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Abstract

Hutchinson-Gilford progeria syndrome (HGPS) is a premature aging syndrome caused by the
expression and accumulation of a mutant form of lamin A, A50 lamin A. As a component of the
cell's nucleoskeleton, lamin A plays an important role in the mechanical stabilization of the
nuclear envelope and in other nuclear functions. It is largely unknown how the characteristic 50
amino acid deletion affects the conformation of the mostly intrinsically disordered tail domain of
lamin A. Here we perform replica exchange molecular dynamics simulations of the tail domain
and determine an ensemble of semi-stable structures. Based on these structures we show that the
ZMPSTE 24 cleavage site on the precursor form of the lamin A tail domain orients itself in such a
way as to facilitate cleavage during the maturation process. We confirm our simulated structures
by comparing the thermodynamic properties of the ensemble structures to in vitro stability
measurements. Using this combination of techniques, we compare the size, heterogeneity of size,
thermodynamic stability of the Ig-fold, as well as the mechanisms of force-induced denaturation.
Our data shows that the A50 lamin A tail domain is more compact and displays less heterogeneity
than the mature lamin A tail domain. Altogether these results suggest that the altered structure and
stability of the tail domain can explain changed protein-protein and protein-DNA interactions and
may represent an etiology of the disease. Also, this study provides the first molecular structure(s)
of the lamin A tail domain, which is confirmed by thermodynamic tests.
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1. Introduction

1.1 Lamin A, laminopathies and HGPS

The nucleoskeleton of a cell, located at the inner face of the inner nuclear membrane, is
composed mainly of intermediate filaments (IFs) made of either A-type and B-type lamin
protein along with other accessory proteins (Wilson and Berk, 2010). A-type lamins,
primarily lamin A and lamin C, are spliced from the LMNA gene. B-type lamins are encoded
by LMNB1 and LMNB2. Lamin A is an A-type lamin of particular mechanical interest since
the loss of lamin A appears to influence nuclear mechanics more than other A-type lamins or
B-type lamins (Lammerding et al., 2006). Conversely, a loss of lamin A has no apparent
defect in mice aside from some nuclear weakening as long as other A-type lamins are
present (such as lamin C) (Fong et al., 2006). This “survivability' may be a reason that the
LMNA gene has more than 100 disease-causing mutations (Worman et al., 2010). Mutations
in different regions of the LMNA gene lead to alterations in different tissue types including
fat, muscle, and brain as well as different aging disorders (Worman and Bonne, 2007). This
group of diseases, collectively termed laminopathies, has led to a considerable interest in
lamin A. Hutchison Gilford progeria syndrome (HGPS) is a segmented premature aging
syndrome caused by a mutation in LMNA (Goldman et al., 2004).

1.2 Lamin A molecular structure and the HGPS A50 mutation

Lamin A is a characteristic type V IF protein that contains a globular N-terminal head, a
segmented coiled-coil a-helical rod domain and a C-terminal tail containing an
immunoglobulin (Ig)-fold (Herrmann et al., 2007). Lamin proteins are unique from other IFs
as they feature an exceptionally long C-terminal tail domain (Herrmann, et al., 2007). The
Ig-fold binds DNA and many other nuclear proteins (Zastrow et al., 2004). The C-terminus
of the tail domain undergoes posttranslational processing, where the precursor form of lamin
A is farnesylated, carboxymethylated localized to the inner nuclear membrane (Coffinier et
al., 2010) and then the last 18 amino acids are cleaved by an endoprotease ZMPSTE-24 to
produce mature wild-type lamin A (mwt LA) (Young et al., 2005). In HGPS, a single point
mutation in the LMNA gene activates a cryptic splice site causing 50 amino acids encoded
by exon 11 to be deleted, and the resulting mutant protein is called A50 lamin A (A50 LA)
(De Sandre-Giovannoli et al., 2003). The deletion in A50 LA includes the ZMPSTE-24
cleavage site resulting in the retention of the C-terminal farnesylation, which is suggested to
be responsible for the accumulation of A50 LA at the inner nuclear membrane. Similarly, the
loss of the ZMPSTE-24 protease causes an accumulation of the precursor lamin A protein,
prelamin A, at the inner nuclear membran (Navarro et al., 2004; Taimen et al., 2009).
However, the retained farnesylation cannot explain all of the molecular changes in HGPS.
Recently, in vitro binding assays have shown differential binding of A50 LA to nuclear
proteins and chromatin (Bruston et al., 2010). Two transgenic mice models containing an
unfarnesylated A50 LA showed varied, but present, clinical pathology (Yang et al., 2011;
Davies et al., 2010; Leuba et al., 1994). These results suggest that the loss of 50 amino acids
from the lamin A tail may alter the protein more than simply retaining a farnesylation
(Young et al., 2006).

