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Abstract

The nucleus is the hallmark of the eukaryotic cell. It contains most of the genetic

material and it separates the processes of replication and transcription from that

of translation. Communication between the nucleus and the cytoplasm occurs

mostly through openings in the nuclear envelope composed of nuclear pore

complexes. These massive assemblies allow for regulated transport of

macromolecules across the barrier that is the nuclear envelope. However,

another means of communication between the nucleus and the cytoskeleton has

been characterized: linkers of the nucleoskeleton and cytoskeleton, or LINC,
complexes mechanically connect the nucleus with its surroundings allowing for

nuclear anchorage and nuclear movement during development and chromosome

movement during meiosis. At the heart of LINC complexes are inner nuclear

membrane resident SUN proteins and outer nuclear membrane resident KASH

proteins. In this thesis we structurally characterize the human SUN2-KASH1 and

KASH2 complexes and provide the molecular basis for their interaction. The

solved structures suggest plausible models for high-order of LINC complex

assembly as well as LINC complex mediated spacing between the inner and

outer nuclear membrane. Questions about how these complexes are regulated

also arise from the structure. TorsinA is an AAA+ ATPase suggested to play a

role in LINC complex regulation. Analysis of Torsin's binding partners LAP1 and

LULL1 show that they are catalytically inactive AAA+ ATPases. We characterize

the complex and show by EM that they form ring akin to other AAA+ ATPases.

With these studies we provide the first structural analysis of LINC complexes and

Torsin ATPases and also provide biochemical tools for the study of LINC

complex regulation.

Thesis Supervisor: Thomas U. Schwartz
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Chapter One

Structural Insights into LINC Complexes

This chapter was adapted from Sosa, B. A., Kutay, U. & Schwartz, T. U.

Structural insights into LINC complexes. Current Opinion in Structural Biology 23,

285-291 (2013).
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SUMMARY

Communication between nucleus and cytoplasm extends past molecular

exchange and critically includes mechanical wiring. Cytoskeleton and

nucleoskeleton are connected via molecular tethers that span the nuclear

envelope. SUN-domain proteins spanning the inner nuclear membrane and

KASH-peptide bearing proteins residing in the outer nuclear membrane directly

bind and constitute the core of the LINC complex. These connections appear

critical for a growing number of biological processes and aberrations are

implicated in a host of diverse diseases, including muscular dystrophies,

cardiomyopathies, and premature aging. We discuss recent developments in this

vibrant research area, particularly in context of first structural insights into LINC

complexes. Furthermore, we begin to characterize the AAA+ ATPase TorlA, a

possible regulatory protein for LINC complex formation or disassembly.
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INTRODUCTION

The nuclear envelope (NE) is a double-lipid bilayer that separates the nucleus

from the cytoplasm. This way, transcription and translation are spatially

separated in eukaryotes, enabling sophisticated regulatory mechanisms for gene

expression. The NE is an extension of the endoplasmic reticulum (ER) and

consists of an outer nuclear membrane (ONM) and an inner nuclear membrane

(INM), evenly separated by the perinuclear space (PNS) of -50 nm width. ONM

and INM are fused at circular openings, occupied by nuclear pore complexes

(NPCs). Macromolecular trafficking between the nucleus and the cytoplasm

occurs mainly through NPCs (Brohawn et al., 2009; Gorlich and Kutay, 1999),

although recent findings suggest a vesicular transport mechanism across the

PNS akin to nuclear egress by herpes viruses may be used for exceptionally

large nuclear export cargo (Rose and Schlieker, 2012; Speese et al., 2012).

Mechanical communication has long been recognized for cells interacting with

their surrounding (Ingber, 1997). That the nucleus is also mechanically tethered

to its environment has only been uncovered more recently (Maniotis et al., 1997).

Since that initial discovery, interest in the subject has grown rapidly. Mechanical

coupling of the nucleus to the cytoskeleton can potentially serve many purposes.

First, the position of the nucleus within a cell needs to be maintained in many cell

types, notably in neurons and muscle cells, suggesting that nuclei require a

mechanism to be pulled into their desired place (Tapley and Starr, 2013).

Second, physical connections across the NE are attractive candidates for

mediating mechanotransduction, a very fast signaling mechanism that results in

transcription programs triggered by extracellular stimuli (Lombardi et al., 2011;

Wang et al., 2009). Third, these nucleocytoplasmic linkages can also be used to

determine the position of specific nuclear structures, like the ends of paired

chromosomes during meiosis (Chikashige et al., 2006; Sato et al., 2009).

Underscoring the general importance of the nucleoskeleton and its link to the

cytoskeleton, a growing number of diverse genetic disorders, including
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neurological, muscular, and premature aging have been linked to mutations in its

constituents (Gruenbaum et al., 2005; Mendez-L6pez and Worman, 2012;

Worman and Bonne, 2007).

Physical interactions across the nuclear envelope are mediated via Linkers of

Nucleoskeleton and Cytoskeleton (LINC) complexes (Crisp et al., 2006; Starr et

al., 2010). The center of LINC complexes is the interaction of INM-resident SUN

(Sad1 and UNC-84) proteins with ONM-resident KASH (Klarsicht, ANC-1 and

SYNE/Nesprin-1 and -2 Homology) proteins within the PNS. The SUN-KASH

interaction complex has recently been solved by X-ray crystallography, providing

a rich basis for detailed studies on LINC function (Sosa et al., 2012).

