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Abstract
Nesprins are located at the outer and inner membranes of the nuclear envelope and help link the
cytoskeleton to the nucleoskeleton. Nesprin-1α, located at the inner nuclear membrane, binds to A-
type lamins and emerin and has homology to spectrin-repeat proteins. However, the mechanical and
thermodynamic properties of the spectrin-like repeats (SLRs) of nesprin-1α and the potential
structural contributions of the unique central domain were untested. In other spectrin superfamily
proteins, tandem spectrin-repeat domains undergo cooperatively coupled folding and unfolding. We
hypothesized that the large central domain, which interrupts SLRs and is conserved in other nesprin
isoforms, might confer unique structural properties. To test this model we measured the thermal
unfolding of nesprin-1α fragments using circular dichroism and dynamic light scattering. The SLRs
in nesprin-1α were found to have structural and thermodynamic properties typical of spectrins. The
central domain had relatively little secondary structure as an isolated fragment, but significantly
stabilized larger SLR-containing molecules by increasing their overall helicity, thermal stability and
cooperativity of folding. We suggest this domain, now termed the ‘adaptive’ domain (AD), also
strengthens dimerization and inhibits unfolding. Further engineering of the isolated AD, and AD-
containing nesprin molecules, may yield new information about the higher-order association of
cooperative protein motifs.
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INTRODUCTION
In eukaryotic cells, chromosomes are enclosed by the nuclear envelope, which consists of inner
and outer nuclear membranes (INM and ONM, respectively) and an underlying lamina network
formed by A- and B-type lamins.1 The A-type lamins (e.g. lamins A and C), encoded by one
gene (LMNA), are particularly important for the shape and mechanical properties of the nucleus
and nuclear functions.2,3 Many INM proteins, including members of the nesprin family, are
proposed to directly influence the A-type lamina network.4–10 The human genome encodes
four nesprin genes, each of which is alternatively transcribed and spliced to yield an array of
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protein isoforms with different sizes, locations and functions.11–12 The giant isoforms of
nesprin-1, -2 and -3 bind either actin or plectin in the cytoplasm, and are embedded in the ONM
as key components of a proposed nuclear envelope-spanning LINC complex (linker of
nucleoskeleton and cytoskeleton).1,13–15 In contrast to these larger ONM-localized isoforms
of nesprin, other isoforms including nesprin-1α are smaller (e.g., 120 kDa) and localize to the
INM.7,8 An open question in the field is whether nesprin-1α and other INM-localized nesprins
participate in LINC complexes. Furthermore, INM-localized nesprins, whether attached to
LINC complexes or not, might have unique structural roles. Nesprin-1α is of particular interest
as a mechanical ‘connector’ because it can bind directly to itself (forming antiparallel
homodimers), A-type lamins and another INM protein named emerin.16

The mechanical connections of nesprin-1α may play a role in Emery-Dreifuss muscular
dystrophy, whichcan be caused by dominant mutations in LMNA or recessive mutations in
EMD, the gene encoding emerin.18,19 Interestingly, mutations in the genes encoding either
nesprin-1α or nesprin-2β can independently cause Emery-Dreifuss muscular dystrophy20,21,
and mice with a C-terminal deletion in nesprin-1 have a phenotype similar to Emery-Dreifuss
muscular dystrophy.22 Nesprin-1α is expressed at high levels in heart and skeletal muscle, the
tissues most affected in this disease.8,23

By homology, nesprins belong to the spectrin superfamily, which includes spectrin, dystrophin,
α-actinin and others.23,24 This superfamily is characterized by multiple repeats of a structural
unit, the spectrin repeat (SR), which consists of a bundle of three antiparallel ~106-residue α-
helices.24 Canonical SRs can resist unfolding induced by force, temperature or chemical
denaturants.25–32 Thermal unfolding studies of tandem SRs from spectrins reveal multiple
transition states and cooperatively coupled unfolding.28,29 Consistent with thermal studies, SR
domains also undergo stepwise stretching and cooperative unfolding when subjected to pulling
forces by Atomic Force Microscopy.32

