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Molecular Insights into the Mechanisms of SUN1
Oligomerization in the Nuclear Envelope
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Mohammad R. K. Mofrad'*"

"Molecular Cell Biomechanics Laboratory, Departments of Bioengineering and Mechanical Engineering, University of California, Berkeley,
Berkeley, California; 2Department of Genetics, Cell Biology, and Development, University of Minnesota, Minneapolis, Minnesota; and
SMolecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National Laboratory, Berkeley, California

ABSTRACT The LINC complex is found in a wide variety of organisms and is formed by the transluminal interaction between
outer- and inner-nuclear-membrane KASH and SUN proteins, respectively. Most extensively studied are SUN1 and SUN2 pro-
teins, which are widely expressed in mammals. Although SUN1 and SUN2 play functionally redundant roles in several cellular
processes, more recent studies have revealed diverse and distinct functions for SUN1. While several recent in vitro structural
studies have revealed the molecular details of various fragments of SUN2, no such structural information is available for SUN1.
Herein, we conduct a systematic analysis of the molecular relationships between SUN1 and SUN2, highlighting key similarities
and differences that could lead to clues into their distinct functions. We use a wide range of computational tools, including mul-
tiple sequence alignments, homology modeling, molecular docking, and molecular dynamic simulations, to predict structural dif-
ferences between SUN1 and SUN2, with the goal of understanding the molecular mechanisms underlying SUN1 oligomerization
in the nuclear envelope. Our simulations suggest that the structural model of SUN1 is stable in a trimeric state and that SUN1
trimers can associate through their SUN domains to form lateral complexes. We also ask whether SUN1 could adopt an inactive
monomeric conformation as seen in SUN2. Our results imply that the KASH binding domain of SUN1 is also inhibited in mono-

meric SUN1 but through weaker interactions than in monomeric SUN2.

INTRODUCTION

Linkers of nucleoskeleton and cytoskeleton (LINC) are
conserved molecular bridges spanning the nuclear envelope
(NE) that provide a direct physical linkage between major
cytoskeletal and nucleoskeletal elements (1-4). The ability
of LINC complexes to sense and transmit cytoskeletal
forces across the NE is critical for several fundamental
cellular processes, including meiotic chromosome pairing,
mechanotransduction, and nuclear positioning (5-7). Given
the prominent roles of LINC complexes in basic cellular
functions, it should not be surprising that mutations in genes
encoding their components are associated with a wide range
of diseases and disorders, including cardiac and skeletal
muscular disorders (8-16), cancers (10,17), and hearing
loss (18).

LINC complexes are composed of the conserved inner
nuclear membrane (INM) and outer nuclear membrane
Sadl/UNC-84 (SUN) and Klarsicht/ANC-1/SYNE homol-
ogy (KASH) proteins, respectively (3). Also known as NE
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spectrin repeat proteins (nesprins), KASH proteins are
type II membrane proteins that project their divergent spec-
trin-repeat-containing N-termini from the outer nuclear
membrane into the cytoplasm, where they interact with
the cytoskeleton and other cytoplasmic proteins (19). Within
the perinuclear space of the NE, KASH proteins protrude
their eponymous ~10-32 residue KASH peptide (1). SUN
proteins are membrane proteins that are defined by their
luminal KASH peptide-binding C-terminal SUN domain
(20,21). The divergent N-termini of SUN proteins reside
within the nucleoplasm, where they interact with A-type
lamins, chromatin, and other INM proteins (22). Mammals
encode at least six KASH protein-encoding genes (ne-
sprin-1-4, lymphoid-restricted membrane protein, and
KASHS) and five SUN protein-encoding genes (SUN1-5),
which are expressed in a tissue-specific manner and are sub-
ject to alternative splicing (23-26).

SUN1 and SUN?2 are the most widely expressed mamma-
lian SUN proteins and can interact with the KASH peptides
of at least four KASH proteins (nesprin-1-4) (4,5,27-30).
SUN1 can additionally interact with KASHS5 during
mammalian meiosis (31). The promiscuity of SUN1 and
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SUN?2 for KASH proteins is consistent with previous reports
of their partial functional redundancy during centrosome-
nucleus coupling in neuronal precursors in the developing
brain, DNA damage repair, nuclear anchorage in skeletal
muscle, and interkinetic nuclear migration in photoreceptor
progenitor cells of the developing retina (28,30,32,33).
However, evidence of specific functions for SUNI- and
SUN2-containing LINC complexes also exists in the litera-
ture (23,34-36). For example, SUN1 is required for DNA
double-strand break repair, meiotic chromosome pairing,
messenger RNA export, nuclear pore complex insertion
into and distribution throughout the NE, and nucleolar
morphogenesis (17,35-39). In addition, linear arrays of
SUN2-containing LINC complexes assemble on perinuclear
actin cables to form transmembrane actin-associated nu-
clear lines that move the nucleus rearward in migrating fi-
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broblasts and myoblasts (22,40). Currently, the molecular
mechanisms responsible for these dissimilar SUNI- and
SUN2-containing LINC complex functions remain poorly
understood.

