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Abstract 
 

The LINC complex is formed by the conserved interactions between SUN and KASH domain 

proteins, providing a physical coupling between the nucleoskeleton and cytoskeleton that 

mediates the transfer of physical forces across the nuclear envelope. The LINC complex can 

perform distinct cellular functions by pairing various KASH domain proteins with the same SUN 

domain protein. For example, In C. elegans, SUN protein UNC-84 binds to two KASH proteins 

UNC-83 and ANC-1 to mediate nuclear migration and anchorage, respectively. In addition to 

distinct cytoplasmic domains, the luminal KASH domain also varies among KASH-domain 

proteins of distinct functions. In this study, we combined in-vivo C. elegans genetics and in-

silico molecular dynamics simulations to understand the relation between the length and amino 

acid composition of the luminal KASH domain, and the function of the SUN-KASH complex. 

We show that longer KASH domains can withstand and transfer higher forces and interact with 

the membrane through a conserved membrane proximal EEDY domain that is unique to longer 

KASH domains. In agreement with our models, our in vivo results show that swapping the 

KASH domains of ANC-1 and UNC-83, or shortening the KASH domain of ANC-1, both result 

in a nuclear anchorage defect in C. elegans.  
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Introduction 

 

The double-layered nuclear envelope acts as a physical barrier between the constituents of the 

nucleus and the cytoplasm. The linker of the nucleoskeleton and cytoskeleton (LINC) complexes 

span this physical barrier and regulate the physical connection between the interior of the nucleus 

and the cytoplasm during various cellular functions. Through this physical connection, the LINC 

complex withstands and transfers mechanical forces across the nuclear envelope (Lombardi et 

al., 2011; Cain et al., 2014; Arsenovic et al., 2016; Arsenovic and Conway, 2018). LINC 

complexes are composed of Sad1/UNC-84 (SUN) proteins that are anchored to the inner nuclear 

membrane (INM), and Klarsicht/ANC-1/SYNE homology (KASH) proteins that are anchored to 

the outer nuclear membrane (ONM). The large cytoplasmic domains of KASH proteins bind to 

various elements of the cytoskeleton, whereas their 10-30 amino acid KASH domains reside in 

the perinuclear space (PNS) where they bind to SUN proteins (Fig. 1). Several SUN-KASH pairs 

have been identified to date and each perform distinct functions within the cell (Padmakumar et 

al., 2005; Crisp et al., 2006; McGee et al., 2006; Kim et al., 2015; Jahed et al., 2016).  

Interestingly, different KASH domain proteins can independently bind to the same SUN protein 

to mediate distinct cellular functions. For example, in mammals the SUN protein SUN1 can 

transiently associate with KASH protein KASH5 in the PNS, and with telomeres in the nucleus 

to mediate microtubule-dependent meiotic chromosome movement (Horn et al., 2013b). On the 

other hand, SUN1 can bind to Nesprin1 and Nesprin2 to mediate actin-dependent nuclear 

movement (Padmakumar et al., 2005; Haque et al., 2006; Yu et al., 2011; Nishioka et al., 2016). 

Similarly, in Caenorhabditis elegans (C. elegans) SUN protein UNC-84 transiently binds to 

KASH protein UNC-83 in embryonic hypodermal cells to mediate microtubule-dependent 

nuclear migration during development (Starr et al., 2001; McGee et al., 2006; Fridolfsson et al., 

2010; Bone et al., 2014). Later, the same SUN protein UNC-84 independently binds to a 

different KASH protein, ANC-1, to anchor nuclei in place for several days (Starr and Han, 2002; 

Cain et al., 2018).  

 

Crystal Structure of the SUN-KASH complex. The crystal structure of the conserved regions 

of SUN2 in complex with the KASH domain of Nesprin1/2 revealed a trimeric SUN domain that 

binds to three KASH peptides simultaneously (Figure 1, PDB ID: 4DXS) (Sosa et al., 2012, 



2013). In this structure, residues 0 to -17 of each KASH peptide of Nesprin2 bind in a groove 

formed by two neighboring promoters of the SUN trimer.  This groove is formed by ∼20 residue 

β-hairpin extending from the SUN domain of protomer 1, known as the “KASH-lid”, and the β-

sandwich core of SUN protomer 2 (Fig 1) (Sosa et al., 2012). After interactions with this groove, 

membrane proximal regions consisting of residues -18 to -23 interact exclusively with protomer 

2. The SUN-KASH interaction is further enhanced by a disulfide bond formed between cysteine 

-23 on KASH and conserved cysteine 563 on protomer 2 of SUN2. The remaining membrane 

proximal residues of KASH between -23 and the transmembrane domain (residues -24 to -30), 

including a conserved EEDY motif are thought to not interact with SUN.   

 

Despite being well conserved, the luminal domains of KASH5 and UNC-83 are much shorter 

than the luminal domains of mammalian Nesprins 1 to 4, C. elegans ANC-1 (Fig 1). Both UNC-

83 and KASH5 lack the membrane proximal interaction domain, including the conserved 

cysteine at -23 (Fig 1), which is suggested to form a disulfide bond with the SUN domain (Sosa 

et al., 2012; Jahed et al., 2015; Cain et al., 2018). Interestingly, UNC-83 and KASH5 have 

relatively short-term roles in nuclear migration and meiotic chromosome movements, 

respectively. Herein, we combined in silico molecular dynamics simulations with in vivo C. 

elegans genetics to explore the role of the KASH domain length in the dynamics and function of 

LINC complexes. Specifically, we asked: how does the SUN-KASH complex with a shorter 

KASH domain withstand and transmit tensile forces compared with longer KASH domains? 