1.3 Lamin A tail is an intrinsically disordered protein

The tail domain of lamin A is mostly disordered and demonstrates the characteristic qualities
of intrinsically disordered proteins (Rauscher and Pomes, 2010) including a promiscuity in
protein binding (Schirmer and Foisner, 2007; Zastrow et al., 2004), tendency to aggregate
(Linding et al., 2004) and a high proline and glycine content. It is difficult to predict how the
removal of 50 amino acids in a region lacking secondary structure will affect the overall
structure of the protein domain. Disordered regions are typically difficult to crystallize and
take on many conformations, making traditional structural analyses such as X-ray
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crystallography and NMR challenging (Krimm et al., 2002). Instead, here we use Replica
Exchange Molecular Dynamics (REMD) simulations to determine an array of semi-stable
structures based on ordered secondary structures (Sugita and Okamoto, 1999). REMD has
been shown to be successfully utilized as a computational method used to improve the
dynamic properties of conventional Molecular Dynamics and Monte Carlo methods, aiming
at obtaining global-minimum free energy states of polymers by overcoming kinetic trapping
without giving any specific initial structures (Liu et al., 2005; Snow et al., 2005; Sugita and
Okamoto, 1999; Zhou et al., 2001). Nevertheless, this method can reduce accuracy when it
is applied to extremely large systems (Snow et al., 2005). We focus on the amino acid
sequence of the tail domains and apply massively parallelized computational power to study
their intrinsically disordered structures (Liu et al., 2005) (see Methods and Supplementary
Material for detail). When taken together, these structures represent the spectrum of
conformations of the mwt LA and A50 LA tail domains. Then, we computationally and
experimentally probe the protein stability to determine global structural changes in the tail
domains. These structural changes likely impact binding, filament formation as well as
protein stability. Specifically, we test the stability of the structured Ig-fold, which has
previously been examined in other laminopathies (Krimm et al., 2002; Shumaker et al.,
2005). However, an altered stability has only been observed for point mutations which occur
in the Ig-fold. By combining data obtained from experiment and simulation, we extract
information on changes in the stability of both normal and mutant proteins and develop a
mechanistic model of higher-level nuclear structural and mechanical changes in diseased
and normal states.

2.1 Structure of the A50 region of lamin A

By applying REMD, we identify folded structures of different segments within the tail
domain of LA. As shown in Figure 1, the segments include AA607-656 (A50) for the 50
amino acids coded in exon 11 that are missing in the A50 LA mutation (sequence in Figure
1A), AA428-646 for the mwt LA tail domain (sequence in Figure 1B) and AA428-614* for
the A50 LA (sequence in Figure 1C). Since the A50 region from exon 11 is lost in A50 LA,
we examine the folded conformation of that region. To increase the sampling space and to
examine the dependence on the initial geometry, we consider two extreme initial
conformations; a straight conformation and an a-helical conformation. This strategy has
been effectively performed in earlier REMD studies applied to investigate protein structures
(Liu et al., 2005). Likely structures of the A50 domain, that is, those associated with highest
significance factors and lowest energies are listed in Figures 2A and B. There are no
dominant conformations for the structure based on the energy calculations of the different
structures. The average end-to-end length of this segment is determined to be 10 + 3.9 A
(Figure S1C), obtained by statistical measurement of all the conformations generated. The
flexibility of this segment is confirmed by comparing this end-to-end length with the contour
length of 175 A. These observations correlate with the experimental finding that the
structure of this domain is amorphous and flexible (Kobayashi et al.; Krimm et al., 2002).
We confirm that two sets of initially differently folded structures converged to similar
conformations characterized by the secondary structure distribution as shown in Figure 2C.
Figure 2C clearly shows that the generated structures have a secondary structure indicative
of intrinsic disorder, with >80% turns and coil. This is consistent with our experimental CD
measurements (Figure S2 and Table 1), where we find a high glycine content (20%) in this
region that may be the source of the high flexibility of this segment. We observe a relatively
high a-helix character for A50 segments that were initialized as a pure a-helix (Figure 2B).
The a-helix character is retained near the C-terminal of this A50 domain around AA645 (8
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AAs) and 623 (6 AAS), suggesting that they are more difficult to unfold rather than to
maintain.

