-actin efficiently, since binding 
was reduced by the R527P and L530P mutations. However, these 

Figure 5. Transmission electron microscopy of lamin-bundled F-actin. 
Transmission electron micrographs of negatively-stained lamin-bun-
dled F-actin in vitro. Actin was polymerized and incubated with either 
the wildtype mature lamin A tail (mLamA), pre-lamin A tail (pLamA), 
lamin B1 tail (LamB1), or α-actinin as positive control. Scale bars, 0.5 µm.
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above was incubated 1 hour at 22–25°C with recombinant puri-
fied lamins, BSA, or α-actinin, then pelleted (17,000 g, 30 min-
utes, 22°C), resuspended in SDS-sample buffer, resolved by 12% 
SDS-PAGE, visualized by Coomassie brilliant blue and analyzed 
using Quantity One software (BioRad).

Rhodamine-phalloidin bundling assay. Actin filaments 
(1.7 µM) were incubated 1 hour at 22–25°C with each indi-
cated concentration of recombinant lamin tails or BSA, then 
supplemented with tetramethyl rhodamine-labeled phalloidin 
(Molecular Probes) to achieve a 1:1 molar ratio (phalloidin:G-
actin) for 10 more minutes, spotted on coverslips and visualized 
using a Nikon Eclipse E600 equipped with a Nikon Plan APO 
60X X.A. 1.40 oil objective. Images were acquired with a Q 
Imagine Retiga Exi 12 bit digital camera using IP Lab software 
from Scanalytics, Inc.

Transmission electron microscopy. F-actin, made as above, 
was incubated 1 hour at at 22–25°C with recombinant puri-
fied lamin tails or α-actinin. Each reaction contained 7.9 µM 
F-actin plus 6.7 µM of the indicated lamin tail protein or  
1.3 µM α-actinin in 1X KMEI, and was supplemented with 1X 
KMEI to a final volume of 150 µl. Carbon coated grids were 
then placed over each reaction for 2 minutes, then washed 1 min-
ute in 1X KMEI, fixed 2 minutes (1% glutaraldehyde, 0.1 M 
sodium cacodylate pH 7.35), and washed in 0.1 M sodium caco-
dylate pH 7.35. Grids were stained in 1% uranyl acetate, 0.04% 
Tylose for 1 minute and imaged using a Philips BioTwin CM-120 
Transmission Electron Microscope.
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and then subcloned into pET23b. For prelamin A tail residues 
385–664 the 5' and 3' primers used were 5'-GGA TCC AGA 
GAG GCT ACG CCT GTC-3' and 5'-CTC GAG CAT GAT 
GCT GCA GTT CTG-3, respectively. For mature lamin A tail 
(residues 385–646) the 5' primer was the same as above and the 
3' primer was 5'-CTC GAG GTA GGA GCC CGT GAC-3'. 
The 5' and 3' primers for the lamin C tail (residues 394–572) 
were 5'-GGA TCC TAC CTC GCA GCG CAG CCG TGG 
CCG-3', and 5'-CTC GAG GCG GCG GCT ACC ACT CTC-
3' respectively. Recombinant proteins were expressed in E. coli 
BL-21, purified using nickel NTA-agarose per manufacturer 
instructions (Qiagen) and stored in 50 mM NaHPO

4
 pH 8.0, 

300 mM NaCl, 100 mM Imidazole, 0.5 mM PMSF at -80°C. 
Purified mature and prelamin A tails eluted as monomers in siz-
ing chromatography (data not shown).

High speed F-actin pelleting assay. One milligram of ≥95% 
purified rabbit skeletal muscle actin (Cytoskeleton) was resus-
pended in G-buffer (5 mM Hepes pH 7.5, 0.2 mM CaCl

2
,  

0.2 mM ATP pH 8.0) and then polymerized by adding one-tenth 
volume of 10X KMEI buffer (500 mM KCl, 10 mM MgCl

2
, 10 

mM EGTA, 100 mM Imidazole, pH 7.0, 10 mM DTT, 2 mM 
ATP pH 8.0) to yield F-actin at a final concentration of 1 mg/
ml. Purified recombinant lamin proteins were first pre-cleared 
by centrifugation at 100,000 g for 30 minutes at 4°C prior to 
determining protein concentration by SDS-PAGE relative to a 
BSA standard curve. Reactions containing 7.9 µM F-actin plus 
6.7 µM lamin tail (or 1.3 µM α-actinin) in 1X KMEI, were 
supplemented with 1X KMEI to achieve a final volume of 75 µl, 
then rotated (1 hour, 22–25°C), pelleted (30 minutes, 100,000 g, 
22°C), resuspended in SDS-sample buffer, resolved by 12% SDS-
PAGE and stained with GelCode Blue Stain (Pierce Chemical 
Company) to visualize proteins. To generate binding curves the 
high speed F-actin pelleting assays were repeated holding the 
lamin tail concentration constant (13.3 µM), with increasing 
concentrations of F-actin (0–18.9 µM) in a final reaction volume 
of 75 µL. Gels were scanned and analyzed using Quantity One 
software (BioRad).

Low speed F-actin bundling assay. Actin bundling was 
assayed as described.30 In brief, F-actin, assembled as described 
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