Does swapping long and short KASH domains between ANC-1 and UNC-83 disrupt nuclear 

positioning? What is the role of the membrane proximal residues in the dynamics of the LINC 

complex at the membrane? Our results show that the specific length of the KASH domain is 

important for force transmission and LINC function in vivo and in simulations. Our results also 

suggest that the membrane proximal EEDY motifs of longer KASH domains may play a role in 

anchoring the SUN-KASH complex to the ONM.    

 

Results 

Longer KASH domains transfer higher forces. We previously developed a molecular model 

of the LINC complex under tensile forces and showed that the presence of a conserved cysteine 

residue at position -23 plays an important role in nuclear positioning, and the transmission of 



maximal forces across the complex (Jahed et al., 2015; Cain et al., 2018; Jahed and Mofrad, 

2018). In this work, we set out to determine whether the length of the KASH domain bound to 

SUN also affects nuclear positioning and force transmission across LINC. To this end, we 

deleted residues in the membrane proximal part of KASH domains (-18 to -23) and obtained a 

model of SUN2 in complex with a shorter length KASH2 peptide (S2K2_0to-17). We then 

compared the molecular mechanisms of force transmission across this model with the previously 

developed models of SUN2-KASH2, namely S2K2_0to-23 and S2K2_0to-23_C-23A by 

applying forces at a constant velocity of 0.5 Å/ns to the membrane proximal end residue of the 

KASH peptide in each model (Figure 2A). The forces required to displace the KASH peptide by 

30Å (equivalent to pulling for 60ns at 0.5 Å/ns) were compared among the three models (Figure 

2A). Note that the reported forces were averaged over the 60ns simulation times as well as over 

three independent runs for each model where forces were sampled at 2000 femtoseconds (Figure 

2B). These results suggest that the model with the longest KASH domain, which contains C-23, 

can withstand average forces that are on average 97 pN higher than S2K2_0to-17 and 131 pN 

higher than S2K2_0to-23_C-23A (p-value<2.2e-16) (Figure 2B). Interestingly, a short KASH 

domain, S2K2_0to-17 endured significantly higher forces than the longer KASH with a cysteine 

mutation, S2K2_0to-23_C-23A, (p-value <2.2e-16) suggesting that in the absence of C-23, a 

longer KASH domain would transmit forces less efficiently than a 17-residue long KASH 

domain (Figure 2B). We therefore hypothesized that in the absence of C-23, residues -18 to -23 

interfere with the stability of the SUN-KASH complex under tensile forces. This could be a 

reason why these residues were rapidly lost in KASH peptides that lack C-23 (i.e. mammalian 

KASH5 and C. elegans UNC-83, see Fig 1C). To test this, we calculated the nonbonded 

interaction energies between two regions of the KASH peptide, (region1: residues 0 to -17, or 

region2: residues -18 to -23 (Figure 2C), and the SUN2 trimer in the S2K2_0to-23 and 

S2K2_0to-23_C-23A models. Our results show that the energies of both regions are highly stable 

under force in the S2K2_0to-23 model (Figure 2D). Additionally, the energy between region1 

and the SUN2 trimer is highly stable under force in the S2K2_0to-23_C-23A model (Figure 2D). 

However, once C-23 is mutated, region2 consisting of residues -18 to -23 dissociate with the 

SUN2 trimer under force, and the energies between this region and the SUN2 trimer abruptly 

reduces to zero (Figure 2, C and D). These results suggest that KASH domains that lack the 



cysteine residues at position -23, can transmit higher forces if residues between positions -18 and 

-23 are also absent. 

In our previous models of SUN2-KASH2 under tension, we had also shown that forces applied 

on KASH are directly transmitted to the coiled-coil regions of SUN2 formed by α3, in the 

S2K2_0to-23 model, but not in the S2K2_0to-23_C-23A. This was evident from the average root 

mean square fluctuations (RMSF) of KASH (Figure 2E) and SUN2 (Figure 2, E and F) in each 

model under tension. We computed and compared the RMSF of SUN2 and KASH in the 

S2K2_0to-17 model with the previous models all pulled for 60ns (30Å displacement) (Figure 2, 

E and F). As shown in Figure 2E, in the S2K2_0to-23_C-23A model, the highest RMSF values 

are observed in residues -23 to -17 indicating that forces on residue -23 result in fluctuations in 

residues -23 to -17 of the KASH peptide in this model. Similarly, the average RMSF values of 

residues of the KASH peptide in the S2K2_0to-17 model indicate that forces on the end residue 

of this KASH peptide (residue -17) result in fluctuations in all residues of the KASH peptide. On 

the other hand, in the S2K2_0to-23 model, the RMSF values of all KASH residues are very 

small compared with the other two models indicating that forces on the end residue of KASH do 

not result in fluctuations of the KASH peptide in this model.  Instead, in the S2K2_0to-23 model, 

forces on KASH result in fluctuations in SUN, and most prominently in the α3 regions as shown 

in Figure 3F. In the S2K2_0to-17, some forces are transferred to the KASH-lids of SUN, 

resulting in higher RMSF values for these regions. These results suggest that forces are most 

efficiently transmitted to the CC regions of SUN in longer KASH peptides. 

Conserved EEDY motif links SUN-KASH to the membrane.  