Early on in the discovery of LINC complexes, structure
prediction algorithms detected coiled coil (CC) regions in
the luminal domains of SUNI and SUN2, implying that
these proteins oligomerize to perform their functions in
the NE (2,3). Subsequently, various experimental tech-
niques were employed to determine the oligomeric state
of these proteins and to identify the regions involved in
their oligomerization, often yielding contradicting results
(summarized in Table 1). For example, early studies using
in vitro binding assays and coimmunoprecipitation found
that full-length human SUN2 forms homodimers (41).
Similarly, mouse and human SUN1 were shown to form

TABLE 1 Summary of Studies on SUN1 and SUN2 Protein Oligomerization
Residue SUN KASH Year and
Region Range Protein Binding Oligomer State Species Method and/or Environment Reference
Predicted CC2 and 336-717 SUN2 - dimer” human in vitro binding assay and 2006 (41)
SUN domain coimmunoprecipitation
Predicted CC1-CC2 433-717 SUN2 - dimer” human in vitro binding assay and 2006 41)
and SUN domain coimmunoprecipitation
Full length SUN2 - dimer" human in vitro binding assay and 2006 (41)
coimmunoprecipitation
Full luminal domain 432-737 SUNI - dimer and tetramer mouse native PAGE 2008 (34)
without SUN
domain
Full length SUN1 - monomer, dimer, human Western blot 2008 (34)
and tetramer
a3-SUN 519-716 SUN2 yes monomer and human size-exclusion chromatography, 2012 (43,44)
trimer mix SDS-PAGE gel, and Western blotting
a3-SUN 519-716 SUN2 yes trimer human crystallization (PDB : 3unp) 2012 (43,44)
UCC and «3-SUN UCC-522-717° SUN2 yes trimer human SDS-PAGE 2012 (42)
crystallization (PDB : 4dxt, 4dxs)
a3-SUN 522-717 SUN2 no - human SDS-PAGE 2012 (42)
Almost the entire 335-717 SUN2 no trimer human analytical ultracentrifugation 2012 (42)
luminal domain (sedimentation equilibrium)
CC1 378-450¢ SUN2 no trimer mouse analytical gel-filtration analysis, chemical 2016 (46)
cross-linking assay, and size-exclusion
chromatography
crystallization (PDB : 5ed9)
CC2-SUN domain 451-699° SUN2 no monomer mouse analytical gel-filtration analysis, 2016 (46)
chemical cross-linking assay, and size-
exclusion chromatography
crystallization (PDB : 5ed8)
CC2 (includes a1, a2, 451-523° SUN2 no monomer mouse analytical gel-filtration analysis, 2016 (46)
and o3) chemical cross-linking assay, and size-
CC1-CC2 378-523¢ SUN2 no trimer mouse exclusion chromatography
SUN 524-699 SUN2 no monomer mouse
CC1-CC2-SUN 378-523¢ SUN2 yes  monomer and trimer mix mouse
a3-SUN ~501-699° SUN2 - monomer and trimer mix mouse analytical gel-filtration analysis 2016 (46)

CC1, Coiled coil 1; CC2, Coiled coil 2; PAGE, polyacrylamide gel electrophoresis; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis;

UCC, unrelated trimeric coiled coil.

“In their discussion, Wang et al. (41) also suggest that the SUN2 protein may form a complex of a dimer or a trimer under certain experimental conditions, but

this data was not shown in their article.

®Although residues 522717 are trimers in the crystalized structure, a nonrelated CC of GCN4 was fused to this fragment for crystallography. The SUN2 522—
717 fragment alone is unable to bind KASH and was therefore predicted to be a monomer by Sosa et al. (42) without the fusion of this unrelated CC.
“These residue numbers correspond to mouse SUN2 isoform 3, which has a length of 699 and is missing residues 154185 from the canonical sequence (46).

Biophysical Journal 174, 1190-1203, March 13, 2018 1191



Jahed et al.

dimers or tetramers using gel electrophoresis and Western
blotting, respectively (34). Ultimately however, crystal
structures of a short fragment of human SUN2 in a complex
with KASH2 peptides revealed a trimeric SUN domain pre-
ceded by an a-helix («3) (Fig. 1 A) that could simulta-
neously bind to three KASH peptides (42-44). In this
structure, each KASH peptide was bound in a groove
formed by a highly conserved KASH lid extending from
the SUN domain and the SUN domain of its neighboring
protomer (Fig. 1, A and B). Some of these studies suggested
that the «3-SUN domain fragment is sufficient for trimeri-
zation and KASH binding in SUN2 (43,44), whereas others
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showed that SUN domain trimerization is only enabled by
CCs preceding this solved region (Fig. 1 A) (42,45.,46)
(Table 1). More recently, Nie et al. (46) solved the structure
of a larger fragment of mouse SUN2 containing two addi-
tional a-helices (a1 and «2) (Fig. 1 C). In this conforma-
tion, the KASH lid is bound between a three-helix bundle
formed by a1, a2, and «3, keeping the SUN domain mono-
meric and inactive for KASH binding (Fig. 1 B). Based on
the abovementioned structural analyses, the current model
of SUN2 oligomerization in the NE proposes an inactive
SUN2 in a monomeric form, which is activated by the tri-
merization of at least the SUN domain and «3 helices
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Structures and sequences of SUN domain proteins SUN1 and SUN2. (A) Shown are the crystal structure of homotrimeric human SUN2 (42)