SUN proteins

SUN proteins are type 11 membrane proteins conserved across all eukaryotes
and typically found in the INM. At the NI terminius they cntain a variable

RA IA L WL IJ I L I I NJI LI1 I V. I IL LI 1 EU1'4 L% I ~IE I IA LI IW
7  
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nucleoplasmic region, followed by a transmembrane helix connecting into a

predicted coiled-coil segment localized to the PNS. The most recognizable

feature of SUN proteins is a stretch of -175 amino acids, usually at the very C

terminus, termed 'SUN domain' based on the homology between Sad1 from

Schizosaccharomyces pombe and UNC-84 from Caenorhabditis elegans

(Malone et al., 1999). With increasing complexity of the organism, the number of

SUN proteins also increases. Although single cell organisms apparently carry

only one SUN domain protein, nematodes and flies contain two genes for SUN

proteins, and the mammalian genome encodes at least five distinct members of

the SUN protein family, Sunl-5 (Starr et al., 2010). The expression of the

individual SUN proteins depends on the cell type, suggesting cell type-specific

adaption of LINC complexes to meet distinct cellular and physiological

requirements. For example, in C. elegans, UNC-84 is expressed in most cells,

whereas SUN-1/Matefin expression is restricted to germ cells. Notably, the C.

elegans SUN proteins show no overlapping activity, indicating that their
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respective LINC complexes occupy distinct functions (Fridkin et al., 2004). As in

C. elegans, the Drosophila SUN protein Klaroid is present in almost every cell

type, whereas SUN4/Spag4 appears to be strictly confined to the male germ line

(Kracklauer et al., 2007; Technau et al., 2008). Similarly, the two major

mammalian SUN proteins, Suni and Sun2, are widely expressed in different cell

types (Crisp et al., 2006; Padmakumar, 2005). In contrast, the three additional

genes coding for Sun3, Sun4, and Sun5, respectively, all show a much more

restricted, testis-specific expression pattern (Gob et al., 2010). In addition to the

SUN domains at the C terminus, there are also SUN-like proteins (Field et al.,

2012; Shimada et al., 2010) with the SUN-like domain in the center of the protein.

To what extent SUN- and SUN-like proteins are functionally related is currently a

matter of speculation.

One intriguing aspect of SUN proteins is their apparent exclusive localization to

the INM. Therefore, a number of studies have focused on understanding the

molecular parameters that determine transport to the INM (Tapley et al., 2011;

Turgay et al., 2010), as part of an effort to understand INM targeting in general. It

appears that multiple factors contribute to targeting and it is not yet clear whether

they are universal or whether instead different INM proteins employ distinct

mechanisms.

KASH proteins

Thus far, KASH proteins are exclusively found at the ONM and share several

common features. They are tail-anchored, single-span transmembrane proteins

with a short luminal C terminus. The transmembrane helix together with the 8-30

residues of the luminal tail are well conserved and form the KASH 'domain',

recognizable by primary sequence analysis (Figure 1) (Starr and Han, 2002). The

most striking feature of the luminal KASH peptide is the C-terminal 'PPPX' motif,

where X is always the very terminal residue.

9



Transmembrane Perinuclear Space
II -23 -17 -9 -7 -3 -1O

.&W sSY f 8743 A EIDYS ALS - A R ---- L 8797
Nsg~~sSYNE 6831 _IY Q V AU L LCLE -- -SSUOSTA - U- T 688

Hsepaem &N3 922 A -FLL FEL- - -- IREUDRSTLA- A- RE----- T 975
H.*4 SYE4 351 PLTF L VGAMF L --- ASGGP-C SHA-R- -IP TPY -LV ... L 404

HsWAw SHA 516 HP I LL SVLL ... LGPSP- PPT--WP- - L L ---- 562
Hsqmfes L~A 495 SI A SF T ---- OKSVDAAPTOQEDSWTSL -ILWPFTRLRH 555

s 1amo -SYNEYL 257 VG - - -YSYALSG -A A R YT---- L 311
GCgaK SYAYf 8740 IG DYS AMA - -A L 8794

Tm0pNoi_SYAE1 829 T -lIG C . -MTE DSIYA--N p-- I 834

human N eiSNE2 6p5r0an for LU VTiLdn accordMngECo TAUs -t Ia., 2 2 . .... 8T20

areaed.Aw ? 49s1 (W? LA ---nCO E Y S Ep 1 824
mamsbiexSe1 8319 F 0. --- LCE D VA-R--d p .REVn 83n

fiDmoet.jdP N1sr2942 AESIle tA LGVIT c--HElMFsLand onnE-ctsUPto- mic123b45

Onth ogLCtr pr212i kAInEsn.A IFAC reCEsOntha C-MTEErIna., KA2262

5ft~-abuSYL- 1531 LVF L LI TI ... V LMVY LE ST M WA VS- - ~ RV V.. 1570

wcbindMst S558 LYL FFsO rL-rC An tK bV CEagr E --spELV p 607
Cgate lUN 11 AI ot YF kn.wn,.LRMP Ps necTsa FO---- prnuT41a

AV.a4enneWIP3 U 423KTLG I T I SIERF L---------------------------- * AL------I A 7745

venrtbaessiousnh metzs east andpnt. The umers abvehena seunctak residesingh

humanm Ne0pri22N2 imotn for SU bindin accoding to Sosa et a--, 2012.4

Muchsiken SUN proeians, complte organssted to aver KASH p rot ens

mimplen spectin reeatthat ere in nuerwethering. Thseprtensgeert

extensive fiesta mnt epit h yoL.Nsrn3 hre
molecule,~ ~~ bid opetn hc ntr ikst h ci n/ritreit

inv old A in 3 meioti hooou pIrn (VBMorimoDYSt et Dal. 202.TeOM

poione1.Minge ofuncle alndt ah orrcolgn KASH peptidesfohilydvre euaytseqnune

imlgtha t itismoter m aembwer of thsgow KASH fatis nhmily. or fwhc

10



SUN-KASH Complex

The principal function of the LINC complex is to tether nucleo- and cytoskeleton

mechanically, which presumably requires a very strong and stable interaction

between SUN and KASH. The crystal structure of the LINC complex published in

2012 illustrates this property (Sosa et al., 2012). The SUN domain itself folds into

a beta-sandwich structure, a fairly common fold in eukaryotes. The basic

structure is decorated with several SUN-specific features (Figure 2). First, N-

terminal to the beta-sandwich, a helical extension forms a triple-stranded coiled

coil with adjacent SUN domains, effectively generating a SUN homotrimer. Even

though the SUN domains also directly touch neighboring SUN domains, their

interactions are too weak to stabilize a trimer without the coiled-coil extension.