The results from our model of SUN2-KASH2 under force provided insights into the mechanism 

of force transfer along the LINC complex for various lengths of KASH peptides. In the next step, 

we asked whether the length of the KASH peptide would alter the dynamics of KASH at the 

membrane. To answer this question, we developed a model of luminal KASH domains of 

KASH2, ANC1, KASH5 and UNC-83 using homology modeling. In order to model the 

anchorage of KASH domains to the outer nuclear membrane, we also included a transmembrane 

(TM) domain in each model (Figure 3, A and B). For all four KASH peptides, the TM domain 

was modeled using the sequence of the TM domain of KASH2 (Figure 3B). All TM domains 

were inserted into a lipid bilayer as shown in Figure 3A. After relaxation and equilibration of the 

model (see methods for more details), the position of the Cα atoms of the terminal residue on the 



cytoplasmic side of the TM domains of all four models were fixed in position (Figure 3A). 

Finally, the dynamics of the four models embedded in the membrane were monitored over 180ns 

MD (Molecular dynamics) simulation times. Representative trajectories of the positions of 

KASH2 and KASH5 at the membrane are shown over the 180ns simulation time in Figure 3C. 

To compare the dynamics of all four models, we computed the average RMSF of all residues in 

each KASH peptide (Figure 3D), as well as average dynamical cross correlation of residues over 

the simulation time (Figure 3E). To better compare the fluctuations of similar residue positions 

in KASH peptides of varying lengths, the RMSF values shown in Figure 3D were aligned based 

on sequence alignment of the residues as shown in Figure 3B (hence the gap between positions -

31 and -20 in KASH5, and -31 and -17 in UNC-83). For KASH2 and ANC-1, the residues 

immediately after the TM domain (-31 to -23) exhibited lower fluctuations compared with 

residues -23 to 0 and the RMSF increased after residue -23 in these two models. The dynamical 

cross correlation analysis also revealed a strong positive correlation between the fluctuations of 

end residues of the TM domain, and the luminal residues immediately after the TM domain in 

KASH2 and ANC-1 (Figure 3E-i). On the other hand, the TM domain did not show significant 

correlations with residues 0 to -17 in KASH2 or ANC-1, but showed strong negative correlation 

between the same regions in KASH5 and UNC-83 (Figure 3E-ii). These results suggest that the 

movement of the KASH peptide is correlated with the TM domain distinctly in the four different 

KASH peptides. In ANC-1 and KASH2, the residues immediately after the TM domain move in 

the same direction as the TM domain, in other words their movements are coupled with the 

movement of their TM domains, and the remaining luminal residues either move in the opposite 

direction (residues -27 to -14 in KASH2) or show no significant correlation with the TM domain 

(residues -14 to 0 in KASH2 and -23 to 0 in ANC-1). In KASH5 and UNC-83, the KASH 

domain residues 0 to -17 move in the opposite direction as the TM domain. This is also evident 

from the trajectory of KASH5 shown in Figure 3C where the luminal domain moved further to 

the right as the TM domain moves to the left over the simulation time.  

We predicted that interactions with the lipid membrane may be responsible for the reduced 

fluctuations in residues -31 to -23 in KASH2 and ANC-1, so we calculated the non-bonded 

interaction energies between each KASH peptide and the lipid membrane. The total pairwise 

nonbonded interaction energies were calculated between each residue in the four KASH peptides 

and the lipid membrane over simulation time as shown in Figure 4A. These results show that in 



KASH2, an EEDY motif forms long term non-bonded interactions with the lipid membrane over 

the time of our simulations. ANC-1 also has a similar DDEY motif at the same position, which 

also interacts with the membrane (Figure 4A). No such domains are present in the KASH 

domains of KASH5 or UNC-83, however, a lysine residue at position -15 (K-15) in UNC-83 also 

formed strong non-bonded interactions with the lipid membrane. The results obtained from our 

MD simulations suggest that the conserved EEDY in longer KASH domains may alter the 

dynamics of the KASH domain by binding to the lipid membrane.  

Swapping KASH domains disrupts LINC function in vivo.  

Our simulations (Figure 2, A and B) predict that shorter KASH proteins can transmit more forces 

across LINC complexes than longer KASH domains with mutant cysteines at -23.  We set out to 

test this prediction in the context of a live, developing organism where nuclear positioning is 

easily followed—the hypodermis of C. elegans (Starr and Han, 2002; Fridolfsson et al., 2010). 

We investigated how changing the lengths of the UNC-83 or ANC-1 KASH domains affected 

their in vivo function in C. elegans developing hypodermal cells using our established nuclear 

migration and nuclear anchorage assays (Bone et al., 2014; Cain et al., 2018; Fridolfsson et al., 

2018). We first used our nuclear migration assay to test the ability of different KASH peptides to 

mediate nuclear movements in embryonic hyp7 precursors. We hypothesized that longer KASH 

domains with a cysteine at -23 would form a stable interaction with SUN proteins and mediate 

nuclear migration normally.  Unexpectedly, replacing the shorter KASH domain in unc-83 with 

the longer KASH from anc-1 to make unc-83 (anc-1KASH), caused a significant nuclear 

migration defect with 8.4 ± 0.9 (mean ± 95% CI) nuclei in the dorsal cord (Figure 5, A and D). 

This unc-83(anc-1KASH) nuclear migration defect was intermediate, significantly less severe 

than unc-84 or unc-83 null animals (Starr et al., 2001; Bone et al., 2014) but significantly more 

defective than wild type (Figure 5D) (P < 0.0001). Our simulations indicated that LINC 

complexes with longer KASH domain including a cysteine at -23 are able to transmit more force 

than shorter KASH domains, but our in vivo experiments showed that the longer KASH domain 

with a -23 cysteine somehow interferes with nuclear migration in embryonic hyp7 precursors. 