(PDB: 4dxt) (left) and a representative image of one symmetric unit of this trimer (right). (B) The sequence alignment of human and mouse SUNI and
SUN?2 is shown (47). Important regions identified on the SUN2 crystal structure are colored on the four sequences accordingly. An asterisk (¥) indicates po-
sitions with fully conserved residues. A colon (:) indicates conservation between groups with strongly similar chemical properties. A period (.) indicates con-
servation between groups with weakly similar chemical properties (based on Clustal Omega program formatting). Sequence regions are colored based on the
aforementioned labels. (C) Shown is the crystal structure of monomeric mouse SUN2 (46) (PDB: 5ed8) depicting the autoinhibition of the KASH lid via inter-
action with the -1-3 helix bundle. Two a-helices, a1 (cyan) and -2 (blue), precede the SUN domain and «3. In this conformation the KASH lid (magenta) is
hindered by a helix bundle formed by a1, a2 and «3 helices, and KASH binding is reportedly inhibited (46). (D) Shown is a working model of SUN2 activation
for KASH-binding in the PNS: trimerization of the SUN domain is regulated via CC regions of SUN2 (46) and is an essential step for KASH binding and LINC
complex formation. CC1, Coiled coil 1; CC2, Coiled coil 2; ONM, outer nuclear membrane; PNS, perinuclear space. To see this figure in color, go online.
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(Fig. 1 D) (46). In this model, trimerization is indispensable
for KASH binding; however, it remains unclear whether the
entire molecule can form trimeric CCs as shown in Fig. 1 D
(45,46). It should be noted that the crystal structures of
monomeric («l1-SUN) and trimeric («3-SUN) SUN2 are
from different species.

Despite these important mechanistic insights into SUN2
oligomerization and KASH peptide binding, the lack of
similar structural information for SUN1 has limited progress
toward understanding the assembly and regulation of
SUNI1-containing LINC complexes. However, there is evi-
dence in the literature to suggest that SUN1 may assemble
a wider range of homo-oligomers than SUN2. For example,
native gel electrophoresis and cross-linking studies have
demonstrated the existence of SUN1 homodimers and ho-
motetramers, which form through a combination of CC in-
teractions and interchain disulfide bonds (34). Moreover,
recent fluorescence fluctuation spectroscopy and brightness
analyses conducted in Dr. Joachim Mueller’s laboratory at
the University of Minnesota (J.M., personal communica-
tion) show that although the luminal domain of SUN2
does homotrimerize in the NE of living cells, the in vivo
homo-oligomerization of the SUN1 luminal domain is not
limited to a trimer. Here, we applied a multifunctional
computational modeling approach to begin to define the as-
sembly mechanism of SUNI1 homo-oligomerization to shed
light on the functional specification of SUN1- and SUN2-
containing LINC complexes.

METHODS
Multiple sequence alignments

Sequence alignments were performed using the Basic Local Alignment
Search Tool (47). In all shown alignments, Clustal Omega program format-
ting was used, where an asterisk (*) indicates positions with fully conserved
residues, a colon (:) indicates conservation between groups of strongly
similar properties, and a period (.) indicates conservation between groups
of weakly similar properties. Sequence similarities were calculated using
the Basic Local Alignment Search Tool and reported as percent identities
(i.e., the percentage of residues that are identical between the two se-
quences) and similarities (the percentage of residues with positive substitu-
tions). All residue numberings are based on isoform 1 of the respective SUN
protein.

Structural modeling

We generated homology models for mouse SUN1 and SUN2 and human
SUNI trimers using the structure of human SUN2 (Protein Data Bank
[PDB]: 4dxt) as a template. We also modeled the inactive conformation
of mouse SUNI1 based on the inactive structure of mouse SUN2 (PDB:
5ed8). Homology modeling was performed using the SWISS-MODEL
servers (48). SWISS-MODEL performs an analysis of pairwise interfaces
of the template structure to predict the homo-oligomeric structure of the
modeled protein. Based on this, all structures made using the 4dxt and
5ed8 templates were predicted to be trimers and monomers, respectively.
Modeled structures were visualized using VMD software (49). They were
next solvated in water, neutralized with counterions, and ionized with
KCl and CaCls,.

SUNT1 Arrangement in the Nuclear Envelope

Docking

ZDOCK was used for molecular docking of SUN1 or SUN2 trimers (50).
ZDOCK uses an energy-based scoring function to rank the top docking so-
lutions among all binding modes in the translational and rotational space
between the molecules. We downloaded the top five solutions for SUN1
and SUN2 for further analysis.