Nesprin-1α was originally predicted to have seven spectrin-like repeats (SLRs), a central
domain of unknown function located between SLR5 and SLR6, and a C-terminal
transmembrane KASH domain.7,33 SLR3 and SLR5 interact mutually and mediate
dimerization of nesprin-1α.16 The most commonly expressed nesprin-1α isoform lacks SLR1,
and new sub-isoforms of nesprin-1α (such as nesprin-1α1 and nesprin-1α2) have been reported.
16,33,34 We studied this abundant isoform but retained the original SLR numbering for
consistency. The mysterious central domain of nesprin-1α was previously thought to include
a ‘split’ LEM-domain based on limited amino acid sequence homology to the LAP2-emerin-
MAN1 domain8. However a subsequent study detected no binding of the isolated central
domain to the canonical LEM-domain partner, Barrier to Autointegration Factor (BAF), in
vitro.16 We noted this central domain is rich in disordered loops and coils, suggesting its
conformation might change upon binding to partners. Since the dynamic stability of canonical
SRs involves their highly repetitive nature,35 we hypothesized the 230-residue central domain
might confer unique properties to nesprin-1α and other nesprin isoforms in which it is
conserved. This hypothesis is supported by the biophysical results reported here, and we
therefore named this region the ‘adaptive domain’ (AD). Also unknown was whether the SLR
domains in nesprin-1α actually behave as SRs, since there were no previous molecular-level
biophysical studies of nesprins.

We studied the secondary structure and thermal unfolding of nesprin-1α polypeptides. Our
results suggest the SLR domains have spectrin-like unfolding, but are collectively and uniquely
stabilized by the AD. Like other SR proteins, nesprin-1α also appears to have long-range
cooperative folding of multiple SLRs. One consequence of this property is that studies based
on subfragments of nesprin-1α, and potentially other nesprins, may lead to false negatives (e.g.,
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failure to bind biologically relevant partners) because these molecules lack properties or
functions conferred by the AD.

MATERIALS AND METHODS
Nesprin-1α constructs

All nesprin-1α fragments were derivatives of the nesprin-1α cDNA specified by GenBank
accession number AF444779. The full nesprin-1α cDNA encodes SLR2 through the C-terminal
transmembrane and KASH domain. The conformational dynamics of the adaptive and SLR
domains were characterized using five purified recombinant subfragments of nesprin-1α (Fig.
1). Fragment SLR2-7 consisted of full-length nesprin-1α minus the transmembrane domain.
The SLR2-5 fragment consisted of the first four SLR domains. Fragment SLR5-7 consisted of
the three C-terminal SLRs with the AD between SLR5 and 6. To determine whether and how
the AD might influence full-length nesprin-1α, we expressed the AD domain alone and deleted
the AD from SLR2-7 (designated SLR2-7ΔAD). The cDNAs encoding domains SLR2-5,
SLR2-7 and SLR5-7 in the pCR-T7 vector were described previously8 and were generously
donated by Elizabeth McNally (University of Chicago). To make the SLR2-7ΔAD construct,
we used a described method36: we PCR-amplified the entire SLR2-7 containing vector without
the adaptive domain, then self-ligated this linear DNA to regenerate the vector plus cDNA,
minus the AD (SLR2-7ΔAD). The backward and forward primers were 5′-
CAGGCGGATCAGTTTCTTATG-3′ and 5′-CAGAAGTGGCAGCAGTTTAAC-3′, each
flanking the adaptive domain, and corresponding to nucleotides 1731–1741 and 2430–2450
respectively, of AF444779. To express AD alone, we PCR-amplified using primers 5′-
ATAAGAAACTGATCCGCCTGC-3′ and 5′-GTT AAACTGCTGCCACTTCTG-3′. All five
cDNAs were verified by DNA sequencing (data not shown) and then subcloned into pET22b
(+) using BamHI and HindIII and finally transformed into E. coli Rosetta2(DE3) (Novogen,
Madison Wl, USA) for protein expression.

Preparation of recombinant proteins
To obtain soluble recombinant proteins, transformed bacteria were cultured at 28°C in Terrific
Broth with 100 μg/ml ampicillin and 34 μg/ml Chloramphenicol to an A600 of 2.0 and
expression was induced by 0.4 mM isopropyl-β-D-thioglactopyranoside (IPTG) for 6 h. Cells
were then collected, resuspended in His buffer (0.3 M NaCl, 50 mM sodium phosphate pH 8.0,
20 mM imidazole, 1 mM DMSF, 50 μg/ml pepstatin A, 20 μg/ml aprotinin, and 10 μg/ml
leupeptin) and sonicated (all chemicals from Fisher Scientific). The soluble fraction was
applied to Ni-NTA resin to purify 6-His-tagged proteins, and further purified by size exclusion
chromatography (HiPrep™ 16/60 Sephacryl S-200 HR column) using an AKTA prime plus
system (GE Life Sciences). Expression and purification were monitored by SDS-PAGE (10%
gels) and protein dimers were observed by non-reducing PAGE. Protein concentration was
determined by A280 (GeneQuant™ 1300 Spectrophotometer) with extinction coefficients
calculated from the amino acid composition. To minimize error from any single method, we
also used the Bradford Method in the same spectrophotometer, with bovine serum albumin as
standard. Protein concentrations assayed by Bradford were within 8% of those measured by
A280. Recombinant proteins were over 95% pure, as estimated by Coomassie stained SDS-
PAGE gels (see figure 1B).