Thus, the longer ANC-1 KASH domain might inhibit the migratory function of UNC-83(ANC-1 

KASH) by forming overly stabilized SUN-KASH interactions containing a disulfide bond 

between UNC-83(ANC-1KASH) and UNC-84.  



 We then tested the extent to which removing the possibility of a disulfide bond between 

UNC-83 and UNC-84 might affect nuclear migration. We previously showed that mutating of 

the conserved cysteine in the SUN domain of UNC-84 in unc-84(C953A) mutants had no effect 

on nuclear migration in the presence of the shorter, wild-type KASH domain of UNC-83 (Cain et 

al 2018). We engineered a LINC complex with a long KASH domain but a mutation in the 

cysteine in the SUN domain so that no disulfide bond could form. unc-84(C963A); unc-83(anc-

1KASH) double mutants had a completely penetrant nuclear migration defect (Figure 5, C and 

D). Thus, consistent with our simulations (Figure 2), in the absence of a disulfide bond between 

SUN and KASH in vivo, a short KASH domain appears more functional than a long one.  

 After nuclei move using the KASH protein UNC-83, they anchor in place using the giant 

KASH protein ANC-1 (Starr and Han 2002). We tested the hypothesis that the longer KASH 

domain of ANC-1 is required for efficient nuclear anchorage. We replaced the long KASH 

domain of endogenous ANC-1 with the shorter UNC-83 KASH domain to make anc-1(unc-

83KASH) mutant animals. We observed a significant nuclear anchorage defect with 11.5 ± 2.0 

(mean ± 95% CI) percent of nuclei clustered in anc-1(unc-83KASH) animals compared to 2.4 ± 

1.3 percent of nuclei clustered in wild type (P value = 0.0005 in a 1-way ANOVA with multiple 

comparisons) (Figure 6, A, C, and E). However, the anc-1(unc-83KASH) nuclear anchorage 

defect was not as severe as the unc-84(null) with 26.4 ± 5.3 percent clustered nuclei (P <0.0001) 

(Figure 6, B, C, and E), supporting our simulations that a short KASH is at least partially 

functional. Alternatively, we deleted 11 residues from -28 to -18 of the endogenous ANC-1 

KASH domain to make anc-1(ΔD-N) mutant animals, which had 15.0 ± 2.2 percent nuclei 

clustered (Fig 6 D, E). Thus, both anc-1(ΔD-N) and anc-1(unc-83KASH) had similar defects (P = 

0.40), suggesting that either short KASH domain is partially functional to anchor nuclei.  

In conclusion, our in vivo data are consistent with a model that a short KASH domain can 

transmit forces more efficiently than a long KASH without a disulfide bond. However, it is 

important to note that comparing the function of short KASH domains to long KASH domains 

stabilized by disulfide bonds to SUN proteins is more difficult to interpret, because other factors 

may be involved in vivo that are missing in our simulations.  

Transfer of forces beyond the SUN domain.  



We showed that for long KASH peptides, forces on the terminal residue of the KASH domain 

were transferred to the trimeric CC domains of SUN (Figure 2). We next asked how tensile 

forces are further transmitted across the trimeric CC domains of SUN.  Using the solved crystal 

structure of CC1 of SUN2, we applied tensile forces on the C-terminal residue of each of its 

three protomers, namely P1, P2 and P3, while fixing their N-terminal residues (Figure 7A). To 

determine the dynamics of CC1 under force, we compared the per-residue RMSF values of P1, 

P2 and P3 in force and no force conditions (Figure 7B). We expected the forces applied at the C-

terminus to be further transferred to the N-terminus of CC1. Indeed, the highest fluctuations were 

observed at the two terminal residues of each protomer when forces were applied indicating that 

some of the forces at the C-terminus are directly transferred to the N-terminus. Surprisingly, the 

RMSF values of residues at the central core of each protomer of CC1 were significantly lower 

under force as compared with a no force condition (Figure 7B), indicating that the fluctuations in 

these regions are reduced when CC1 is under tensile forces (Figure 7B). Next, to obtain further 

insights into the dynamics of CC1 under force and to determine how the fluctuations of various 

residues across protomers are coupled, we also calculated the dynamical cross correlations 

between residues on P1, P2 and P3 in our simulations (Figure 7, C and D). Our results show that 

the residues at the central core of CC1 exhibit strong positive correlations (i.e. move together in 

the same direction). On the other hand, the C-terminal residues on which forces are applied show 

strong negative correlations with the residues at the central core of CC1 (Figure 7, C and D). 

Specifically, the C-terminal residue of each protomer correlates negatively with the central 

residues of itself, as well the other two protomers (P2 and P3) (Figure 7D), indicating that these 

regions move in opposite directions during our simulations. These results suggest that 

cytoskeletal forces may be translated to the residues at the central core of CC1, resulting in some 

conformational changes in these regions.  