MD simulations

All atom molecular dynamics (MD) simulations were performed using
NAMD scalable MD with the CHARMMZ27 force field (51) on a total of
eight systems (summarized in Table S1). All systems were minimized at
5000 steps and equilibrated for ~2 ns with a time step of 2 fs. Simulations
were performed under a constant temperature of 310 K and a constant pres-
sure of 1 atm using the Langevin piston method and Hoover’s method dur-
ing minimization and equilibration (51). Additionally, periodic boundary
conditions were applied in all three directions. Finally, a total of three inde-
pendent simulation runs were conducted and analyzed for each system
(summarized in Table S1).

RMSD calculations

Per residue and average root mean-square deviation (RMSD) values were
computed using the RMSD Visualizer Tool plug-in for the VMD extension
and plotted using the R gplot package (R Foundation for Statistical
Computing, Vienna, Austria). All frames of the trajectory were aligned to
a reference frame (frame 0) before RMSD computations to eliminate the ef-
fect of rotation and translation of the molecule during the simulation. For
lateral interaction simulations, we first aligned all frames of the trimer-
trimer complex trajectory by using the first frame of one of the trimers as
a reference. We then computed the average RMSD of the second trimer
with respect to the first trimer.

Energy calculations

Average nonbonded interaction energies and the average number of
hydrogen bonds between the regions of interest were evaluated in VMD
(http://www.ks.uiuc.edu/Research/vmd/vmd-1.9.1/, version 1.9.1) using
NAMD energy (version 1.4) and HBonds (version 1.2) plug-ins, respec-
tively. The cutoff distance was set to 1.2 nm for all nonbonded interactions
and 3.5 A for hydrogen bonds. An angle cutoff of 20 degrees was used for
hydrogen bonds. The structural regions selected for energy calculations
were based on various conserved domains identified experimentally for
SUN2, as shown in Fig. | B; similar regions were selected on SUN1 based
on sequence alignments shown in Fig. | B.

For pairwise interaction energy calculations in SUN1 lateral trimer-
trimer interactions, we first measured pairwise distances between all resi-
dues in trimer 1 and trimer 2. We then identified all residues on trimer
1 that consistently maintained a 4 A distance from trimer 2 over all three
simulations trajectories (residues 702, 704, 739, 741, 743, 751, 752, 753,
754, 755, 758, 788, 790, and 791 on human SUNI; Fig. S3). Finally, we
computed pairwise nonbonded interaction energies between these residues
on trimer 1 and trimer 2 and used the R gplot package to create heat maps
via the heatmap.2() function. The total energy (van der Waals (VDW) and
electrostatic (ELEC)) fluctuations over MD simulation time are provided in
the supplementary figures where relevant (Figs. S1 and S4).

Angle calculations

Angles were calculated between various segments of SUN1 or SUN2 (a1,
a2, o3, and the KASH lid) by representing each segment as a vector. On
each a-helix, a vector was drawn through two conserved residues near
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the ends of the helices. Similarly, the KASH lid was represented with a vec-
tor passing through two conserved residues on one of its beta strands. The
angles were then calculated between the two corresponding vectors repre-
senting a1, a2, a3, and the KASH lid segments of SUN1 or SUN2. All res-
idue pairs used in angle calculations are summarized in Table S2).

RESULTS

Homotrimers are favorable oligomeric states for
the SUN and a3 domains of SUN1

Structures of the SUN domains and o3 helices of human
SUN1 (SUNI1H) and mouse SUN1 (SUNIM) as well as
mouse SUN2 (SUN2M) were homology modeled using
the crystal structure of human SUN2 (SUN2H; PDB :
4dxt) as a template (48). Because of high sequence similar-
ities between the a-3-SUN fragments of SUN1 and SUN2
(67% identity and 81% similarity) and particularly high con-
servation of hydrophobic residues at protomer interfaces,
the oligomeric state of all modeled structures was predicted
to be homotrimeric, similar to the SUN2H template (see
Methods) (48). To further test whether the predicted homo-
trimeric state is favorable in SUN1, and to refine our homol-
ogy models and compare their dynamics, three independent
MD simulations were performed on each of the four result-
ing structural models, namely SUNIM, SUN2M, SUNI1H,
and SUN2H. We evaluated the stabilities of our structural
models by calculating the deviations of the modeled struc-
tures from their initial states at the first timestep of our
MD simulations. This was done through -calculating
average, and per-residue RMSD values of the backbone
atoms of each modeled structure, over their MD trajectories
(Fig. 2 A) (see Methods for details). Additionally, we map-
ped regions with high RMSD values onto each respective
modeled structure (Fig. 2 A). The regions of our models cor-
responding to loops lacking a secondary structure or termi-
nal residues had the highest per-residue RMSD values
(RMSD > 3A), as expected (Fig. 2 A). Despite high per-res-
idue RMSD values in these regions, the average RMSD
values for all four models reached equilibrium at values
below 3 A over the course of three independent 45 ns sim-
ulations (Fig. 2 A).