Another intriguing character of the A50 region is that AA645-647 are always found on the
outside of the structure with side-chains of the amino acids pointing outward (Figures S1A
and B in red). AA645-647 are the site of endoproteolytic cleavage by the protease,
ZMPSTE-24, cleaving prelamin A to mwt LA (shown in Figure 1A). Our computational
results suggest that this “substrate” region faces outward possibly to facilitate interacting
with the protease. This location may be critical to ensure the fast protease reaction kinetics
of premature lamin A cleavage observed in cells (Liu et al., 2010).

2.2 Structures of tail domains of mwt LA and A50 LA

Experimentally, the tail domains of mwt LA and A50 LA show a [3-sheet structure with
random coil but no a-helix (Figure S2, Table 1). After purification, the proteins are
estimated to be ~4.0 +/— 0.3 nm in size, as measured by DLS (Figure S3). Using the same
REMD technique as used above, we predict conformations of the full tail domains of mwt
LA and A50 LA. As expected for a mostly intrinsically disordered protein, our simulations
yield an ensemble of conformations for the tail domains of mwt LA and A50 LA. We
present the eight conformations that are most frequently visited by the replica with the
lowest temperature in the order of decreasing significance (Figures 3A and B). Initially, the
structure of the s-type Ig-fold of the tail domain is modeled from the starting conformation
available from the protein database (PDB with ID 1IVT (Krimm et al., 2002)), and the
remaining tail domain is given a straight conformation. We observe that the 1g-fold
maintains a majority of its B-sheet structure throughout the simulation, while other regions
become disordered with a distribution of structures, but no single, dominant, equilibrium
state. This intrinsic disorder is expected by the high proline and glycine content (3% P and
16% G for mwt LA tail; 4% P and 10% G for A50 LA tail).

We find that the folded structures of A50 LA tail (Figure 3B) are more compact than
structures of mwt LA tail (Figure 3A). From these simulation results, we quantify the end-
to-end length (ree) of this disordered domain (AA545-646 for mwt LA and AA545-614 for
A50 LA in Figure 3C). The average ree for mwt LA tail was measured to be rge = 56.5 +
10.2 A, which is much larger than that of the A50 LA tail (ree = 20.4 = 7.6 A). Some of the
reduction in the rge in the A50 LA tail, as compared to mwt LA tail counterpart, can be
accounted for by the reduced contour length from the net loss of 32 amino acids. However,
the contour length is only reduced by 30%, much less than their difference in ree. The
persistence length of an isolated polypeptide chain is ~4 A, which is much smaller than the
loss of contour length (357 A for 102 AAs of mwt LA versus 245 A for 70 AAs of A50 LA).
As such, we can use the Worm-Like-Chain (WLC) model for the disordered regions (in the
limit of | >>¢p) (Leuba et al., 1994; Marko and Siggia, 1995)

(rie)

2] (1)

jg

a

£p=

to estimate the persistence lengths of the mwt LA tail and the A50 LA tail. We obtain that
the persistence length of the A50 LA tail (1.0 + 0.6 A) is 78% shorter than that of the mwt
LA tail (4.6 + 1.6 A), as shown in Figure 3D. This result indicates that the tail domain of
A50 LA is more able to adopt a greater variety of conformations. We calculate the effective
radius of the molecule, and find that the diameter of A50 LA tail closely agrees with the
experimental hydrodynamic radius from DLS (Table 2; Figure S4 to compare with Figure
S3). Interestingly, the deviation of the protein sizes, both by experiment and simulation, are
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the most striking features (Table 2); and the mwt LA has a more heterogeneous distribution
of protein sizes.

We quantitatively measure the overall structural composition of the mwt LA and A50 LA for
the tail domain, and we observe that >70% of the amino acids feature turn or coil structures,
confirming that this domain is mostly disordered (Figure S5A). We count the secondary
structures of each amino acid and plot the ratio (Figures S5B and C). Some positions in the
mwt LA tail are seen to form a-helices including 562 (24 AAs), 584 (8 AAs) and 620 (20
AAS). In the A50 LA tail, a-helices are similar if not slightly longer for the mid segment but
are missing the third segment (562 (24 AAs) and 582 (12 AAs)). Compared with random
coils, a peptide with a helix structure has a much longer persistence length (~100 A since
the backbone is stabilized by hydrogen bonds), which can explain why the mwt LA tail, with
net 16 more AAs in helices, has a longer persistence length.