Discussion 

There is direct evidence that the LINC complex is subject to tension at then nuclear envelope, 

and that the transmission of forces across the LINC complex is essential for several cellular 

functions (Grady et al., 2005; Bone et al., 2014; Arsenovic et al., 2016; Arsenovic and Conway, 

2018). Various KASH proteins pair with SUN proteins to mediate distinct functions of the cell 

(Jahed et al., 2016, 2018b). In addition to their distinct cytoplasmic domains, the transluminal 

domain of KASH proteins which bind to SUN proteins are also different in length. Specifically, 



shorter KASH proteins lack a conserved membrane proximal domain which is responsible for 

additional interactions with SUN proteins (Figure 1). Our results suggest that the lack of this 

membrane proximal domain reduces the amount of force that the SUN-KASH complex can 

withstand. Furthermore, our molecular dynamics simulations show that an EEDY motif, 

conserved in the membrane proximal domain of long KASH domains including Nesprin1-3 and 

ANC1, can interact with the lipid membrane (Figures 1 and 4). The interaction of KASH with 

the lipid membrane could provide additional anchorage points, which would potentially provide 

even higher LINC stability under force. In agreement with these findings, we found that the 

membrane proximal domain of ANC-1 is required for nuclear anchorage in C. elegans and a 

shorter KASH domain is only partially functional to anchor nuclei. Although our results suggest 

that this membrane proximal EEDY domain is important for the function of longer KASH 

proteins, it is important to note that in mammals, Nesprin4 lacks this membrane proximal EEDY 

motif (Figure 1). Nesprin-4 is known to be important for microtubule-dependent nuclear 

positioning (Roux et al., 2009; Horn et al., 2013a). However, compared with Nesprin1 and 

Nesprin2, the dynamics of Nesprin4 are poorly understood and the implications of missing the 

EEDY motif between the cysteine and the transmembrane helix are unclear and require further 

investigations.    

 

Why would different LINC dependent processes require KASH domains of various lengths? 

There are several differences between the various processes mediated by different SUN-KASH 

pairs. One major difference is the time scale of the SUN-KASH interaction, which is only a few 

minutes for KASH5 during meiosis prophase I, and UNC-83 during nuclear migration in 

development. On the other hand, Nesprin2 and ANC-1 are required for their respective functions 

for up to several days. Therefore, one explanation is that the additional interactions between the 

membrane proximal domains of longer KASH domains, with SUN or the lipid membrane, 

facilitates the more long-term functions of the LINC complexes that employ KASH proteins with 

longer KASH domains.  Unexpectedly, we also found that longer KASH domain of ANC-1 can 

significantly inhibit the migratory function of UNC-83 (Figure 5, A and D) which suggests that 

the addition of a membrane proximal domain to short KASH proteins can also inhibit their 

function. These results further confirm that the specific length of the KASH domain is important 

for specific LINC complex functions. An undesirable formation of disulfide bonds between SUN 



and the membrane proximal domain of longer KASH, or potential interactions of the EEDY 

motif of the membrane proximal domain of KASH with the membrane may be the mechanism 

by which longer KASH domains inhibit functions that require shorter KASH domains but this 

would require further testing. In this work we discuss the differences in the luminal KASH 

domains in the regulation of LINC complexes. However, the differences between SUN proteins 

are also important to note. Although the KASH binding sites of SUN1 and SUN2 are highly 

conserved (Hennen et al., 2017; Lei et al., 2009; Jahed et al., 2018a), there are several structural 

differences in these proteins that could lead to distinct functions of SUN1 and SUN2 (Jahed et 

al., 2018a; Xu et al., 2018). The pairing of KASH domains with distinct SUN domains could 

further diversify the functions and regulations of LINC complexes and would be intriguing to 

investigate further.  

 

It is important to note that there are also several other important differences between the 

functions of ANC-1 and UNC-83 in nuclear anchorage and migration. For example, ANC-1 

anchors the LINC complex to the actin cytoskeleton during nuclear anchorage, whereas UNC-83 

is linked to microtubules through motor proteins. Therefore, the magnitude and direction of 

forces generated during these two distinct processes may also vary and may explain the higher 

force tolerance of longer KASH proteins for their respective functions.  

 

Finally, our MD results imply that forces are more efficiently transmitted from KASH to the CC 

regions of SUN in longer KASH domains (Figure 2). Our simulations show that forces on the 

CC region of SUN can induce conformational changes in the CC domains (Figure 7). 

Interestingly, studies have shown that the CC domain of SUN2 is not a stable trimeric coiled coil 

in solution, due to structural defects such as hydrophilic residues in its inter-helical packing core 

(Nie et al., 2016). Our simulations suggest that tensile forces on the LINC complex may induce 

conformational changes in the inter-helical packing core of the CC domains, and hence, the 

conformation of these regions is likely different under force than that observed in solution. .  

In summary, we show that the presence or absence of a membrane proximal domain in KASH 

proteins plays an important role in the specific functions of LINC under force. 

 

 



Methods 

Model of Sun2-kash2 complex.  We downloaded the solved structure of the human SUN2 

trimer in complex with three KASH peptides of human Nesprin2 from the Protein Data Bank 

(PDB ID: 4DXS) (Sosa et al., 2012) and visualized using Visual Molecular Dynamics (VMD) 

software (Humphrey et al., 1996). The KASH peptides in this solved structure were 23 residues 

long and this modeled structure was accordingly labeled as S2K2_0to-23 in the text. A structural 

model for a shorter KASH (S2K2_0to-17) in complex with SUN2 was developed by residue 

deletion in VMD software (Humphrey et al., 1996). The model for KASH in complex with 

cysteine mutant SUN2 (S2K2_0to-23_C-23A)  was also developed as before using the mutator 

tool in VMD (Jahed et al., 2015; Cain et al., 2018).  To apply tensile forces on the SUN-KASH 

complex we attached a dummy atom to the position of the center of mass of the amino-terminal 

residue of the respective KASH peptide at position -23 for S2K2_0to-23 and S2K2_0to-23_C-

23A, or position -17 for S2K2_0to-17, via a virtual spring. The position of the C-terminal residue 

of SUN2 was also fixed in all models. We then measured the forces between the dummy atom 

and C-23 using NAMD (Phillips et al., 2005) as the dummy atom was moved at a constant 

velocity of 0.05 m/s. A moving window average was applied to the force data using the filter 

function in R with convolution. All plots were prepared using R software.  