Second, a -20 amino-acid extension, the KASH-lid, emanates from the central

beta-sandwich and is critical for KASH binding. Third, a conserved -10 residue

loop structure is positioned byadisulfide hnd htween two highly conserved

cysteines. This loop binds a metal ion, and is also involved in KASH binding.

11



A

(525-540)

C

KASH-Gd (567-"7)

C601-C705 diwuMde

Catin-oop (593-601)

717

ric oosed co[

525

B
SUN prokmer

KASII pf.2

SUN protomer 2

Pu"ds

C563 site of
SUN-KASH disufide

"-23

4.1e,-3

-1 

0

d

SUN protonwr I KASH Ip" 1 SUN protomer 2

Figure 2. Structural overview of the SUN-KASH complex. (A) Overview of a human SUN2 protomer

isolated from its Nesprin-2 binding partners in the trimeric SUN-KASH complex (Sosa et al., 2012). The

protein is organized around a compact P-sandwich core, decorated with features important for function

(labeled). Bound cation depicted as a green sphere. (B) View from the ONM facing the bottom of the trimeric

SUN2 arrangement (blue colors) with three individual KASH peptides (orange) bound. (C) Side view of the

SUN2-KASH2 complex. It is easy to recognize how deeply the three KASH peptides are buried in clefts
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formed between neighboring SUN2 protomers. (D) Explosion view of the KASH peptide interacting with

neighboring SUN domains in the SUN2 trimer. Areas on the SUN domains in close contact with the KASH

peptide are highlighted in orange. Note the L-shaped, extended conformation of the bound KASH peptide.

Important residues for SUN interaction are labeled in the zoomed, stick representation of KASH2.

The SUN homotrimer serves as a tailored platform to interact with three KASH

peptides (Figure 2B). The peptides are individually bound in three deep grooves,

each created by two neighboring SUN protomers. Trimerization of SUN is

therefore a prerequisite for KASH binding. The very C terminus of the KASH

peptide, amino acid position 0, is buried in a pocket on SUN protomer 1 and the

carboxylate makes numerous contacts, explaining the strict conservation of the

peptide length (Figure 2C). Adding just one residue abolishes binding (Sosa et

al., 2012).Positions -1 to -3 are typically trans-prolines and are bound in shape-

dependent, van-der-Waals manner. After a few more exposed positions, residues

-7 to -10 form a short beta-strand that connects the KASH-lid beta-hairpin of

protomer 1 with the SUN core domain of protomer 2. Positions -7 and -9 are

conserved as large hydrophobic amino acids, and are buried ir a cleft beween

the SUN protomers. Following residue -11 the KASH peptide sharply kinks and

lines up on the surface of SUN protomer 2. Except for the buried hydrophobic

residue at position -17 conservation is weak in this region, consistent with data

indicating that the last 11-14 residues are sufficient for stable SUN2-KASH2

binding (Sosa et al., 2012). Importantly though, residue -23 encodes a conserved

cysteine that crosslinks with the conserved SUN2-cysteine 563, drastically

stabilizing the interaction further. In summary, SUN trimerization and the

formation of large interfaces between three KASH peptides, each clasped

between two neighboring SUN protomers and making many stabilizing

interactions, ensure very stable binding.

Although the SUN-KASH interaction seen in the crystal structure has no close

precedent in other peptide-protein interactions, some beta-sandwich proteins that

are distantly related to SUN bind small molecules, often lectins, in a pocket that

overlaps the 'PPPX' binding site. These F-lectins also contain a metal binding
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loop, and they also use an intramolecular disulfide bond to stabilize this loop, but

they typically do not trimerize. Thus SUN proteins and F-lectins may have

evolved from a common ancestor that already had a small molecule binding

moiety, which diverged into the different binding interfaces seen in the extant

domains.

Conservation of the SUN-KASH interaction

The existing SUN2-KASH1/-2 complex structures suggest that the principal

arrangement of three KASH peptides binding a SUN trimer is universally

conserved. All SUN domains characterized to date are immediately preceded by

predicted coiled-coil segments, suggesting that the characteristic cloverleaf-like,

trimeric SUN arrangement is also conserved. In addition, the binding mode

whereby two adjacent SUN domains form an elaborate, shared binding site also

strongly supports the notion that the general SUN-KASH heterohexameric

arrangement is conserved. The KASH peptides in vertebrates are cimilIr

enough to expect them all to bind SUN in similar manner. In nematodes, yeast

and plants, however, the sequences are quite diverged (Figure 1), and

experimental data is therefore needed to make definitive statements about

universally conserved, common features.

The coiled-coil segment of SUN proteins

In all SUN proteins the C-terminal SUN domain is preceded by a predicted helical

region that spans the remainder of the perinuclear domain. Detailed analyses

indicate that these helices can form coiled-coils. As the independently

determined apo- and KASH-bound SUN2 structures now show (Sosa et al.,

2012; Wang et al., 2012; Zhou et al., 2012), the region immediately adjacent to

the SUN domain forms a non-canonical, right-handed trimeric coiled-coil

arrangement with undecan rather than heptad repeat character (Gruber and

Lupas, 2003). Since coiled-coil prediction methods are trained to detect

14



canonical structures, it is plausible that the entire helical domain forms an

extended, continuous trimeric coiled-coil. Whether it is right-handed throughout

or flips handedness is an open question. The reversal of coiled-coil handedness

has been observed previously, and the energetic barrier for the conversion is

rather low (Alvarez et al., 2010). The length of the coiled-coil segment can be

regarded as a ruler that is either adapted to or determines the width of the PNS.