2.3 The thermal denaturation of the mature lamin A and and A50 LA tail domains

To experimentally measure the stability of the LA tails we utilize the presence of four
hydrophaobic tryptophan residues in the Ig-fold (Figure 1) as a way to monitor protein
thermal unfolding (Eftink, 1994). We monitor the intensity of protein solutions at 342 nm,
the peak wavelength of the emission spectra, as a function of temperature. The intensity is
then normalized assuming a fully folded state at low temperature 37°C and a fully unfolded
state at high temperature 95°C (see Methods and Figure S5). The resulting unfolding curve
as a function of temperature is shown in Figure 4A. Measuring the thermal stability gives us
insight into the tail domains' thermal equilibrium (kgT). Using this analysis, we find that the
mwt LA tail shows little sample-to-sample variation and we determine a transitional melting
temperature (Ty mwt) Of 63.2 +/— 0.09 °C at which 50% of the protein is unfolded. The A50
LA tail domain shows an increased sample-to-sample variation and shows a Ty 450 of 65.8
+/—0.23°C (Figure 4B, Table 3).

We confirm the melting temperature of the A50 LA tail by examining changes in the
secondary structure using CD with increasing temperature as well as by differential scanning
calorimetry (DSC). We perform these analyses on A50 LA tail domain since the protein is
less susceptible to aggregation and the baseline protein state was more regular (see
Supplementary Material). The change in CD signal at 230 nm with increasing temperature
normalized to room temperature and denatured points shows a characteristic denaturation
when fit to a van't Hoff model

AH AS
In (1(“,) = = =+ Where the K.,= (fraction unfolded) / (fraction folded).

RT (2)

From this fit (Figure S6A), we observed a characteristic Ty, of 63°C based on secondary
structure. We confirm this transition temperature using DSC, and observed a Ty, of 63°C
(Figure S6B). These values are slightly below the Ty, proposed earlier, the similar range of
temperatures for denaturation of secondary and tertiary structure suggests robustness of the
thermal stability measures. However, changes in secondary structure are limited by low
signal to noise ratio (small amounts of B-sheet compared to random coil).

2.4 Simulating the thermodynamic denaturation of tail domains under loading conditions

To complement the experimental data of protein stability described in the previous section,
we use simulation to measure the mechanical stability of the mwt and A50 LA tail domains
by unfolding the protein at 27°C and monitoring the conformation of the region containing
the Ig-fold. We focus on the Ig-fold because: (a) the 1g-fold is the most ordered and
probably most stabilized motif representing the limiting factor of mechanical strength; (b)
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the Ig-fold interacts with lamin binding proteins and DNA (Stierle et al., 2003; Zastrow et
al., 2004); and (c) we can directly compare denaturation with experimental results based on
the tryptophan residues in the Ig-fold. We apply the steered molecular dynamics (SMD)
protocol to stretch the two regions flanking the Ig-fold domain (AA428 and 545) within the
full tail domain to unfold the structure and record the force-extension curve during the
stretching process (Figure 5A).

We find that the unfolding processes of the two protein segments reveal different
deformation mechanisms under loading. The unfolding of the Ig-fold in the mwt LA tail
shows a stepwise unwinding of the B-strands from the one end to the other end (Figure 5B).
However, the unfolding of the Ig-fold of the A50 LA tail domain reveals a two-state process.
In the first state, the Ig-fold maintained secondary B-sheet structure but shows a tertiary
transition, similar as opening two halves of a sandwich along an edge. This unfolding
pattern opens up a beta-sheet pocket. In the second stage, beta-strands are peeled away from
the central structure in a similar fashion as mwt LA tail (Figure 5C). The two-state unfolding
process of the Ig-fold domain appears to be unique to the A50 LA tail, which could
qualitatively describe by a pocket-unwinding model as illustrated in Figure 5C. This result
shows that the Ig-fold of the A50 LA tail transforms before unfolding under loading. These
results suggest altered interactions within the Ig-fold and that the mutation makes unfolding
more variable. Thus, the two-state unfolding complicates a normally continuous process and
may allow for more stable intermediate states.

We repeat the loading process for other possible structures with high significance factor
(structures in Figures 3A and B) and collect all force-extension curves as shown in Figures
6A and B from the initial conformation until the end-to-end distance equaled the contour
length (~403 A). We model force-extension curves as worm-like-chain (WLC) models
stretching at the end (Marko and Siggia, 1995). Initially, there were 4-5 transition peaks,
each corresponding to an unfolding event of a B-strand, requiring the unfolding force of
357.8 £ 94.2 pN. After each unfolding event, the force drops and shifts rightward because
the contour length has increased (Sotomayor and Schulten, 2007). We integrate the force-
extension curves (Figure 6C) and find that the external work to fully unfold the A50 LA Ig-
fold was 1,113.8 +/— 75.1 kcal/mol and 1057.3 +/— 70.2 kcal/mol for the mwt LA Ig-fold.
To fully unfold the Ig-fold of the A50 LA tail domain, 56.5 kcal/mol more work is required
than in the case of the mwt LA tail domain. We believe that this extra energy is required
because the A50 LA tail is more compact, which stabilizes the Ig-fold and results in an
increase of the unfolding energy. From Figure 6C, the energy difference at 75 A extension,
corresponding to the first-stage transition shown in Figure 5C, is 65 kcal/mol, suggesting
that the additional energy to fully unfold the Ig-fold may primarily be required for the first-
state, hinge-like transition.