Sequence analysis and structure prediction
SLR and AD structures were predicted by SMART software
(http://smart.embl-heidelberg.de/). SLR and SR domains in nesprin-1α and other spectrin
superfamily proteins were compared by BLASTP programs at NCBI. To assess evolutionary
conservation, adaptive amino acid sequences were analyzed by T-Coffee
(http://www.tcoffee.org/). Disordered regions within nesprin-1α were predicted by DisEMBL
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1.5 (http://dis.embl.de/) and the secondary structure of AD was predicted by PSIPRED
(http://www.psipred.net/psiform.html).

Circular Dichroism measurement and data analysis
Protein samples were analyzed within 24 hours after purification, usually within 4 hours.
Samples were centrifuged (13,000 × g, 30 min, 4°C; Beckman J-26 XP centrifuge) to remove
potential aggregates. Since our 24-hour data and 4-hour data agreed, and because protein
concentrations used for CD were very low (25 μg/ml), we suggest our CD data were not
significantly affected by aggregation. Far-UV CD spectra were recorded using a Jasco 810
spectropolarimeter equipped with thermostated cell housing and a 1 cm path-length cell. To
determine unfolding profiles, the temperature was increased from 15°C to 109°C at a rate of
0.4°C/min, and ellipticity was recorded at 2°C intervals. Thermal induced unfolding curves
were calculated by ellipticity in 222 nm versus temperature. Secondary structure percentage
was calculated by software CD-pro using three different programs (SELCON3, CDSSTR,
CONTINLL) and averaged. The first-order derivatives of the fraction unfolded were calculated
by Origin (OriginLab) using 2nd order smoothing differentiation. The first order derivative
curve mathematically exaggerates any small noise in the melting curve. To distinguish signals
from noise, only transition peaks with 5–12 repeatable datapoints in the first derivative curves
were considered transitions.

Dynamic light scattering measurements
Protein sizes were assayed by dynamic light scattering (DLS) using a Malvern zetasizer nano
system. Immediately prior to DLS, samples were centrifuged 1 hour at 250,000xg (4°C), since
some SLR2-5 and SLR5-7 aggregates were seen at the high protein concentrations (~0.5 mg/
mL) required for DLS. Each protein was measured 10 independent times, with 15 runs; at least
two independently produced protein samples were measured for each point. The reported
diameter is the Z-average hydrodynamic diameter of the sample; error bars indicate the
standard deviation between runs. Polypeptides measured as a function of temperature, SLR2-7
and SLR2-7ΔAD, were equilibrated for 20 min at each measured temperature prior to
measurement.

RESULTS
All five nesprin-1α polypeptides were predicted to have high α-helical content, and could
therefore be compared by circular dichroism (CD), as shown previously for SR proteins.28–
29 CD measurements of each fragment at 37°C, except the AD, revealed typical α-helical
signatures with minima at about 208 and 222 nm (Fig. 2, Table 1). The four SRL-containing
polypeptides displayed high α-helicity (74–88%) and little β-sheet structure (0.4–2.75),
consistent with the predicted SLR-rich structure (Table 1). The AD alone showed moderate
levels of both α-helix (32.7%) and β-sheet (18.3%; Table 1). These differences in the calculated
secondary structure properties were significant by the student t-test (p<0.001). The standard
deviation of the secondary structure reflected sample variance to a minor degree; the largest
contributing factors were the biases of the three different computational programs in CD-pro
(see Methods). The helicities of “pure SLR” fragments SLR2-5 and SLR2-7ΔAD averaged
74.5% and 78.4%, respectively, well within the reported helicity range of typical canonical
SRs (60% to 80%).26–29 In contrast the helicity of SLR5-7, which includes the adaptive
domain, was significantly higher (averaging 83.1%), suggesting the AD was more helical
within the larger molecule, than either a canonical SR or the AD alone. The other AD-
containing polypeptide, SLR2-7 (the largest polypeptide tested), had the highest average
helicity (88.2%). This was unexpected since non-helical linking regions in larger proteins
mathematically “dilute” the percentage of ordered regions. Furthermore the helical percentage
of SLR2-7 was higher than any sub-fragment thereof. These results suggest full length
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nesprin-1α might undergo strong cooperatively-coupled folding in which the whole protein is
stabilized into a highly helical structure. Supporting this conclusion, SLR2-7 had a significantly
lower percentage of ‘turn’ structure than the other four polypeptides (0.9% compared to 3.8%,
4.7%, 7.7% and 20.2%; Table 1). Transitions from ‘turn’ to ‘helix’ structure can be induced
by strongly cooperative coupled folding.37–39 The 88.2% helicity of full-length SLR2-7 was
most closely matched by SLR5-7 (83.1%), whereas SLR2-7ΔAD and SLR2-5 had significantly
less helicity (78.4% and 74.5%), suggesting the AD strongly influences the secondary structure
and potentially also the tertiary structure of nesprin-1α. Notably the AD alone had only
moderate (32.7%) helicity and more β-sheet structure (18.3%) than any larger AD-containing
polypeptide. We therefore suggest the AD changes conformation (‘adapts’) to adjacent SLRs
and thereby increases the thermodynamic stability of the native nesprin molecule.