The coiled-coil segments of the ubiquitous SUN1/2 proteins are almost equal in

length and would generate an -45 nm rod (Figure 3). The testis-specific SUN3,

SUN4, and SUN5 proteins, however, have shorter predicted coiled-coils. These

SUNs are localized in specific NE regions and the shorter intermembrane

distance forced by these LINC complexes may have functional importance (Gob

et al., 2010; Kracklauer et al., 2013).

c oqplasmn
ONM

KASH-peptide -

SUN, SUN2

SUN-trimer SUN3

-SUN4, SUN5

-45 nm

~20 nm
~12 nm

nucleus 
lamina

Figure 3. LINC complex mediated nuclear envelope spacing model. Various SUN proteins exhibit

predicted perinuclear a-helical coiled-coil domains of various length. If these elements are modeled as

trimeric coiled-coils, currently the most likely scenario, spacing between INM and ONM would vary

dependent on the employed SUN protein.
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Higher-order arrays of LINC complexes

To move the entire nucleus through the cell, LINC complexes must bear

substantial mechanical load. Having a connection involving three KASH peptides

interacting with a SUN trimer is one way of strengthening the LINC complex.

Adding a disulfide bridge covalently linking SUN and KASH is another, but are

these interactions sufficient? In fibroblasts, nuclei move away from a wound edge

by harnessing the retrograde flow of actin. Here, SUN-KASH bridges in the NE

arrange linearly, creating transmembrane actin-associated nuclear, or TAN, lines

parallel to the actin fibers to which they are presumably attached (Borrego-Pinto

et al., 2012; Luxton and Gundersen, 2011; Luxton et al., 2010). It is attractive to

think that this 2D arrangement strengthens actin tethering, but this idea awaits

experimental verification. In meiotic cells, SUN proteins cluster to bring telomeric

chromosome ends together during bouquet formation (Chikashige et al., 2006;

Ding et al., 2007; Penkner et al., 2009; Schmitt et al., 2007), again suggesting

that higher order I INCr Historc nr fiunctionally important. Spectrin repeats in

Nesprins, as well as additional coiled-coil segments in Nesprin2, are strong

candidates for linking individual hetero-hexameric SUN-KASH complexes into

larger 2D arrays (Sosa et al., 2012). The molecular details of such networks and

their regulation are exciting topics for future studies.

Regulation of LINC complex formation

So far, LINC complexes are exclusively found in the NE, with SUN proteins

crossing the INM and KASH proteins crossing the ONM. SUNs are expected to

be inserted cotranslationally into the ER via the Sec6l channel (Rapoport, 2007),
while KASH proteins are tail anchored and might be integrated into the ER via

the action of the GET complex (Denic, 2012). Because both SUNs and KASH

proteins are inserted into the ER it is intriguing to consider what prevents

premature formation of LINC complexes, and how the cell ensures exclusive

formation of SUN-KASH bridges in the PNS. One possibility is that at least one
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partner is kept in a binding-incompetent state before it reaches its final

destination. Perhaps SUN only trimerizes after reaching the INM, and would

therefore only gain KASH-binding competence at the target membrane. Another

option is that one of the two binding partners is bound to a chaperone before

engaging with the proper partner at the NE. The conserved prolines in KASH

proteins also invite to speculations about a regulatory role. Maintaining one or

more in the cis-conformation (they are all trans in the bound peptide) would be

another elegant way of preventing LINC formation at the wrong site.

Laminopathies and LINCs

Nuclear envelopathies are a subset of genetic diseases caused by mutations in

NE proteins. Amongst the most studied are laminopathies, which are caused by

mutations in genes encoding proteins of the nuclear lamina. Over 180 mutations

have been described for the LMNA gene leading to at least 13 known diseases

(Capell and Collins, 2006; WOrmnn and Bonne, 2007). The LMNA giene enrode

for lamin-A and -C. Imaging of cells carrying mutations in the lamina shows

severe NE structural defects suggesting that nuclear morphology alterations

might lead to disease (Capell and Collins, 2006).

As mentioned above, SUN proteins are located in the INM where they interact

with other INM and nuclear proteins. In mammals, SUN1 interacts with lamin-

A/C. A fascinating study provided some clues as to how SUN1 plays a role in

laminopathies (Chen et al., 2012; Suh et al., 2012). Several mouse models of

different laminopathies exist that illustrate well disease progression. In this study,

several of these mouse models were further modified to also carry a SUN1

deletion effectively creating a SUNI LMNA double knocked-out (Lmna' Sun1f'4).

Unexpectedly, these mice survived longer than LMNA single knockout (Lmna").

Analysis of Lmna' cells showed an overexpression of SUN1 and its

accumulation in the golgi after the NE was saturated. Interestingly, nuclear

morphology and proliferation defects were rescued by RNAi mediated
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knockdown of SUN1. This study illustrates the role of LINC complex in disease

and distinguishes SUN1 as an attractive therapeutic target for the treatment of

laminopathies.

Torsin ATPases

Torsin proteins belong to the ATPases Associated with a variety of cellular

Activities (AAA+ ATPases) superfamily. AAA+ ATPases use ATP hydrolysis to

undergo conformational changes and to exert force onto a substrate (Erzberger

and Berger, 2006; Wendler et al., 2012). These proteins are involved in many

cellular processes including protein unfolding, refolding, degradation, chromatin

modification, DNA replication, vesicle fusion, etc (Erzberger and Berger, 2006;