We now qualitatively compare our in vitro result with the in silico results and find that the
A50 LA tail is more stable in both experiment and simulation. Experimentally, the thermal
transition midpoints are Ty o50 =65.8 +/— 0.23°C for the A50 LA tail domain and Ty mut
=63.2 +/— 0.09 °C for the mwt LA tail domain, indicating that the A50 LA tail domain is
more difficult to unfold. This experimental result agrees with the in silico result that
additional energy was required to fully unfold the A50 LA tail domain structure. According
to a calculation based on the Bell-Evans model (Bell, 1978; Evans and Ritchie, 1997; Rief et
al., 1998), we arrive at Awgyp = 37.0 +/= 7.0 kcal/mol (62 +/— 12 kgT for T=300 K). This
corresponds to the additional energy of Awgj, = 69.8 +/— 17.4 kcal/mol (117 +/— 29 kgT for
T=300 K) needed to unfold 50% of the A50 LA tail more than the mwt LA tail in our
experimental studies. We find that the computational results are on the same order of
magnitude as the experimental result. The difference between the experiment and simulation
results could be caused by the intrinsic difference of the two methods. In the SMD
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simulation approach, the force is applied only at the two ends of the strand with a finite
loading rate, the structure unfolded along the prescribed direction and the force required to
overcome the energy barriers is applied only in this one prescribed direction. In temperature
mediated changes in tryptophan fluorometry, the unfolded form has more degrees of
freedom and the rate of temperature increase is also intrinsically different from the loading
rate used in our simulation. Also, experiments could possibly include simultaneous kinetic
aggregation, which was not included in the simulation (see Materials and Methods for
detail).

3. Discussion

Using a combination of theoretical and experimental methods, we have studied atomic
conformations and nanomechanical stabilities of the tail domain of the mwt LA tail and a
mutant associated with HGPS (A50 LA tail). Our results demonstrate that the A50 LA tail is
more compact than the mwt LA tail domain. Most importantly the unfolding of the A50 LA
tail domain requires a higher energy barrier to overcome unfolding, likely due to
transitioning through a pseudo-stable intermediate state (Figures 3-6 and Table 1). This
phenomenon is in agreement with experimental measurements using both tryptophan
fluorometry and circular dichroism methods (Figures 4 and S7).

These findings highlight the need to keep the protein geometry in mind when trying to
understand the molecular mechanisms of the disease. Previously, experimental works of
wild type and HGPS cells have shown a stiffening of nuclei from HGPS patients and
resistance to mechanical pressure, and alteration in the mechanical properties is due to the
presence and overaccumulation of the A50 LA protein and associated filaments at the inner
nuclear membrane (Dahl et al., 2004; Goldman et al., 2004). The etiology of HGPS has long
been thought to be a function of the retained farnesyl group alone (Capell et al., 2008; Leuba
et al., 1994), but our results suggest that changes in protein stability may be contributing to
the disease pathology. This finding is consistent with recent studies which show that the
presence of unfarnesylated prelamin A and A50 LA still have cellular and organism effects
whose mechanisms are not yet entirely clear (Yang et al., 2011; Davies et al., 2010;
Verstraeten et al., 2008).