The ellipticity ratio θ222/θ208 of CD signals was used as an index of coiled-coil interactions.
40 The 222 nm CD signal reflects the n-π* transition and is responsive to α-helical content,
whereas the 208 nm CD signal reflects the π-π* transition and is sensitive to whether the helix
is monomeric or has tertiary interactions with other helices, because close apposition of rigid
α-helices decreases the π-π* transition signal.7 Typical α-helical monomer structures have
θ222/θ208 ratios of around 0.85, whereas α-helical bundles or dimers have a ratio close to
1.41–43 We found that SLR2-5 and SLR 2-7ΔAD, both of which lack the AD, had θ222/θ208
ratios of 0.95 and 0.96, respectively (Table 1), similar to canonical SRs and other helical
bundles.27,44 However, the AD-containing polypeptides SLR5-7 and SLR2-7 had lower θ222/
θ208 ratios (0.88 and 0.91, respectively), suggesting the AD does not behave as a helical bundle.

Nesprin 1α can form homodimers16, in contrast to other SR proteins such as α-spectrins, which
heterodimerize with a β-spectrin partner. To investigate potential dimerization or
oligomerization of nesprin-1α at the biophysical level, we used Dynamic Light Scattering
(DLS) to measure the sizes of two nesprin-1α fragments, in the same buffer used for CD (10
mM sodium phosphate, pH 7.4; Table 1). Ionic strength does not affect the secondary structure
of canonical SR proteins measured by CD, but can vary the DLS-measured radius of gyration
by 2–3 fold.45,46 Thus, the DLS-based sizes reported here are probably larger than the native
state, but provide useful information when comparing related protein fragments. The tested
nesprin-1α polypeptides had DLS-measured sizes that ranged from 35 to 99 nm (Table 1),
much larger than globular proteins of similar mass (such as BSA, MW. 69.3 kDa, Size 9.5 nm
in DLS manufacturer standard), suggesting nesprin-1α has a long rod-shaped structure (see
Discussion).

Thermally-induced transitions of nesprin-1α fragments
For most tested spectrin superfamily proteins, thermal unfolding behavior correlates with the
mechanical extensibility of their spectrin repeats.25,35,44 We monitored thermal unfolding of
four nesprin-1α polypeptides by CD at 222 nm, to assay loss of helicity in solution. (The 222
nm signal was not used to track the AD alone, because its CD spectrum was significantly
different and had low signal; Fig. 2). Melting curves are shown in Figs. 3A–3D. The
corresponding first-order derivative of each melting curve (Figs. 3E–3H) was used to precisely
characterize the number of transition stages and their transition middle points (Tm). Thermal
unfolding of the AD was revealed by comparing its CD spectra at low (25°C; folded) and high
(101°C; unfolded) temperatures (Fig. 3I). Polypeptides SLR2-5 (three SLRs) and SLR5-7
(three SLRs plus AD) each had multiple transition stages with two obvious peaks in the first
order derivative curve (Figs. 3E & 3F), characteristic of polypeptides with low numbers of
tandem SRs. We defined the obvious major transition peak at lower temperature as Tm1 and
the peak at higher temperature as Tm2. Tm values reflect the energy required for loss of local
secondary structure, and correlates with the extension of individual SLR helix bundles. For
example, SLR 2-5 displayed two transition stages peaks with similar height and width with
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Tm1 at 45°C and Tm2 at 61°C, suggesting SLR2-5 has distinct transitional states. Related
behavior was seen for SLR5-7: one small peak (Tm1 at 59°C) and a higher and broader Tm2
peak at 75°C, suggesting a small domain of SLR5-7 unfolded around 59°C, whereas a large
or multiple domains were more stable, unfolding around 75°C. Interestingly, SLR2-7ΔAD
showed only one broad peak (Tm at 63°C) (Fig. 3G), similar to the cooperatively coupled
unfolding property of canonical SRs: spectrin itself has only one distinguished Tm (49.5°C for
erythroid spectrin and 58°C for non-erythroid spectrin); the Tm of isolated SRs can vary from
21°C to 82°C and some tandem SRs show multiple Tms with the high-Tm SR stabilizing other
lower-Tm SRs.28,29 SLR2-7ΔAD resembled spectrin protein both in Tm value and in the
cooperatively coupled unfolding behavior. The largest fragment tested, SLR2-7, identical to
SLR2-7ΔAD except for the presence of the 230-residue AD, also showed one major peak but
at Tm 73°C (Fig. 3H), significantly higher than that of SLR2-7ΔAD (63°C) or spectrins (49–
58°C). The AD alone was not highly helical either before or after thermal unfolding (Fig. 3I).
We concluded that the AD, by interacting with SLRs, contributes significantly to the high
Tm2 of both SLR5-7 (75°C) and SLR2-7 (73°C). These findings suggest the AD is essential
for the high structural stability of nesprin-1α. Given the high Tm of SLR2-7 (73°C), relative
to canonical SRs of spectrin (Tm~ 55°C),29 we propose that the SLRs of nesprin-1α are “over-
stabilized” by the AD as a mechanism to resist unfolding. Unfolding was partially reversible
when temperature was reduced at a rate of 20°C/h. For example, 70% of SLR2-7 refolded when
reduced back to the original temperature (30°C to 70°C to 30°C), and continued refolding upon
further decreases (to 20°C; data not shown). Due to instrumentation limitations, cooling is
more difficult to control and temperatures below 20°C were not obtainable.