We next performed a one-to-one map of all nonconserved
and semiconserved substitutions between SUNIH and
SUN2H sequences on their respective refined structural
models (Fig. 2, B and C). The hydrophobic residues
(V528, V532, 1536, Y539) responsible for trimeric CC for-
mation in SUN2H (52) were conserved in the a3 helices of
SUNI1H (A622, V626, L630, Y633). Interestingly however,
charged residues on the solvent-exposed surface of SUN2H
o3 helices (R538, Q534, H530, E526) were substituted with
hydrophobic or polar residues on the outer layer of SUN1 o3
helices (632, S628, A624, A620) (Fig. 2 B). A similar anal-
ysis of the SUN domains of SUN1H and SUN2H revealed a
highly conserved hydrophobic core at the interface between
two SUN protomers (Fig. 2 C). Most of the nonconserved

1194 Biophysical Journal 174, 1190-1203, March 13, 2018

substitutions were found in solvent-exposed loops in the
SUNIH and SUN2H SUN domains (Fig. 2 C) and corre-
sponded to the regions with high RMSD values shown
in Fig. 2 A.

To compare the potential interaction energies at protomer
interfaces between SUN1 and SUN2 trimers, we calculated
the total nonbonded interaction energies (VDW and ELEC)
between regions of neighboring SUN protomers that
contribute to trimer formation and compared them across
MD trajectories of each model (Fig. 3, A and B). The total
nonbonded protomer-protomer interaction energy is
composed of interactions between adjacent SUN domains
or a3 helices of neighboring protomers or between the
SUN domain of one protomer and the «3 helix of the neigh-
boring protomer (Figs. 3, A and B and S1). These energies
were consistent between all of our four models (Figs. 3, A
and B and S1). We further investigated the interaction be-
tween the SUN domain and the «3 helix and identified a
salt bridge that is formed between the SUN domain and
the a3 helix of neighboring protomers that, to the best of
our knowledge, was not highlighted in the structure solved
by Sosa et al. (42,45) (Figs. 3 C and S1). This interprotomer
salt bridge is distinct from the highly conserved intraproto-
mer salt bridge previously identified between the a3 helix
of each protomer and its own SUN domain (D542-R708
pair in SUN2H) (42). In SUN2H, three of these interproto-
mer salt bridges form between K533 residues on each o3
helix and E672 residues on the SUN domains of adjacent
protomers (see Figs. 3, D and E and S1). Similar interpro-
tomer salt bridges form between residues K547 and E686 at
the same positions on our SUN2M model (Figs. 3, D and E
and S1). Despite the absence of lysine residues at this posi-
tion on SUNIM and SUNIH «3 helices, our models
predicted that a lysine found in the &3 helix four residues
closer to the SUN domain is positioned perfectly to form
a salt bridge with the corresponding residue position on
the SUN domains of adjacent protomers (K631-E766 in
SUNIH and K733-D868 in SUNIM) (Figs. 3, D and E
and S1).

To determine the contribution of the identified interpro-
tomer salt bridges to the overall potential energy of the
modeled SUN1 and SUN2 protomer interfaces, we calcu-
lated the nonbonded interaction energies between the salt-
bridge-forming residue pairs (Figs. 3 D and S1). These
energies were equal in value to the interaction energies be-
tween the SUN domains and neighboring «3 helices
shown in Fig. 3 B, indicating that the identified interproto-
mer salt bridges are the sole interprotomer interactions
between SUN domains and neighboring o3 helices. In
addition to nonbonded energies, we quantified the number
of hydrogen bonds that formed between these residue pairs
during a 45 ns MD simulation (Figs. 3 C and S1). Taken
together, these results strongly suggest that like SUN2,
the «3-SUN domain fragment of SUN1 favors a trimeric
state.
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FIGURE 2 Structural model of SUN1 based on the structure of SUN2. (A) The RMSD of SUN1H, mouse SUN1 (SUN1M), human SUN2 (SUN2H), and
mouse SUN2 (SUN2M) structural models is shown. Heatmaps show the per-residue Ca-atom RMSD over time for SUN2 (green) and SUN1 (blue) relative to
the initial minimized modeled structures (fop). High RMSD regions are mapped onto the crystal structure of each model and shown above each heatmap. The
average Ca-atom RMSD for SUN2 (green) and SUN1 (blue) relative to the initial minimized modeled structures (bottom) is shown. All frames of the simu-
lation were first aligned to the initial frame before calculating the RMSD. Averages were obtained from three independent simulation runs. (B) Shown is a
one-to-one map of nonconserved residue substitutions in the -3 helix between SUN1H and SUN2H. Nonconserved residue substitutions on SUN1 compared
with SUN2 are colored in red, semiconserved residues in pink, and additional residues in purple. (C) Shown is a one-to-one map of nonconserved residue
substitutions between the SUN domains of SUN1H and SUN2H. AVG, average. To see this figure in color, go online.