Furthermore, our experimental and computational results quantitatively and consistently
show that the A50 LA tail is a more stable structure (by approximately 37—70 kcal/mol or
62-117 kgT), as well as a more compact molecule. This suggests an explanation for the
increased compactness of in vitro reconstituted filaments of full length A50 LA than mwt
LA (Taimen et al., 2009). This compact filament structure, likely caused by a smaller and
more stable A50 LA tail, may also partly be responsible for reduced turnover of proteins
from the nucleoskeleton (Dahl et al., 2004; Goldman et al., 2004) and is thus much more
than just a farnesyl-related issue. We also observe an increased propensity for A50 LA tail
domain to form dimers, suggesting an increase in dimer-dimer interaction strength and as a
result, a reduced capacity for the A50 LA tail domain to be reorganized by thermal
fluctuations (moderated temperatures or moderate force), consisted with the extra energy
and higher temperature that is required to unfold the A50 LA tail domain seen here.
Filaments that include the more stable A50 LA may more readily aggregate, show reduced
turnover, and due to their stronger binding appear mechanically more rigid and therefore
“brittle”, thereby directly explaining earlier experimental findings (Dahl et al., 2004; Dahl et
al., 2006; Delbarre et al., 2006) based on the geometric and mechanistic insight developed in
this study. Our results may also explain a recent experimental report that showed that the
proliferation of HGPS cells is significantly impaired (Verstraeten et al., 2008).
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From a mechanistic viewpoint we have shown that the mwt LA tail unfolds by individual
beta-strands being pulled away from the central structure in a sequential process. In contrast,
the A50 LA tail domain shows a two-state transition process with a tertiary opening of the
Ig-fold into two halves, which we termed a “beta-sheet pocket”. Within this pocket there
may exist other “hidden” binding sites similar to the internal structure of the Ig-folds of titin
(Marszalek et al., 1999) or fibronectin (Klotzsch et al., 2009) that may alter the affinity to
binding partners. The two stage transition process may also alter the unfolding process of the
assembled filament, and we hypothesize that this mechanism could imply that the unfolding
of A50 LA lamin filament features a greater structural variability, while the process in case
of wild-type lamin filament is smoother. This could explain differential binding of A50 LA
to proteins and DNA (Bruston et al., 2010). We suggest that there may be other differential
protein-protein binding associated with A50 LA, but this binding may be energy dependent,
such as with force or temperature.

The “structure” of intrinsically disordered proteins are described as an ensemble of
conformations which may represent conformations allowing for protein-protein binding to
different binding partners and have been shown to be necessary for specific mechanical
functions of biological materials including spider silk and talin rods (Keten et al., 2010; del
Rio et al., 2009). Given lamin A's proposed role in mechanotransduction, and the multiple
binding partners of the tail domain, further study of the conformations of the tail domain
relating to mechanical function should be explored in future work (Wang et al., 2009). Here,
we have demonstrated the use of an integrated experimental-computational approach to
determine a group of structures to gain molecular-level insight into pathological
mechanisms.

4. Materials and Methods

4.1 Protein concentration, purity and size characterization

Protein concentration was measured using Coomaisse Plus (Bradford) Assay (Pierce).
Purified protein size and purity was determined using 14% SDS-PAGE, according to
standard protocols. Dynamic light scattering (Malvern Zeta Sizer Nano) was used to
measure protein hydrodynamic radius and possible aggregation state.

4.2 Protein expression and purification

Lamin A tail domains were created using PCR from plasmids kindly provided by Misteli at
NCI/NIH (Dahl et al., 2004) to create tail fragments of mwt LA (386-646; Figure 1B) and
A50 LA (Figure 1C) using primers. For the mwt LA tail domain with encoded EcoR1, Xhol
and stop codon we used: 5'-GAA TTC GCT ACG CCT GTC CCC CA-3'and 5-CTC GAG
TTA GTA GGA GCG GGT GAC CAG-3' and for A50 LA tail domain with EcoR1, Xhol
and stop codon we used: 5'-GAA TTC CTA CGC CTG TCC CCC AGC CC-3'and 5'-CTC
GAG TTA CAT GAT GCT GCA GTT CTG GGG GCT-3'. PCR products were ligated into
pGEMTez vectors, amplified in DH5a, and subcloned into the pGST parallel vector for
recombinant expression (Sheffield et al., 1999). GST-tagged lamin A tails were transformed
into BL21-CodonPlus competent E. coli (Agilent Technologies), grown 2—3 hours at 37°C,
and induced by IPTG at OD600 of 1.8 (mwt LA: 400 uM IPTG for 3 hrs; A50= 800 uM
IPTG for 2 hrs). A50 LA tail was produced more easily and was less susceptible to
degradation, possibly suggesting resistance to protease activity (Parsell and Sauer, 1989).
Cells were harvested by centrifugation at 6000xg for 10 min, lysed with B-PER reagent
(Pierce), diluted by 5% in binding/wash buffer: 125 mM Tris, 500 mM NaCl, pH 8.0 and 100
uM PMSF and added to glutathione magnetic beads overnight at 4°C (Pierce). Beads were
washed with 20 volumes with binding/wash buffer and exposed to proTEV protease for 5
hours at 4°C according to manufacturer's instructions (Promega Madison, W1). Cleaved
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protein was collected in the supernatant after centrifugation (1,000 x g for 5 min) and
exposed to glutathione agarose beads (Pierce) pre-equilibrated in proTEV buffer to remove
excess GST overnight at 4°C. Proteins were ultracentrifuged at 100,000 x g for 30 minutes
at 4°C to remove aggregates.