Narlikar et al., 2013; Scott et al., 2005; Stinson et al., 2013). Despite being so

functionally diverse, members of this superfamily have a set of canonical motifs

(Erzberger and Berger, 2006; Wendler et al., 2012). On the primary sequence

level, they all contain Walker-A and -B motifs. The Waiker-A motif, also known as

the P-loop, consists of the consensus sequence of GxxGxGKT/S (where x is any

amino acid) and its involved in binding to ATP. The Walker-B motif, consensus

sequence hhhhDE (where h is any hydrophobic amino acid) is involved in the

hydrolysis step. Together the Walker-A and Walker-B motifs coordinate the P and

y phosphates of ATP and the water activating magnesium ion. Importantly,

mutating the lysine residue of the Walker-A motif renders the protein incapable of

binding ATP. Mutating the glutamate residue of the Walker-B motif to a glutamine

(E/Q or "substrate-trap" mutant) renders ATPases incapable of hydrolyzing ATP,

yet capable of engaging with substrates, a very important biochemical tool for the

study of AAA+ ATPases (Goodchild and Dauer, 2005; Jokhi et al., 2013; Martin

et al., 2008; Zhu et al., 2010). Other motifs that are also well conserved and play

critical roles in the function of AAA+ ATPases include the sensor-I motif, sensor-Il

and arginine-finger (Wendler et al., 2012). The sensor-I motif is composed of a

polar residue that helps coordinate the attacking water for hydrolysis. The

sensor-Il motif has the consensus sequence GAR and plays a role in ATP
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turnover. The arginine-finger, works by activating an adjacent ATPase subunit,

with a mechanism akin to GTPase activating proteins. Torsin ATPases also

contain a signal peptide in their N-terminus, which targets them to the

endoplasmic reticulum (Vander Heyden et al., 2011; 2009). Furthermore, they

contain some fundamental variations in two of the motifs described above. First

is a single residue variation in the Walker-A: GxxGxGKT/S to GxxGxGKN. The

second consists of a GAR to GCK change in the sensor-Il motif. The implications

of this variation are discussed further below.

AAA+ ATPases have the same domain organization composed of a variable N

domain, a large domain, also called the AAA+ core, and a small domain. The

AAA+ core adopts a compact apa fold containing the Walker-A, Walker-B and

sensor-I ATP binding motifs. The small domain is located C terminal to the AAA+

core. It adopts a compact helical bundle that contains the sensor-Il motif. The

high structural homology between AAA+ ATPases and the conservation of the
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and structurally understand Torsin ATPases. Structural models of the Torsin

homologue OOC-5 in Caenorhabditis elegans have provided some clues for the

role of the sensor-Il motif in ATPase activity (Zhu et al., 2008). In the model the

sensor-Il motif cysteine is located adjacent to another conserved cysteine in the

small domain and therefore predicted to form an intramolecular disulfide bond.

Furthermore, the authors go on to show that the redox state of OOC-5 influences

its ability to bind ATP and ADP and cause local conformational changes.

Moreover, cysteine to serine mutations on the small domain severely affect

embryo hatch rate when compared to wild-type, indicating that these cysteines

are essential. Further analysis of human Tor1A shows that mutating these

cysteines hinders its ability to bind LAP1 and LULL1 similar to the effect seen

with the AE mutation (Zhu et al., 2010).
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Dystonia and TorsinA

Dystonia is a neurological movement disorder that affects a minimum of 300,000

people in North America alone. The most common type of dystonia is the early-

onset generalized dystonia or DYT1 dystonia, which is inherited in autosomal-

dominant fashion with reduced penetrance (Granata et al., 2010; Warner et al.,

2010). The age of onset is typically between 5 and 28 years of age, which

corresponds to a period of motor learning and synaptic plasticity in the basal

ganglia (Granata et al., 2010). Most cases of DYT1 dystonia are caused by an in-

frame three base pair deletion (AGAG) leading to a single glutamate deletion

(AE) in the small domain of Tor1A (Ozelius et al., 1997a; 1997b). Interestingly,

this disease shows no neuropathology or neurodegeneration suggesting that

circuitry defects in neurons are the problem rather than cell death. TorlA is

expressed ubiquitously, yet the AE mutation seems to only affect neurons, most

likely due to compensation by one of at least three Tor1A homologues, Tor1B,
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and has been suggested to compensate for TorlA in non-neuronal tissue.

Tor1A-LAP1 and ToriA-LULLI complexes

A specific cellular function for TorlA remains enigmatic, however, several binding

partners have been characterized providing some clues about its role in the cell.

The two main binding partners for Tor1A were discovered using FRAP

(fluorescence recovery after photobleaching) experiments in which the dynamics

of GFP labeled TorlA-wt, Tor1A-E171Q (substrate-trap) and Tor1A-AE (disease

mutant) were analyzed (Goodchild and Dauer, 2005). In the ER, the rate of

recovery for TorlA-wt, Tor1A-E/Q and Tor1A-AE were comparable, however the

rate of recovery in the NE was significantly slower for Tor1A-E/Q and Tor1A-AE

when compared to TorlA-wt. This implied that Tor1A-E/Q and Tor1A-AE were

engaging with a substrate in the NE. This led to the characterization of Lamina-

Associated Polypeptide-1 (LAP1) as a TorlA binding partner. Further sequence
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analysis uncovered another ER resident protein capable of binding TorlA that

shared high sequence conservation with the luminal domain of LAP1, termed

Luminal domain-Like LAP1 or LULL1. LAP1 localizes Tor1A to the NE whereas

LULL1 targets TorlA to both the ER and NE.

Specific functions of these two proteins remain unclear. However, LAP1 also

interacts with lamina, chromosomes and the INM protein emerin and is

phosphorylated during interphase and mitosis (Goodchild and Dauer, 2005; Shin

et al., 2013). Additionally, LAP1 was recently shown to bind and be

dephosphorylated by Protein Phosphatase 1 (PP1), a step suggested to be

important for NE assembly (Santos et al., 2013).

Since LAP1 and LULL1 bind more tightly to ATP-bound TorlA it was assumed

that they were substrates (Goodchild and Dauer, 2005). However, a recent study

suggests that LAP1 and LULL1 are activators of Torsin ATPases rather than
substrates (Zhao et al., 2013). The authors show TorlA, TorlB and Tor3A are

slow ATPases by themselves. Nevertheless, upon the addition of LAP1 or

LULL1, ATPase activity increased significantly, implying that LAP1 and LULL1

work as cofactors required for Torsin ATPase activity. As expected, Torsin

ATPase activity was abolished by the E171Q and the AE mutations. This report

also shows that Tor1A-LAP1/LULL1 complexes exhibit a slow ATP hydrolysis

rate suggesting a "switch-like" ATPase activity.