Model of KASH in the membrane. Peptides of various length were modeled using the Phyre2 

Protein Fold Recognition Server in Intensive mode (Kelley et al., 2015). The sequence of the 

transmembrane domain of Nesprin2 was used for all models, which preceded the KASH domains 

of KASH2, ANC-1, KASH5 and UNC-83 (sequences are shown in Figure 3B). The 

transmembrane domain was predicted as an alpha helix for all models and all KASH domains 

were predicted to be disordered as expected. The modeled KASH peptides were anchored to a 

diacylglycerol and phospholipid membrane (POPC) which was modeled using the VMD 

membrane plugin. To remove any overlap between the modeled disordered KASH domains and 

the lipids, we first fixed all residues of the alpha helical transmembrane domains of all models 

and applied a constant velocity to the end residue of each KASH peptide at a constant velocity of 

0.05 m/s. The alpha helical transmembrane domains of all four KASH peptides were then 

inserted perpendicular to the lipid membrane and overlapping lipids were removed. The system 

was then solvated and ionized and all waters in the membrane region were deleted. Since we 

assembled the system manually, several minimization and equilibration steps were taken before 



the final simulations presented in the results section. Firstly, we performed a simulations in 

which we fixed all atoms in the system except lipid tails to obtain a fluid-like lipid bilayer 

(Humphrey et al., 1996; Phillips et al., 2005). Secondly, we performed a minimization and 

equilibration step in which harmonics constraints were applied to the four KASH proteins 

permitting lipids, water, and ions to adapt to the shape of the proteins. Thirdly, the constraints on 

the proteins were removed and the full system was equilibrated for 60ns. The average RMSD 

values of each KASH protein were monitored during equilibration and plateaued in the 60ns 

simulation times. In the final simulations, the end residues of the transmembrane domains were 

fixed in place to resemble the immobile large cytoplasmic domains of KASH proteins, and 

simulations were conducted for 180ns.   

Molecular dynamics simulations. Molecular dynamics simulations were performed using 

NAMD scalable MD with the CHARMM force field (Phillips et al., 2005). Periodic boundary 

conditions were applied in all three directions. To calculate long range electrostatic interactions 

during MD simulations with periodic boundary conditions, Particle mesh Ewald (PME) was used 

with a 1-Å maximum space between grid points. Simulations were performed at a constant 

temperature of 310 K and a constant pressure of 1 atm using the Langevin piston method and 

Hoover’s method during minimization and equilibration.  

Trajectory analyses. Dynamical residue cross correlation heatmaps and Atomic root mean 

square fluctuations over MD trajectories were evaluated using the rmsf() function in R Bio3D 

package (Grant et al., 2006). Total nonbonded interaction energies (electrostatic and Van der 

Waals) were calculated using VMD and NAMD energy with the cutoff for nonbonded 

interactions set to 12 Å, and using a switching function with a switching distance of 10 Å 

(Phillips et al., 2005). All plots were generated using the plot() or heatmap.2() functions of the R 

gplot package. 

C. elegans strains and CRISPR/Cas9 editing. C. elegans were cultured on nematode growth 

medium plates spotted with OP50 bacteria (Stiernagle, 2006). Strains used are listed in Table 1. 

Some strains were provided by the Caenorhabditis Genetics Center, funded by the National 

Institutes of Health Office of Research Infrastructure Programs (P40 OD010440). Knock-in 

strains were constructed by CRISPR/Cas9 genome editing using the dpy-10 co-CRSPR 

technique (Arribere et al., 2014; Paix et al., 2016). The anc-1(yc54[unc-83kash]), unc-



83(yc55[unc-83::gfp::anc-1kash]), and anc-1(yc60[ΔD-N]) alleles were generated by injecting 

CRISPR guide RNAs (crRNAs) (Table 2; synthesized by IDT or Dharmacon) pre-complexed 

with purified Cas9 protein (UC Berkeley QB3) and universal tracrRNA (IDT or Dharmacon) 

along with repair templates as ssODN or dsDNA (Table 2; IDT or Dharmacon) into C. elegans 

gonads (Paix et al., 2015, 2016). crRNA and repair templates against dpy-10 were co-injected to 

identify animals where the Cas9 was active (Arribere et al., 2014; Paix et al., 2016). Edited 

animals were identified by PCR and restriction digests. The edited strains were backcrossed to 

UD522  (Cain et al., 2018) to lose dpy-10 mutations and introduce ycEx249[pcol-19nls::gfp::lacZ, 

pmyo-2 ::mCherry] to mark hypodermal nuclei with GFP. 