4.3 Tryptophan fluorometry

For tryptophan fluorescence tail domains were diluted to 0.1 mg/mL in 50 mM HEPES, 0.5
mM EDTA, pH 7.0. Sample was excited at 295 nm in a 1 cm pathlength polished cell in a
Fluorolog-3 (Jobin Yvon-spex, Instruments S.A., Inc., Edison, NJ) and the emission at 342
nm was monitored as the temperature was increased from 40°C to 90°C in 1°C increments,
~every 1 min. The temperature was manually controlled using a water bath (Neslab
RTE-210, ThermoScientific) attached to a custom built sample holder, allowing for
temperature regulation.

4.4 Molecular simulation approach and analysis

Replica Exchange Molecular Dynamics (REMD) and Steered Molecular Dynamics (SMD)
simulations are carried out using the CHARMM19 all-atom energy function with an
effective Gaussian model for the water solvent (additional details about the simulation
approach and analysis methods are provided in Supplementary methods part). For the
mechanical analysis the a-carbon atoms at the two ends of the Ig-fold are connected to SMD
springs (spring stiffness 10 kcal/AZmol) and they move against each other at a constant
relative speed of 0.01 A/ps (Qin and Buehler, 2010; Qin et al., 2009). The applied pulling
force is recorded versus its displacement. We use Visual Molecular Dynamics (VMD)
(Humphrey et al., 1996) for visualization of protein structures (Figures 2, 3 and 5). We
assess secondary structures by analyzing both the hydrogen bond patterns and the backbone
geometry with the STRIDE algorithm (Frishman and Argos, 1995).

4.5 Extra energy needed to unfold Ig fold of A50 LA tail

According to the Bell-Evans model (Bell, 1978; Evans and Ritchie, 1997; Rief et al., 1998),
the unfolding probability of a structure stabilized by molecular bonds is proportional to exp
(—Ep/kgT) where Ey, is the energy barrier height and kgT is the thermal energy. Thereby, for
A50 LA at 50% unfolding in simulation, we have

[— (EASO - WM_ASO)J ( —Easo )
exp| ————— |=exp s

kﬁ To kn Ty a5

Where <wp A50>= 551.5 +/— 40.1 kcal/mol is the averaged external energy applied to
unfold 50% of the A50 LA as the end-to-end length equals to half of the fully unfolded
length (Figure 6C) and Ty=27°C is the room temperature. Eq. (3) means the increasing
temperature has a same effect at the intermediate unfolding stage as the external energy as
shown in Figure S7, and from this equation we obtain Exsg = 4815.7 kcal/mol. In

experiments:
exp (_EA50 ) =exp (_Emwt)
Ty 50 Tt (4)

And since both of the two structures are at the intermediate unfolding stage with a same
unfolding probability. We have similar conclusion for the simulations as
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k B T() k B T()

[_ (EAS” - WM.AS(])] [— (Em"‘f = Witmwt )]
exp| ————— |=exp| ———|.

By solving Egs. (4) and (5), we have AWeyp = Eas0(Tm,a50 = T>Mmwt)/ Tm,as0 = 37.0 +/—
7.0 kcal/mol (=62 +/— 12 kgT for T=300 K), which corresponds to the extra energy needed
to unfold 50% of the A50 LA more than the mwt LA. Since <wp mwt >= 481.7 +/— 46.1
kcal/mol is obtained by simulation from Figure 6C, we obtain the extra energy term from
simulation as AWsjm = <Wp A50~ WM, mwt>= 69.8 +/— 17.4 kcal/mol (=117 +/— 29 kgT for
T=300 K), which is in the same order of magnitude as the experimental result.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AA amino acid

CD circular dichroism

DLS dynamic light scattering

DSC differential scanning calorimetry

HGPS Hutchinson-Gilford progeria syndrome

Ig immuno-globulin

REMD replica exchange method

SMD steered molecular dynamics

WLC worm-like chain

mwt LA mature wild type lamin A

A50 LA HGPS A50 mutant lamin A
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A50 domain 607-656

vggp issgssassv tvtrsyrs

mwt tail domain 386-646 (664 for pre-mature)

386 rirls

391 psptsqrsrg rasshssqtq gggsvtkkrk lestesrssf sghartsgrv
441 fvrlrnksne ik rqngddpllt yrfppkftlk
491 agqvvtiwaa gagathsppt dlvwkagntw gcgnslrtal instgeevam
541 rklvrsvtvy 11 lrsrtvlecgt
591 cggpadkasa sgsgaquggp is vtrsyrsvg gsgggsfgdn
41 lvtrsy span

.