The above CD measurements of temperature-dependent secondary structure suggested AD-
containing nesprin-1α fragments were unusually stable. Models of SR unfolding suggest
secondary and tertiary structures are lost simultaneously.35 Since nesprin polypeptides had the
added complication of dimerization (quaternary association), which might influence transition
temperatures, we used DLS to measure size as a function of temperature for SLR2-7 and
SLR2-7ΔAD. At 25°C their sizes were ~99 nm and ~77 nm respectively (Fig. 4), as expected
(Table 1). At 37°C SLR2-7ΔAD showed unresolved dual peaks at around 51 nm and 72 nm
(asterisk at 37°C, Fig. 4), which we interpret as a population of mixed dimers and monomers.
At 42°C, SLR2-7ΔAD had completely transitioned to a single population of monomers (single
peak at 53 nm), which then gradually but significantly increased in size as temperature
increased further, potentially reflecting extension of the SLRs (Fig. 4). SLR2-7 was
significantly more stable: the unresolved dual peaks (~60 nm and 100 nm) were not detected
until 50°C and 54°C, with complete dissociation (single peak, 54.1 nm) at 58°C, followed by
gradual increase in size up to 66°C (Fig. 4). These results show the molecular size of the SLR2-7
dimer is significantly more thermodynamically stable than SLR2-7ΔAD, consistent with our
CD results. For both polypeptides this process was reversible; when temperature was decreased
slowly before reaching melting temperature, about 70% went through the dual-peak transition
and then regained their original (dimer) size (not shown).

Properties of the adaptive domain in nesprin-1α
The AD of nesprin-1α was previously deemed a ‘rod’ domain to distinguish this unique region
from surrounding SLRs.33 As shown above, the AD of nesprin-1α in SLR2-7 and SLR5-7 has
a thermally stable α-helical secondary structure and helps neighboring SLR domains resist both
thermal unfolding and size extension. Thus, the AD appears to stabilize nesprin-1α dimers in
a manner that may distinguish nesprin-1α from canonical SR proteins. We suggest these results
also apply to all other AD-containing nesprin isoforms including nesprin-2β at the INM and
the nesprin-1 and -2 “giants” at the ONM. The nesprin AD is highly conserved among
vertebrates, including zebrafish (Fig. 5A). One known missense mutation that causes EDMD
(V729L in AF444779) affects conserved residue V729 (Fig. 5A). The AD is conserved in
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nesprin-2 (Fig. 5A), but appears to be missing from nesprin-3 and nesprin-4. Our conservation
comparison is in agreement with Simpson et al.’s evolutionary conservation analysis of
nesprins, which reported that an unstructured region and a region called the ΔSR region in AD
are among the most highly conserved34. We therefore propose that the AD confers unique
structural and functional properties to all AD-containing nesprin-1 and nesprin-2 isoforms.