Torsin ATPases in the Endoplasmic Reticulum and Nuclear Envelope

Torsin ATPases have not been attributed a specific function. However, growing

evidence suggest a role on direct or indirect ER/NE membrane architecture and

remodeling. Human TorlA and Tori B contain a hydrophobic stretch of 20 amino

acids in their N-terminus thought to be a TM domain. By epitope tagging TorlA

between the N-terminal signal peptide and the hydrophobic region and then

either permeabilizing all membranes with Triton-X-100 or selectively
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permeabilizing the plasma membrane with digitonin, it was shown that the tag

was only accessible to antibodies upon full membrane permeabilization

suggesting that the hydrophobic region of Torsins do not traverse the lipid bilayer

(Vander Heyden et al., 2011). It was also shown that this hydrophobic region is

sufficient to direct membrane interaction of unrelated soluble proteins. TorlA also

displayed a preference to flat ER sheets and NE, suggesting that this helix

serves as ER/NE retention signal.

Molecular transport between the cytoplasm and nucleus has long been attributed

to only the NPC (Brohawn et al., 2009). However, emerging evidence suggest

that transport of molecules too large to traverse across the NPC can occur via

budding through the NE. Two examples of this process have been characterized.

The first is herpes virus capsid nuclear egress (Maric et al., 2011; Mettenleiter et

al., 2006). Herpes virus capsid pre-assembly happens inside the nucleus. After

its formation, the pro-capsid interacts with the INM, budding into the perinuclear

space, becominn membrane enclosed. This vesicle fuses with the ONM allowing

for Herpes virus capsid nuclear exit. Interestingly, upon overexpression of TorlA,

capsids were able to enter the perinuclear space, however, the resulting vesicles

are unable to escape and accumulated in the ER/NE lumen (Maric et al., 2011).

Another example of budding through the NE is that of mega Ribonucleoprotein

(RNP) particles transport. These particles are much too large to traverse the

NPC and their formation had long been debated. A recent study showed that

megaRNPs form inside the nucleus and co-localize with the A-type lamin LamC

(Speese et al., 2012). This is followed by envelopment of the particle into the

perinuclear space and exit through the ONM. Torsin AE and E/Q mutants

exhibited an accumulation of vesicles inside the NE (Jokhi et al., 2013).

Furthermore, Torsin E/Q mutants accumulated in the base of the vesicles in the

INM leading to the hypothesis that Torsin ATPases might play a role in

membrane vesicle scission and that this process might be affected in dystonia.
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Importantly, Tor1A and Tor1B are able to bind the KASH peptides of Nesprin-1,

Nesprin-2 and Nesprin-3 (Nery et al., 2008). Upon overexpression, YFP tagged

Nesprin-3 co-inmunoprecipitates with Tor1A variants with Tor1A-AE showing the

strongest interaction. In the absence of TorlA, YFP-Nesprin-3 localized primarily

to the ER. Additionally, YFP-Nesprin-3 was also enriched in the ER in cells from

DYT patients. Further, wound healing assays with cells lacking TorlA showed a

delay in migration and nuclear polarization when compared to wild-type cells. A

separate study shows that upon LULL1 overexpression, TorlA concentrates in

the NE leading to the displacement of LINC complexes (Vander Heyden et al.,

2009). Together these studies suggest that Tor1A and Tori B play an important

role in the regulation of LINC complex formation by promoting assembly or

disassembly of the complex.
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Chapter Two

LINC Complexes Form by Binding of Three KASH Peptides to Domain

Interfaces of Trimeric SUN Proteins

This chapter was previously published as *Sosa, B. A., Rothballer, A., Kutay, U.

& Schwartz, T. U. LINC Complexes Form by Binding of Three KASH Peptides to

Domain Interfaces of Trimeric SUN Proteins. Cell 149, 1035-1047 (2012).

*Sosa, B.A. performed the experiments for table 1 and figures 3, 4, 5, 7, 8, 10A,
1OB and 11.
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SUMMARY

Linker of Nucleoskeleton and Cytoskeleton (LINC) complexes span the nuclear

envelope and are composed of KASH and SUN proteins residing in the outer and

inner nuclear membrane, respectively. LINC formation relies on direct binding of

KASH and SUN in the perinuclear space. Thereby, molecular tethers are formed

that can transmit forces for chromosome movements, nuclear migration and

anchorage. We present crystal structures of the human SUN2-KASH1/2

complex, the core of the LINC complex. The SUN2 domain is rigidly attached to a

trimeric coiled-coil that prepositions it to bind three KASH peptides. The peptides

bind in three deep and expansive grooves formed between adjacent SUN

domains, effectively acting as molecular glue. In addition, a disulfide between

conserved cysteines on SUN and KASH covalently links both proteins. The

structure provides the basis of LINC complex formation and suggests a model for

how LINC complexes might arrange into higher-order clusters to enhance force-

couplinn
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INTRODUCTION

The nuclear envelope (NE), a double lipid bilayer, forms the boundary of the

nuclear compartment and serves as a physical barrier between chromatin in the

nuclear interior and the cytoplasm. The integrity and physical properties of the

NE play pivotal roles in cellular homeostasis, signaling and organization of

intracellular architecture (Mekhail and Moazed, 2010; Stewart et al., 2007). The

exchange of material between nucleus and cytoplasm is guaranteed by

passageways through the NE that are formed by nuclear pore complexes

(Onischenko and Weis, 2011).