 Nuclear migration and anchorage assays in C. elegans. Nuclear migration in embryonic hyp7 

precursors was quantified by counting nuclei abnormally localized in the dorsal cord of L1 larvae 

as previously described (Starr et al., 2001; Bone et al., 2014). Hyp7 nuclear anchorage was 

assayed in adult animals expressing nuclear GFP form ycEx249[pcol-19nls::gfp::lacZ, pmyo-2 

::mCherry]; nuclei were scored as clustered if one nucleus contacted another along the 

longitudinal axis of the worm (Cain et al. 2018). Contacts between nuclei on the perpendicular 

axis were not counted, as the marker could not distinguish seam cell nuclei in proximity to hyp7 

nuclei from clusters of hyp7 nuclei. Only nuclei situated between the pharynx and the anus were 

counted. Only one lateral side of each animal was scored.  
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Figure 1. Structure of LINC complexes at the nuclear envelope. (A) Schematic representation 

of LINC complex: Inner nuclear membrane (INM) protein SUN, and outer nuclear membrane 

(ONM) protein KASH. i-Structure of the human SUN2-KASH2 hexamer, and ii- structure of the 

coiled coil (CC1) region of mouse SUN2. (B) Model of SUN-KASH interactions at the 

ONM. SUN1 or SUN2 in humans binds to Nesprin1, Nesprin2. In C. elegans, ANC-1 binds to 

UNC-84. KASH5 (human), and UNC-83 (C. elegans) are shorter in the length of 

their KASH domains and also bind to SUN1/2 and UUNC-84 respectively. (C) Sequences of 

transmembrane and KASH domains of longer KASH domains (Nesrpin1-4 in human and, ANC-

1 in C. elegans), as well as shorter KASH domains (KASH5 in human and UNC-83, KDP-1 and 

ZYG-12 in C. elegans). The transmembrane domains are highlighted; a conserved C-23 and 

EEDY motif are highlighted on the sequences of KASH domains of longer lengths namely 

Nesprin1-3 and ANC-1. 

 

 

 
 

 

  



Figure 2. Force transmission from KASH to SUN. (A) Representative images of the 

final simulation frames of each SUN-KASH model after 60ns of pulling. (B) Magnitude of 

forces required to pull on KASH for 60ns at 0.5 Å/ns (i.e. total displacement of 30Å), average 

values of force for 3 independent 60ns simulation runs are shown on top (averaged over time and 

simulation run, error bars correspond to 1 standard deviation), density plots are shown on 

bottom, *** (p-value<2.2e-16). (C) Conformation of S2K2_0to-23_C-23A model before and 

after force application showing the detachment of residues -18 to -23 and zoomed view 

of SUN2-KASH2 interaction showing residues 0 to -17 and residues -18 to -23. D) Nonbonded 

interaction energies between residues 0 to -17 and SUN trimer (top), or residues -18 to -23 in 

S2K2_0to-23_C-23A indicating the dispensability of residues -18 to -23 in the absence of C-

23. (E) Average root mean square fluctuations of KASH peptides under force, where 

average RMSF values of each KASH residue are also averaged over three 

independent simulation runs, and three KASH peptides of the SUN2-KASH hexamer in each 

run. Error bars show range of data over three runs and three KASHpeptides in each 

run. (F) Average root mean square fluctuations of SUN under force where 

average RMSF values of each SUN2 residue are also averaged over three 

independent simulation runs, and three SUN2 protomers of the SUN2-KASH2 hexamer in each 

run. Error bars show range of data over three runs and three SUN2 protomers in each run. 

 
 



Figure 3. Dynamics of KASH peptides at the outer nuclear membrane. (A) Molecular 

dynamics model of KASH-domain proteins anchored to the outer nuclear membrane (KASH2 

and KASH5 are shown on the left and right respectively). Each structural model consists of 

the transmembrane domain of KASH2 embedded in the membrane, and the luminal domain of 

the corresponding KASH domain protein (i.e. KASH2, ANC-1, KASH5, or UNC-

83). The position of the Cα atoms of the terminal residue on the cytoplasmic side is fixed (shown 

with a white circle). (B) Sequences used for modeling the KASH domain 

proteins KASH2, ANC-1, KASH5, and UNC-83. All models consist of the same transmembrane 

domain. (C) The trajectories of KASH2 (left) and KASH5 (right) over 200ns molecular 

dynamics simulation time. (D) Average root mean square fluctuations of KASH2, ANC-

1, KASH5, and UNC-83 (a gap is shown between residue -17 or -20 and the TM domain 

for KASH5 and UNC-83 to better compare the fluctuations of KASH domains). (E) Dynamic 

cross-correlation heatmap between various regions of each model averaged over molecular 

dynamics simulation time. Positive cross-correlations represent fluctuations/displacements in the 

same direction whereas negative cross-correlation values represent fluctuations/displacements in 

the opposite direction. i- Dynamical cross correlation between the TM domains and luminal 

domain residues immediately after the TM domainin KASH2 and ANC-1, ii-  Dynamical cross 

correlation between the TM domains and residues 0 to -17. 

 

 
 

 

  



Figure 4. Interactions of KASH domains with the outer nuclear membrane. (A) Total 

nonbonded interaction energies between all residues of the luminal KASH domains of KASH2, 

ANC-1, KASH5 and UNC-83, and the lipid membrane over simulation time. The conserved 

EEDY motif in KASH2 and ANC-1 interacts with the membrane. (B) Schematic representation 

of EEDY motif interacting with theouter nuclear membrane. 

 

 

 

  



Figure 5. Nuclear migration defects in KASH-swap alleles in C. elegans. (A-C) Lateral view 

of L1 animals in a background expressing hypodermal nuclear GFP (A’-C’) Corresponding DIC 

images of the same animals. (A) unc-83(yc55[anc-1kash]); strain UD597, (B) unc-

84(yc35[C953A]); strain UD605, (C) unc-83(yc55[anc-1kash]) unc-84(yc35[C953A]); strain 

UD604. Arrowheads mark nuclei that are abnormally in the dorsal cord, representing failed 

migrations. Bar, 10 μm. (D) Quantification of nuclear migration defects. Each point represents 

the number of nuclei in the dorsal cord of a single animal. Means with 95% CI error bars are 

shown. 