The isolated AD polypeptide had only moderate levels of α-helix (32.7%) and β-sheet (18.3%)
as well as moderate level of turns (20.2%), which might seem to contradict the high measured
helicity and very low β-sheet and turns in SLR2-7 and SLR5-7. Prediction of the AD domain,
such as by the secondary predictor PSIPRED, show even less secondary structure of α-helix
(18.3%) and β-sheet (1.3%) but high coil (80.4%) in the AD (Fig. 5B). This suggests that there
may be longer-range forces required to stabilize secondary structures within the domain. The
protein disorder prediction software DisEMBL, predicts the AD is the most disordered region
in nesprin-1α.47 Over half (56%) of nesprin-1α AD residues are predicted to be disordered by
the loops/coils definition, and 29% are predicted to be disordered by the “hot loops” definition
(meaning high degree of mobility) (Fig. 5B). Disordered coils are thought to become ordered
only when bound to other molecules,48,49 demonstrating ‘adaptive’ features. The longest
predicted “hot loops” region is found within the most highly-conserved region of the AD (Fig.
5A, shaded; corresponds to human nesprin-1α residues 610–629), and is also highly conserved
in nesprin-2. Our measurements clearly demonstrate the AD is less helical when expressed on
its own, but highly helical and stable within larger SLR-containing molecules, which our DLS
measurements suggest are dimers. We therefore propose the AD uniquely stabilizes native
nesprin molecules by reinforcing nesprin homodimer structures, by interacting with flanking
SLR domains, or by both mechanisms.

DISCUSSION
These results show that the predicted SLRs in nesprin-1α have biophysical properties typical
of canonical SRs, as compared and summarized in Table 2. Both have high α-helical content,
large dynamic size and multiple transition stages during thermal unfolding. Our analysis of
SLR2-7ΔAD, which lacks the AD, allowed us to compare the SLRs in nesprin, to canonical
SR proteins. SLR2-7ΔAD had a helical content and θ222/208 ratio consistent with helical
bundles. A helical bundle is a group of helices packed nearly parallel or antiparallel to one
another. To form such bundles, multiple non-helical loops of significant length are needed to
transition and allow tight parallel association between helices. During thermal unfolding,
SLR2-7ΔAD had temperature transitions in its secondary structure similar in magnitude to
other spectrin proteins. SLR2-7ΔAD also showed quaternary dissociation slightly above 37°
C, followed by increases in protein size, presumably from changes in tertiary and secondary
structure. These findings all suggest that nesprin SLRs are similar to, or the same as, typical
SRs in other SR proteins. Conversely SLR2-7 has helical and θ222/208 values inconsistent with
spectrin, and transition temperatures significantly higher than canonical spectrins, suggesting
the AD contributes uniquely to the thermal properties of nesprin-1.

Hydrodynamic diameters measured by DLS generally fall between protein length and width,
probably closer to length for nesprins given their extended conformation.45,46 For bovine
serum albumin (molecular dimensions ~5.5 × 5.6 × 12 nm50), our DLS-measured
hydrodynamic diameter was 9.6 nm, close to the reference value of 9.5 nm (manufacturer
standard). From the DLS data (Table 1 and Figure 4) we extracted information about the
dimerization of nesprin-1α fragments in these buffer conditions. Our DLS results do not
indicate actual size, since nesprin fragments may have a skewed hydrodynamic diameter
making them appear larger; however the sizes and single- or bi-modal distributions of different
nesprin molecules can be compared. Nesprin-1α were reported to form antiparellel
homodimers, via SLR3 and SLR5.16 Our DLS results support this idea, since the measured
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size differences between SLR2-7ΔAD monomers (54 nm) and dimers (76 nm) and SLR2-7
monomers (58 nm) and dimers (99 nm) can be explained by anti-parallel homodimerization
via SLR3 and SLR5. The SLR2-7 dimer (99 nm) is larger than the SLR2-7ΔAD dimer (76
nm), whereas the corresponding monomers of SLR2-7 (58 nm, 58°C) and SLR2-7ΔAD (54nm,
42°C) are roughly the same size. This similarity suggests the AD, in the context of SLR2-7
monomers, is disordered and less anisotropic, consistent with our other data suggesting the AD
is mostly disordered by itself, but interacts within full-length SLR2-7 dimers to stabilize the
entire cooperatively-coupled molecule.