SUN1 forms stable lateral trimer-trimer
interactions, whereas SUN2 does not

Our models predict that the «3-SUN domain of SUN1 can ho-
motrimerize similarly to SUN2, so we next sought to investi-
gate how SUNI1 homotrimers might be assembled into
higher-order oligomers as observed experimentally (J.M.,
personal communication) (34). Previously, SUN proteins

were hypothesized to form an extended network in the NE
through lateral interactions between the CCs and SUN do-
mains of adjacent homotrimers (43,44). To test this hypothe-
sis, we performed molecular docking on the equilibrated
structural models of SUN1 and SUN2 homotrimers (50).
The results of our initial docking experiments revealed
a propensity for SUN protein homotrimers to interact
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go online.

head-to-head via interactions between their KASH lids
(Fig. S2). This is unlikely to occur in vivo, as both SUN tri-
mers are anchored to the inner NE. Therefore, we manually
blocked the KASH lids from interacting and repeated dock-
ing. Four of the top five SUN1 docking solutions (1, 2, 4,
and 5) revealed lateral associations between the SUN do-
mains of adjacent homotrimers (Fig. 4 A) (see Methods).
However, no such docking solutions were observed for
SUN?2. Although three of the five SUN2 docking solutions
(1, 3, and 5) involved SUN domain interactions, they did
not result in parallel lateral interactions between neigh-
boring homotrimers. A similar arrangement was observed
in the remaining docking solution of SUN1 (3). In addition,
the remaining two docking solutions for SUN2 (2 and 4)
were mediated by interactions between the SUN domain
and CCs, which resulted in an antiparallel homotrimer
arrangement unlikely to occur in vivo.

1196 Biophysical Journal 174, 1190-1203, March 13, 2018

Next, to observe the dynamics of such an interaction, we
conducted MD simulations on the lateral complex solution
obtained from molecular docking of SUNI trimers. For
comparison, two SUN2 trimers were also manually posi-
tioned into a laterally interacting complex similar to that
of the SUNI trimers. The trace of the position of one
SUN homotrimer versus the other one over all MD simula-
tions indicated more variability in the position of SUN2 ho-
motrimers compared with that of SUNI homotrimers
(Fig. 4 B). Correspondingly, the RMSD of one SUN homo-
trimer versus the other one is higher for SUN2 homotrimers
compared with that of SUNI homotrimers (Fig. 4 C) (see
Methods for more details). To begin to determine the mech-
anism responsible for the lateral SUN domain interactions
between adjacent SUN1 homotrimers, we identified solvent
exposed residues at the homotrimer-homotrimer interface
that maintained a 4 A distance over the course of all three



SUN1 Arrangement in the Nuclear Envelope

245 1 Side view

SUN2H

SUN1H

Time [ns] 100

D 702 [ 1
702
74| V\DW By 70¢| ELEC m 10
2
G T | . 739
= 4 — o ™ =
o 4 || S Z 743 ]
3 1 £ o 75 =
T 752 o= 3 782 0=
‘% 753 T 2 78 T
o 74 2 o 754 e~
755 (M I = x 75
758 m 758 - I
788 R 788
790 — 2 790 -10
791 791
o™ DT M- NO 0 00O NTD= M= N TWD®DDNO
I e e e e e e L e R o L S o S o
Residue No Residue No.

E Side view

;

-
AN

=

~J

(=,

("

\

-®
_ni
2\

Yol
"

\ 71
5

£
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tween two SUNT1 or two SUN2 trimers. Similar results are clustered and shown together, and each number (1-5) corresponds to the rank of the docking
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the residues that are different between SUN1 and SUN2 at this interface. ELEC, electrostatic. To see this figure in color, go online.

of our MD simulations (Fig. S3 A) and calculated their pair- runs were identified and are indicated in Fig. 4 E. No such

wise interaction energies (Fig. 4 D). Residues with signifi- interfaces were identified in our SUN2 homotrimer-homo-
cant VDW or ELEC interactions among all simulation trimer simulations (Fig. S3 B); however, the same interface
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identified on SUN1 was mapped onto the structure of SUN2,
and residues at this interface that were different between
SUNI1 and SUN2 were highlighted (Fig. 4 E).

KASH lid inhibition in SUN1 compared with SUN2

Having predicted that the a3-SUN domain of SUNI is
similar to SUN2, we next asked if the KASH lid of a
SUN1 monomer might also be autoinhibited by an interac-
tion with the three-helix bundle formed by «l, a2, and a3,
as it is in SUN2 (46). To do this, we homology modeled
SUNIM monomers using the recently solved monomeric
structure of SUN2M (PDB: 5ed8) as a template (Fig. 5 A).
Our SUNIM monomer model and the SUN2M monomeric
structure were subjected to 90—100 ns MD simulations. Both
monomeric SUNIM and SUN2M showed high RMSD
values in their a1-3 helix bundle (Fig. 5 B). However,
significantly higher RMSD values were observed in the a2
helix of SUNIM as compared to SUN2M (Fig. 5 C).

We then performed a one-to-one map of all nonconserved
and semiconserved substitutions between SUN1 and SUN2
sequences on «l and o2 domains of the refined modeled
structures of monomeric SUNIM and SUN2M (Fig. 5 D).
The «l regions of SUNIM and SUN2M contained a high
level of similar residues (35% identity and 53% similarity).
And despite a low overall sequence similarity between the
a2 regions of SUNIM and SUN2M (0% identity and
33.3% similarity), the main hydrophobic residues on «l
and a2 of SUN2M important for three-helix bundle forma-
tion, as identified by Nie et al. (46), are either identical or
conservatively substituted in SUNIM (with the exception
of H513 in the linker region of SUN2M, which is substituted
with M694 in SUNIM) (Fig. 5 D).