A50 tail domain 386-614
386 rlrls
391 psptsqrsrg q gggsvtkkrk sqhartsgrv

Deleted in progerin
Ig-fold
* Tyrpsin (646) where mature wt is truncated

441 gk fvrlrnksne k rqngddpllt yrfppkftlk
491 agquvtiwaa gagathsppt dlvwkagntw gcgnslrtal instgeevam
541 rklvrsvtvy 11 1rsrtvlcgt
591 cgqpadkasa sgsgagspgn csim

Figure 1. Schematic of the sequences of lamin tail domains investigated in this study

(A) The segment of amino acids deleted in the D50 LA tail. (B) The mwt LA tail ends at
tyrosine 646 (*), and the remaining residues (italics) are cleaved during posttranslational
processing (these residues are included in our simulations). (C) A50 LA, also called
progerin, has lost 50 amino acids (green) including the proteolytic site. Thus, A50 LA ends

at a different 614, which we call 614*.
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Figure 2. Conformations of the 50 amino acid segment of exon 11 with high significance factors
Simulations of protein folding with initial conditions of (A) straight and (B) a-helix show
similar final results, which are mostly disordered. Each amino acid is colored according to
their secondary structure. The significance factor (p) as well as the potential energy (E) is
marked for each conformation. The starting point (AA607) is in blue and the end point
(AAB56) is in red; (C) Secondary structure of the 50 amino acid segment shows little
structure.
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Figure 3. Conformations and structures of tail domains for normal and disease cases
Conformations with high significance factors of the (A) mwt LA tail domain AA428-646
and (B) A50 LA tail domain, AA428-614* show different structures. The beginning amino
acid is marked with a blue dot and the C-terminus is marked with a red dot. (C) The end-to-
end length from the end of the Ig-fold domain (AA545) to the tail end (AA646 for mwt LA
and AA614* for A50 LA) of all the conformations of the mwt LA and A50 LA tail domains,
respectively. (D) Normalizing the square of the end-to-end length by the contour length
reflects the persistence length of the peptide. We find that the A50 LA tail domain is
significantly more compact, even when considering the loss of amino acids in the truncation.
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Figure 4. Thermal denaturation of A50 LA and mwt LA protein by measuring tryptophan
fluorescence

(A) Fluorescence of maximum tryptophan signal are normalized to signals corresponding to
100% folded (measured at 37°C) and 0% folded (at 95°C). The averages of two independent
runs are shown of each protein. (B) To find the transition melting temperature, we take the
first derivative of the signal. Interpolation, smoothing and fit to a Gaussian curve (see Figure
S6) allow us to determine transition temperatures with confidence intervals (Table 3).
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Figure 5. Results of SMD simulation of 1g-fold domain unfolding

(A) The B-sheet structure of the Ig-fold domain and boundary conditions used to apply the
mechanical load. While the force was applied to the Ig-fold, the other amino acids were in
their pseudo-equilibrium states. (B) Snapshots of a mwt LA tail domain during the unfolding
process, taken at extensions of 0, 15 A, 38 A and 75 A, respectively show one B-strand at a
time (yellow) unfolding from a central structure. (C) Snapshots of a A50 LA tail domain
during the unfolding process, taken at extensions of 0, 15 A, 38 A and 75 A, respectively.
The images show an intermediate state with no *“outlying” B-strands. The cartoons in panels
B and C schematically describe the different deformation process of the mwt and A50 LA
tail domains, respectively. Note the large blue binding pocket in panel C is larger for A50
LA tail domain, than that for mwt LA tail domain and present for larger deformations (and
representing the intermediate state).
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Figure 6. Force-extension curves of the unfolding of l1g-fold domains

(A) A force-extension curve as recorded during the unfolding process of the mwt LA 1g-fold
as shown in Figure 5B. (B) A force-extension curve as recorded during the unfolding
process of the A50 Ig-fold as shown in Figure 5C. (C) The external work on the Ig-fold
domain during the unfolding process as a function of the end-to-end distance, which is
computed by integrating of the force-extension curves obtained by unfolding each of the
structures shown in Figures 3A and B.
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Table 1

Fit CD data (Whitmore and Wallace, 2004; Whitmore and Wallace, 2008) of both tail domains shows a
majority of disorder with ~25% B-sheet structure.

LA tail domain | Fraction of psheet structure | Fraction of disorder

mwt 0.27+£0.05 0.66 +0.05

A50 0.23 £0.07 0.70 £0.07
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Table 2

Hydrodynamic radius of the tail domain measured by DLS and simulation

LA tail domain | DLS experiment (nm) | Simulation (nm)
mwt 45+13nm 50+1.4nm
A50 4.0+0.3nm 3.2+0.3nm
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