The importance of structural integrity for experiments involving nesprin-1α
Our evidence shows that domain folding is strongly cooperative in nesprin-1α, typical of
spectrin superfamily proteins, and that the AD confers an additional, unexpected level of
stability to larger nesprin fragments that may be crucial for the functional integrity of native
nesprins. Our results appear to reconcile apparently-conflicting results from two previous
studies, which tested either single domains of nesprin-1α20 or larger fragments.16 Mislow et
al. reported that the full SLR1-7 molecule bound emerin very tightly (equilibrium affinity of
4 nM), and that SLR2-5 and SLR5-7 also bound emerin but with slightly weaker equilibrium
affinities (53 nM and 250 nM, respectively); they concluded that optimal emerin binding
required full-length nesprin-1α.16 Wheeler et al. tested emerin binding to the AD alone, SLRs
2–3, and individual SLR4, SLR5, SLR6 or SLR7 domains, and detected binding only to the
AD.20 They also tested emerin binding to the AD alone or single SLRs of nesprin-2β, and
detected binding only to one tested SLR.20 These results are all consistent with, and explained
by, the strongly cooperative coupled folding behavior of nesprin-1α, which we conclude
provides the optimal binding surface for emerin. Our findings strongly suggest that single SLR
domains and AD alone lack the cooperatively coupled folding seen in polypeptides with tandem
SLRs, and also lack stabilizing interactions between the AD and SLRs. A major prediction
from our study is that cooperative folding may do three things: promote nesprin-1α
dimerization, help nesprin-1α bind emerin (and potentially other partners) stably and with high
affinity, and increase resistance to imposed force, including thermal and (we propose)
mechanical stretching forces.

Nesprins are a newly-discovered family of proteins with emerging links to human disease. Our
findings reveal the importance of maintaining the structural integrity of the whole molecule,
or large fragments thereof, in future studies. This is particularly important given our thermal
unfolding results for nesprin-1α: nesprin-1α appears to be much more thermodynamically
stable and (we propose) much stiffer than both erythroid spectrin (Tm 49.5°C) and non-
erythroid spectrin (αII and βII spectrin; Tm 58°C),28,29 which confer elasticity and
deformability properties to the red blood cell membrane and other types of cells. The
significantly higher Tm (73°C) and thermodynamically stable dimer structure of full length
nesprin-1α (SLR2-7) suggests the AD confers unusual stiffness to nesprin-1α; its conservation
during evolution suggests this stiffness is essential for its molecular functions.

Implications for ‘giant’ nesprins at the outer nuclear membrane
Nesprin-1α was previously reported to form anti-parallel homodimers, through binding
between SLR3 and SLR5.16 Our results suggest these dimer interactions are strongly reinforced
by the AD. Since this entire region including the AD is identical in the ONM-localized
nesprin-1 giant isoform, and highly conserved in the nesprin-2 giant, we propose that ONM-
localized nesprin-1 and nesprin-2 giants form similarly stable, potentially ‘knotted’, dimers as
depicted schematically in Figure 6. Each nesprin giant has an N-terminal actin-binding domain
and a C-terminal KASH domain that binds a SUN-domain protein in the lumenal space of the
nuclear envelope.13,15 SUN-domain proteins are known to dimerize.51 Our ‘knotted dimer’
model for nesprins, suggests a nano-structural mechanism to mechanically balance their
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interactions with SUN-domain dimers, which would significantly enhance the mechanical
stability of these NE-spanning LINC structures. We speculate that these AD-mediated ‘knots’
might be positively or negatively regulated by adaptive binding to alternative partners, such
as emerin at the INM (for nesprin-1α) or unknown proteins that might contact nesprin giants
at the ONM. Further protein engineering studies of this interesting domain, and its effects on
SLRs, are strongly warranted.