Next, we compared the monomeric SUNIM and SUN2M
models by calculating the total nonbonded interaction en-
ergies between their KASH lids and «1-3 helix bundles
(Figs. 6, A and B and S3). The nonbonded interaction en-
ergies calculated for the interaction between the KASH lid
and «l helix were not significantly different between
SUNIM and SUN2M. In addition, the «2 helix did not
appear to interact with the KASH lid in either SUN protein.

To begin to define the mechanism responsible for the
autoinhibition of the SUNIM SUN domain, we sought to
identify the residues that contribute to the ELEC interaction
energies between the KASH lid and the «1-3 helix bundle.
We first asked if the previously described three-residue
network that exists between the KASH lid (Y597), the «al
(E503) helix, and the a3 (R552) helix in SUN2M is also
critical for the autoinhibition of SUNIM (46). Nie et al.
(46) showed that a ESO3A mutation resulted in the activa-
tion of SUN2M for KASH binding in vitro. Additionally,
this mutant could marginally increase the localization of
KASH?2 to the NE in vivo, demonstrating the importance
of the three-residue network in SUN2M activation (46).
To compare with SUN2M, we mapped the corresponding

1198 Biophysical Journal 174, 1190-1203, March 13, 2018

three residues onto the structure of SUNIM (Fig. 6 C).
Indeed, E684 (E503 in SUN2M) is conserved in SUNIM
and positioned perfectly to interact with Y779 (Y597 in
SUN2M) through ELEC interactions and hydrogen bonding
(Figs. 6, C and D and S3). However, the third residue of this
network (R552 in SUN2M) is nonconservatively substituted
with L734 at the same position on SUN1M, which results in
the absence of the salt bridge observed between the «1 and
a3 helices of SUN2M.

To further investigate the autoinhibitory role of these
three residues in SUNIM and SUN2M, we calculated their
pairwise interaction energies (Figs. 6 D and S3). Although
the SUNIM a3 helix remained in contact with the KASH
lid through ELEC and hydrogen binding of E684 and
Y779, the interaction between the «3 and «l helices was
lost because of the absence of the salt bridge between
E684 and L734 (Figs. 6 D and S3). The lack of this salt
bridge also resulted in small shifts in the positions of the
al and a2 helices relative to the KASH lid in SUNIM as
compared to SUN2M (Figs. 6, E and S3). In addition, we
measured smaller angles between the «1 and o2 helices as
well as between the «l helix and the KASH lid in
SUNI1M as opposed to SUN2M (Figs. 6, F and S3). These
results suggest that the autoinhibition of the KASH lid
may be weaker in SUN1M as compared with SUN2M.

DISCUSSION

Here, we provide, to our knowledge, novel insights into the
structure and molecular dynamics of the core LINC complex
proteins SUN1 and SUN2. We provide evidence to support
that the o3 helix and SUN domain of SUNI also favor a
trimeric state, which is consistent with the homotrimer being
the fundamental functional state for SUN domain proteins
(45). In addition, we identify a previously uncharacterized
and highly conserved salt bridge that forms between the
SUN domain of one protomer and the &3 helix of an adjacent
protomer in both SUN1 and SUN2. We also show that like
SUN?2, the KASH lid of monomeric SUN1 may be kept in
an autoinhibited state via interactions with the preceding
«1-3 helix bundle. However, the mechanism of autoinhibi-
tion appears to differ between SUN1 and SUN2. Finally,
we describe a potential mechanism to explain the differential
SUN protein homo-oligomerization observed in cells.

SUN1 oligomerization

The high level of homology between the protomer interfaces
of SUNI and SUN2 (specifically in the SUN and o3 do-
mains) and the similarities between SUN1 and SUN2 poten-
tial energies in our models over multiple MD simulation
runs provide evidence that like SUN2, the a3-SUN domain
of SUNI also favors a trimeric state (Figs. 2 and 3). In addi-
tion to interactions between adjacent SUN domains and
o3 helices, we identified three interprotomer salt bridges,
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one between the SUN domain of each protomer and the «3
helix of its neighboring protomer, in the modeled trimers of
mouse and human SUN1 and SUN2 (Fig. 3, C-E). Judging
by its conservation and it being the only interaction between
SUN domains and neighboring a3 helices, we postulate that
this salt bridge is important in maintaining the trimer stabil-
ity. However, it is interesting to see whether disrupting this
salt bridge could destabilize the trimers and affect KASH
binding in vivo. In fact, there are multiple reports of salt
bridges contributing to the stability of the active states of
proteins that are capable of adopting various conformations
(53-57). We must note that our methods only look at
nonbonded potential energy similarities between SUNI1
and SUN2 protomer interfaces and provide no information
about the entropic costs or the conformational changes
required for SUN1 or SUN2 to achieve a trimeric state. In
fact, Sosa et al. (42) showed that the SUN domain of
SUN?2 is insufficient to form a stable trimer, and the preced-
ing CC domains of SUN2 enforce this trimerization. How-

1200 Biophysical Journal 174, 1190-1203, March 13, 2018

ever, they also showed that the SUN domain of SUN2 is
only functional in a trimeric state (42,45) Therefore, a
similar scenario is imaginable for SUNI in which the
SUN domain is functional in a trimeric form, but the CC re-
gions are essential for trimerization, and further experiments
are required to test this hypothesis.