Communication between nucleus and nuclear exterior is not limited to transport

of macromolecules across the NE but also involves connections of the NE and

the cytoskeleton. These physical linkages are instrumental for plasticity of cellular

organization and are required for processes such as nuclear migration and

anchorage, meiotic chromosome movements, centrosome positioning, and global

organization of the cytoskeleton (reviewed in Burke and Roux, 2009; Starr and

Fridolfsson, 2010; Tzur et al., 2006; Worman and Gundersen, 2006). The

molecular tether between NE and cytoskeletal elements is built by protein

complexes referred to as LINC (Linker of Nucleoskeleton and Cytoskeleton)

(Crisp et al., 2006). LINC complexes are conserved from yeast to human. They

form bridges across the perinuclear space by pairing of KASH (Klarsicht, ANC-1,
and Syne Homology) and SUN (Sad1, UNC-84) proteins that localize to outer

(ONM) and inner nuclear membrane (INM), respectively (Razafsky and Hodzic,
2009; Starr and Fischer, 2005).

KASH proteins are tail-anchored membrane proteins. Their large cytoplasmic

domains extend into the cytoplasm, where they interact with actin filaments,
microtubules, intermediate filaments or centrosomes. At their C termini, KASH

proteins expose a short peptide of around 30 residues into the perinuclear space.

This luminal peptide together with the preceding transmembrane segment
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provides the characteristic signature of KASH proteins referred to as KASH

domain (Starr and Han, 2002). The luminal KASH peptides of many family

members are similar. Their conserved features are the presence of

aromatic/hydrophobic residues at defined positions and proline(s) close to their

C-terminal ends. Studies in various organisms have shown that KASH domains

are necessary and sufficient for localization of KASH proteins to the ONM

(reviewed in Starr and Fridolfsson, 2010). This is achieved by a direct interaction

of the KASH peptide with members of the SUN protein family residing in the INM

(Ostlund et al., 2009; Padmakumar et al., 2005).

Vertebrates possess at least 4 different KASH proteins (SYNE/Nesprin-1 to -4)

that contain spectrin repeats in their cytoplasmic domains (Apel et al., 2000;

Zhang et al., 2001). Nesprin-1 and -2 (SYNE1, 2) exist in numerous splice

isoforms. The giant isoforms of Nesprin-1 and -2 interact with actin via their N-

terminal actin-binding domain, whereas other isoforms can associate with

microtubule motors (Padmakumar et al., 2004; Yu et al., 2011; Zhang et al.
2009; Zhen et al., 2002). Nesprin-3 and -4 bind to plectin and kinesin-1,
respectively, thereby connecting the nucleus to intermediate filaments and

microtubules (Roux et al., 2009; Wilhelmsen et al., 2005). Reflecting the

importance of NE-cytoskeletal interactions for human health, mutations in

Nesprins have been linked to the pathogenesis of Emery-Dreifuss muscular

dystrophy (Puckelwartz et al., 2009; Zhang et al., 2007a).

SUN proteins form the inner half of the LINC complex. They are anchored in the

INM by at least one transmembrane segment, exposing their N termini to the

nucleoplasm. These nucleoplasmic domains harbor signals that aid targeting of

SUN proteins to the INM and mediate association with nuclear binding partners

such as the nuclear lamina (Fridkin et al., 2004; Haque et al., 2006; Lee et al.,
2002). The C-terminal segments of SUN proteins reside in the perinuclear space

and consist of coiled-coil regions followed by the conserved SUN domain, which

is required for KASH binding. Among the five characterized mammalian SUN
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proteins, only SUN1 and SUN2 are widely expressed (Crisp et al., 2006; Wang et

al., 2006) and can bind to all four Nesprins (Ketema et al., 2007; Roux et al.,
2009; Stewart-Hutchinson et al., 2008). A double knockout of SUN1 and SUN2 in

mice is lethal (Lei et al., 2009), similar to Nesprin-1/2 deletion (Zhang et al.,
2007b). Through their cellular function in chromatin organization and nuclear

migration and anchorage, SUN1/2 and Nesprin-1/2 play pivotal roles in a variety

of developmental processes in vertebrates, ranging from gametogenesis to the

development of muscles, brain and the retina (Ding et al., 2007; Lei et al., 2009;

Puckelwartz et al., 2009; Yu et al., 2011; Zhang et al., 2010; Zhang et al., 2009).

How SUN and KASH interact to provide mechanical coupling between structural

components of the nucleus and the cytoskeleton has remained elusive. Here, we

present crystal structures of the SUN domain of human SUN2 in its free and

KASH-bound conformations. These structures reveal a trimeric organization of

SUN domains intimately bound to three KASH peptides at the SUN protomer

interfaces. Biochemical and cell biological studies support and further qualify our

structural findings.
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RESULTS

Mapping the KASH-binding competent region of human SUN2

To define the minimal region in human SUN2 required for binding of the luminal

part of KASH domains, we used recombinant KASH fusion proteins composed of

an N-terminal protein A tag (zz) and the C-terminal 29 residues of human

Nesprin-1 or -2 (Figure 1A, zz-KASH1, zz-KASH2) in pulldown experiments.

First, we tested whether the KASH fusion proteins could interact with

endogenous SUN proteins present in HeLa cell detergent extract. Both KASH1

and KASH2 retrieved SUN1 and SUN2 from the extract as verified by

immunoblotting (Figure 1B). Binding of SUN proteins to KASH1/2 was specific,

as no binding of SUN proteins was observed to either zz alone or zz-KASH2A, in

which the four C-terminal amino acids of KASH that are required for interaction

with SUN proteins are missing (Padmakumar et al., 2005).
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Figure 1. A Minimal Coiled-coil and the SUN Domain are Required for KASH Binding. (A) Schematic

representation of zz-KASH fusion proteins. The luminal peptides of Nesprin-1 and Nesprin-2 (29 aa) were

fused to an N-terminal protein A tag (zz-KASH1 and zz-KASH2). zz-KASH2A lacks the C-terminal amino

acids PPPT. (B) SUN1 and SUN2 from HeLa cells bind to zz-KASH peptides in vitro. HeLa cells were lysed

in RIPA buffer and the extract was incubated with immobilized zz-KASH fusion proteins. Bound proteins

were eluted and analyzed by immunoblotting using a-SUN1 and a-SUN2 antibodies. Loads in input and

pulldown lanes correspond to 2.5% and 20% of the total, respectively. (C) Schematic representation of

SUN2 constructs used in pulldown experiments in (D). Coiled-coil regions were predicted using Parcoil2

(McDonnell et al., 2006). (D) KASH binding of recombinant SUN2 fragments. His-tagged SUN2 fragments

were expressed in E. coli, purified and added at 0.25 sg/[d to E. coli lysate supplemented with RIPA

detergents. Mixtures were incubated with immobilized zz-KASH fusion proteins. Bound proteins were eluted

and analyzed by SDS-PAGE and Coomassie staining. Loads in the input and pulldown lanes correspond to

1.25% and 10% of the total, respectively.