Implications for nuclear mechanotransduction and disease
Spectrin superfamily proteins have two major roles in cells: as mechanical and elastic
crosslinkers between cytoskeletal elements, and as linear scaffolds for protein complexes.5
Despite relatively weak homology (21–28%) between nesprin-1α, human α- and β-spectrins
and dystrophin,33 our blast searches reveal that the ‘pure’ SLR-containing nesprin-1α
polypeptide (SLR2-7ΔAD) is 42–45% similar to spectrins and other spectrin superfamily
proteins, including dystrophin and Microtubule-Actin Crosslinking Factor 1 (MACF1). We
therefore propose nesprin-1α has a scaffolding and crosslinking role, like other spectrin
superfamily proteins. Nesprin-1α, located at the inner nuclear membrane, can directly bind
many nuclear proteins including lamins, emerin, SUN1 and mAKAP.8,13,16,51,52 It is possible
that during evolution, nesprins retained both SR-like functions (e.g. actin binding and
scaffolding), and unique (e.g. adaptive domain) reinforcement mechanisms to help connect the
cytoskeleton and nucleoskeleton. Compared to the ONM-localized nesprin-1 giant isoform,
which has more SLRs and is probably more spectrin-like, we predict that shorter INM nesprins
are much stiffer since they are more dominated by the adaptive domain. Indeed nuclei are stiffer
than most cytoskeletal elements.53 We suggest nesprin-1α and other ‘short’ nesprins contribute
significantly to this stiffness. Nesprin-1α’s potential role in force transduction in concert with
lamins and/or emerin and contribution to Emery-Dreifuss Muscular Dystrophy are important
topics for future investigation.
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Figure 1.
(A) Schematic representation of recombinant fragments of human nesprin-1α used in this work.
Each black box indicates a spectrin-like repeat (SLR). The gray box indicates the adaptive
domain (AD). Short grey box indicates the KASH domain. Our nesprin-1α polypeptide starts
from residue 125 in Genbank accession no. AF444779. The SLRs were predicted by SMART,
and the adaptive domain (AD) was named by virtue of its disorder predicted by DisEMBL but
ordered structure measured in the full length protein. (B) SDS-PAGE analysis of purified
recombinant SLR2-7, SLR2-5, SLR5-7 SLR2-7ΔAD and AD polypeptides.
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Figure 2.
Representative CD spectra of nesprin-1α polypeptides SLR2-7, SLR2-5, SLR5-7 SLR2-7ΔAD
and AD. Spectra were recorded in PBS buffer (pH 7.4) at 37°C and scaled to 10 μg/ml for
comparison.
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Figure 3.
Profiles of the thermal unfolding of nesprin-1α fragments recorded at 222 nm (A–D) and the
first order derivatives of the unfolding curves, respectively (E–H), as well as the AD spectra
before and after thermal unfolding (I). A and E represent the unfolding of SLR2-5; B and F
represent the unfolding of SLR5-7; C and G represent the unfolding of SLR2-7ΔAD; D and H
represent the unfolding of SLR2-7. SLR2-5 and SLR2-7ΔAD are shown as open and closed
circles, respectively (n = 2); SLR5-7 and SLR2-7 are shown as open and closed circles,
respectively (n = 3, but 2 representative samples are shown). The apparent sample to sample
variation for fragments SLR5-7 and SLR2-7, compared to other two pure SLR fragments, may
be due to the effects of the adaptive domain. The unfolding of AD was maintained in 101 °C
for 1 hour to reach equilibrium and the spectra are repeated twice and the average value is
plotted. Each trial (n) includes the repeat of protein expression, purification and unfolding;
independent repeats from the same preparation were indistinguishable.
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Figure 4.
Protein size measured by DLS for SLR2-7 and SLR2-7ΔAD as a function of increasing
temperature. Protein size was measured at each indicated temperature, and average peak size
was plotted; bars indicate standard deviation. Asterisks indicate that the plotted size is the
average of two unresolved peaks, interpreted as a mixture of monomers and dimers at that
temperature. With increasing temperature each construct changed from single-peak dimers, to
presumed mixtures of dimers and monomers (asterisk), to single-peak monomers.
SLR2-7ΔAD completely dissociates at near 42°C; SLR2-7 completely dissociates at near 58°
C. Dissociated proteins then extended further, prior to denaturing above 54°C (SLR2-7ΔAD)
or above 66°C (SLR2-7). (n=2 independent runs).
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Figure 5.
Evolutionary conservation of the Adaptive Domain in nesprin-1 and nesprin-2. (A) Amino acid
sequence of the AD of nesprin-1 and nesprin-2 from human, mouse, Bos taurus, chicken and
Zebrafish (residues 558-786 in human nesprin-1 isoform, AF444779). Overlines indicate left
and right halves of the putative ‘divided LEM-like domain’.8 Underlines in human nesprin-1
indicate ‘Hot loops’ (high mobility) predicted by DisEMBL. The V729L mutation (boxed)
causes Emery-Dreifuss muscular dystrophy.21 (B) Schematic diagrams to scale, showing the
relative positions of the ‘divided LEM-like domain in nesprin-1α8, disordered regions
predicted by the ‘loops/coils’ definition (DisEMBL), disordered regions predicted by the ‘hot-
loops’ definition (DisEMBL), and secondary possible structure (predicted by PSIPRED). Star
highlights residue V729.
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Figure 6.
Speculative model extending our results for INM-localized nesprin-1α to the ONM-localized
nesprin-1 giant isoform. Adaptive domain (AD)-mediated self-folding and stabilization of
dimers is predicted to form INM- and ONM-localized “knots” that mechanically secure and
balance the formation of NE-spanning LINC complexes with SUN-domain protein dimers.
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Table 2

Biophysical properties of SLRs, canonical SRs, nesprin-1α and spectrin.

Properties SLR SR Nesprin-1α Spectrin

Constitution 99~108 aa ~106 aa SLRs+AD SRs

Helicity 74~78% 60%~80% 83% 60%~80%

Tm 45~75°C 21~82°C 73°C a49.5°C, b58°C

Multiple transitions + + − −

Cooperative folding + + + +

a
erythroid spectrin;

b
non-erythroid spectrin.
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