If the SUN domains of SUN1 and SUN2 form trimers,
how could one explain the observed assembly of SUNI
into even higher orders in the NE of living cells (34,58)?
Our docking results and MD simulations suggest that
SUNI trimers could form higher-order clusters by a lateral
association of their SUN domains (Figs. 4 and 7). In this
model, each SUNI1 protomer contains a docking site for a
neighboring SUN1 trimer, giving rise to three sites on
each trimer (Figs. 4 E and 7). Additionally, previous studies
have shown that the CC-containing regions of the SUNI
luminal domain contain cysteine residues—C526 in
SUN1H and C635 in SUN1M—that are capable of forming
interchain disulfide bonds (34). In combination with our
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FIGURE 7 Hypothetical model of higher-order
SUN protein oligomer assembly. Arrays of SUN1
proteins are formed or reinforced at the nuclear en-
velope by interactions between their SUN domains
(top view). Residues on the surface of SUN1 that
reinforce this interaction are colored and match
the colors shown in Fig. 4 E. Additionally, the
CC domain of SUNI can associate through inter-
trimer disulfide bonds (side view). Yellow circles
represent disulfide bonds between cysteine residues
in the coiled-coil region of SUN1 (34). To see this
figure in color, go online.

proposed SUN-domain docking sites, which would allow
the SUN proteins to interact laterally through their SUN do-
mains, such disulfides between trimers could lead to clusters
of four SUNI trimers also bound covalently through their
CC regions to create large, immobile assemblies in the NE
(Fig. 7). To understand the functional implications of SUN
clustering in the NE, we draw a comparison between integ-
rins, which are the transducers of mechanical signals at the
cell membrane, and SUN domain proteins, which transmit
signals across the INM. Integrin heterodimers are able to
associate laterally in a process known as integrin clustering
to form focal adhesions, which mediate bidirectional
signaling between the extracellular matrix and cytoplasm
(59). Not only is integrin clustering required for the forma-
tion of focal adhesions but it is also a determining factor in
the strength of cell adhesions and the ability to sustain
higher forces (59-61). Likewise, clustering of SUN proteins
would enable them to sustain higher forces at the NE during
various force-dependent processes such as chromosome
movement and nuclear positioning (19,62).

Autoinhibition of the KASH lid in SUN1

We also asked whether SUN1, like SUN2, could adopt an
inactive fold in which the SUN domain is bound to its pre-
ceding a-helical domains. Our results provide various indi-
cations of how molecular mechanisms of SUN1 activation
and oligomerization may differ from that of SUN2. First,
we identified a string of charged residues on the surface of
SUN2 o3 that were all substituted with hydrophobic resi-
dues on SUN1 «3 (L632, A624, and A620 in SUN1H and
L734, 1726, and A722 in SUNIM) (Fig. 2 B). Despite
indications of a trimeric «3-SUN domain of SUN1 in our
models, we cannot eliminate the possibility of an alternative
arrangement of the «3 regions of SUNI that would bury
these residues. It is possible that these residues on SUN1
a3 are involved in the inhibition of the KASH lid in the pro-
tein’s inactive state.

Secondly, we show that an important three-residue cross-
bridge between «l, 3, and the KASH lid is missing one
component in SUN1 (R552 in SUN2M is substituted with

L734 in SUN1M, as shown in Fig. 6 C). Thirdly, we showed
that the hydrophobic residues on «l, o2, and o3 that are
responsible for three-helix bundle formation on SUN2 are
highly conserved in SUNI. Therefore, our models predict
that a1, «2, and o3 domains are involved in KASH lid inhi-
bition in SUNT, but this inhibition may be weaker than that
of SUN2 because of the lack of a conserved substitution of
R552 of SUN2M in SUNIM (Figs. 6 and S3). The differen-
tial inhibitory mechanisms of the SUN1 SUN domain as
compared with SUN2 suggest that SUN1 and SUN2 may
also be activated via different mechanisms, which could
have various implications in the context of their distinct
cellular processes. For example, a recent study suggested
that SUN1 may inhibit RhoA activation by limiting the
activity of SUN2, suggesting that SUN1 and SUN2 may
compete for KASH binding (63). The absence of a salt
bridge between the KASH lid and SUN1 «3 might suggest
that the KASH lid is more readily available for KASH bind-
ing in SUN1 and hence would win in competition with
SUN2.

Finally, we cannot overlook the possibility of different
mechanisms of LINC formation and function across organ-
isms. For example, contrary to all published data on human
and mouse LINC complexes, Daryabeigi et al. (64) recently
showed that in Caenorhabditis elegans, the oligomerization
of SUNTI is not required for the formation of a functional
LINC complex. It would be interesting to see how altered
oligomerization states could relate to the diverse functions
of these highly conserved SUN domain proteins across or-
ganisms (65).
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Four figures and two tables are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(18)30141-3.
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