 

 

 

  



Figure 6. Nuclear anchorage defects in KASH-swap alleles in C. elegans. (A-D) Lateral 

views of young adult C. elegans are shown. Hypodermal nuclei are marked with nuclear GFP 

from ycEx249 in the following genetic backgrounds: (A) wild type; strain UD522, (B) unc-

84(n369); strain UD532, (C) unc-83(yc55[anc-1kash]); strain UD582, (D) anc-1(yc60[ΔD-N]); 

strain UD589. Bar, 10 μm. (E) Quantification of nuclear anchorage defects. Each point 

represents the percentage of clustered nuclei in one side of a single animal. Means with 95% CI 

error bars are shown.  

 

 

 

  



Figure 7. Force transmission across the CC domain of SUN2. (A) Model of CC1 of SUN2 

under force. Three protomers in the SUN2 CC1 trimer (P1, P2 and P3) were pulled at a constant 

velocity in the direction shown. Forces were applied to the C-terminal residue of each protomer 

while the Cα residue of the N-terminal residues were fixed. (B) Root mean square fluctuations of 

CC1 protomers (P1, P2 and P3) under force, compared with a no force control. Average values 

are shown for 3 independent simulations runs, and error bars show data spread. (C) Dynamic 

cross-correlation heatmap between various regions of each model under force, averaged over 

molecular dynamics simulation time.  Positive cross-correlations represent 

fluctuations/displacements in the same direction whereas negative cross-correlation values 

represent fluctuations/displacements in the opposite direction. The residues that are positively 

correlated are connected with red lines and residues that are negatively cross-correlated are 

connected with blue lines in the representation on the left. 

 

 

 

 

  



Table 1. C. elegans strains in this study 

Strain Genotype Ref 

N2 wild type (Brenner, 1974) 

UD399 unc-84(n369) X; ycIs10[pcol-10nls::gfp::lacZ] (Bone et al., 2014) 

UD473 unc-83(yc26[unc-83::gfp::kash+LoxP])V (Bone et al., 2016) 

UD522 ycEx249[pcol-19nls::gfp::lacZ, pmyo-2 ::mCherry] (Cain et al., 2018) 

UD532 unc-84(n369) X; ycEx249[pcol-19nls::gfp::lacZ, pmyo-2 

::mCherry] 

(Cain et al., 2018) 

UD538 anc-1(e1873) I; ycEx249[pcol-19nls::gfp::lacZ, pmyo-2 

::mCherry] 

(Cain et al., 2018) 

UD582 unc-83(yc55[unc-83::gfp::anc-1kash+LoxP])V; ycEx249[pcol-

19nls::gfp::lacZ, pmyo-2 ::mCherry] 

This study 

UD588 anc-1(yc54[unc-83kash])I; ycEx249[pcol-19nls::gfp::lacZ, pmyo-

2 ::mCherry] 

This study 

UD589 anc-1(yc60[ΔD-N])I; ycEx249[pcol-19nls::gfp::lacZ, pmyo-2 

::mCherry] 

This study 

UD594 anc-1(yc54[unc-83kash])I; unc-83(yc55[unc-83::gfp::anc-

1kash+LoxP])V; ycEx249[pcol-19nls::gfp::lacZ, pmyo-2 

::mCherry] 

This study 

UD597 

 

 

UD605 

unc-83(yc55[unc-83::gfp::anc-1kash+LoxP])V; ycIs10[pcol-

10nls::gfp::lacZ] 

unc-84(yc35[unc-84::(C953A)::gfp])X; ycIs10[pcol-

10nls::gfp::lacZ] 

This study 

 

This study 



 

UD604 unc-83(yc55[unc-83::gfp::anc-1kash+LoxP])V unc-

84(yc35[unc-84::(C953A)::gfp])X; ycIs10[pcol-

10nls::gfp::lacZ] 

 

This study 

UD603 unc-83(yc26[unc-83::gfp::kash];ycI9[Pcol-10nls::gfp::lacZ] This study 

 

  



Table 2: crRNA and repair templates used in this study 

Gene 

Target 

crRNA 

Sequence  

 

DNA Repair Template Sequence 
Starting 

Strain 

New 

Strain 
Reference 

anc-1 

acuuauggga

gccgcuuguu 

 

caggtttgtttatattttttaatattaataactaatgtctct

cattttcaggcactgcttgttctcctcatgggagctgc

ctgccttgttttcggaaaaccatttggtccgcatgtaa

cctatgtgaatggaccaccaccggtttaatctttaatt

ttttattttcattactattcactattgtttcattcatcatga

acctgcccccatacatcccagttg 

N2 UD580 This study 

unc-83 
ccgcauguaa

ccuaugugaa 

ctggcagcgctcgcagcgattttctattatcacgtgc

cacattgcgacgacgagtactgttgccaacttctca

ataatttcgctaaaagttttgacccttcgctagaattc

gtaaacgggccaccaccattttaactgaatcatcag

tattctgattgaaatccc 

UD473 UD581 This study 

anc-1 
caguacucgu

cgucgcaaug 

caggcactgcttgttctacttatgggagccgcttgttt

ggttccacactgttttgctaagagttttgacccttcgc

tagaattcgtaaacgggccaccaccattttaatc 
N2 UD592 This study 

dpy-10 
gcuaccauag

gcaccacgag 

cacttgaacttcaatacggcaagatgagaatgactg

gaaaccgtaccgcatgcggtgcctatggtagcgga

gcttcacatggcttcagaccaacagcctat 
Co-CRISPR 

(Arribere et 

al., 2014) 

 