Next, we tested direct KASH binding of recombinant SUN2 protein fragments

comprising different regions of its luminal domain (Figure 1C,D). In agreement
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with published data (Ostlund et al., 2009), we observed that a protein fragment

comprising both the predicted coiled-coil regions and the C-terminal SUN domain

of SUN2 (SUN2 335-717) efficiently bound to both KASH peptides. However, neither

the isolated coiled-coil region (SUN2 3 3 -539) nor the SUN domain alone (SUN25 40 -

717) was sufficient for KASH interaction. Further deletion analysis revealed that

the coiled-coil region preceding the SUN domain could be significantly shortened

without loosing KASH interaction. A fragment comprising an N-terminally

extended SUN domain (SUN2507 .717) was found sufficient for efficient binding to

both KASH peptides. When we introduced further truncations (Figure 2), we

observed that binding to KASH decreased (SUN2 14. 717) and finally became

barely detectable (SUN25 2 1-717). As the protein segment 507-539 is not part of the

conserved SUN domain and is just adjacent to the last predicted coiled-coil of

SUN2, we reasoned that the contribution of residues 507-539 to KASH binding

may be attributed to a potential role in organization of the SUN domain into a

higher order structure. To test this assumption, we fused an unrelated, well-

characterized Coiled -coil region derived from the "east transcription factor Gcn4

(Ciani et al., 2010) in front of the three extended SUN domain fragments

(SUN2 2 1.717 , SUN2 14 -717 , and SUN2 507 -7 17). Strikingly, addition of this unrelated

coiled-coil (ucc) restored the KASH binding capacity of SUN2 521-7 17 ,

demonstrating that residues 521-717 of SUN2 are sufficient for interaction with

KASH peptides and suggesting that coiled-coil regions in front of the SUN

domain contribute to the higher order organization of SUN domains into a KASH-

binding competent state.
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Figure 2. Addition of an Unrelated Coiled-coil to the SUN Domain Supports KASH Binding. (A)

Schematic representation of SUN2 fragments and their derivatives. A luminal fragment of SUN2 was

truncated stepwise to define the minimal requirements for KASH interaction. Note that also an unrelated

coiled-coil (ucc) corresponding to a trimeric version of the GCN4 coiled-coil (Ciani et al., 2010) was used to

replace the predicted coiled-coil region of SUN2 preceding the SUN domain. (B) KASH binding of SUN2 and

ucc-SUN2 constructs. The indicated purified His-tagged SUN2 derivatives were added to E. coli lysate to the

same concentration (0.8 sAM for trimer) and incubated with immobilized zz-KASH2 or zz-KASH2A as in

Figure 1 D. Bound proteins were retrieved and analyzed by SDS-PAGE followed by Coomassie staining.

Loads in input and pulldown lanes correspond to 2.5% and 20% of the total, respectively.
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Structure determination of apo-SUN2, SUN2-KASHI, and SUN2-KASH2

After determining the minimal SUN domain of human SUN2, we set up

crystallization screens for apo-SUN2522-717, SUN2 522-717-KASH1 (Nesprin-1,

residues 8769-8797) and SUN2522-717-KASH2 (Nesprin-2, residues 6857-6885).

We first obtained crystals of apo-SUN2, diffracting to 2.2 A (Table 1). We used

selenomethionine-derivatized protein to solve the structure with the single-

anomalous dispersion (SAD) method (for details see Experimental Procedures).

The refined apo-SUN2 structure (R/Rfree 18.9%/23.3%) was subsequently used to

solve the structures of the SUN2-KASH1 and SUN2-KASH2 complexes by

molecular replacement.
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Table 1. Data Collection and Refinement Statistics
hSUN2 hSUN2-L546M hSUN2:KASH1 hSUN2:KASH2

Data collection
Data set Native Selenomethionine Native Native

Space group R32 R32 R32 R32
a, b, c (A) 79.6, 79.6, 199.1 79.7, 79.7, 200.2 79.6, 79.6, 256.4 79.3, 79.3, 260.0

Wavelength (A) 0.9795 0.9792 0.9792 0.9792
Resolution range

(A) 56.7-2.2 (2.3-2.2) 56.8-2.4 (2.5-2.4) 85.5-2.3 (2.4-2.3) 43.3-2.7 (2.8-2.7)
Total reflections 72,988 56,714 49,146 52,267

Unique reflections 12,305 9,510 13,944 8,912
Completeness (%) 99.8 (99.9) 99.6 (99.8) 99.6 (97.7) 99.9 (99.8)

Redundancy 5.9 (6.1) 3.1 (3.1) 3.5 (3.4) 5.9 (6.1)
Rmerge(%) 4.8 (57.0) 4.6 (65.0) 7.6 (70.7) 5.5 (69.5)
Rri.m.(%) 5.3 (62.3) 6.6 (78.8) 9.0 (83.3) 6.1 (76.1)
Rp.i.m.(%) 2.1 (24.8) 2.7 (31.8) 4.7 (43.4) 2.5 (30.7)

/ /o 20.0 (3.5) 22.2 (2.5) 24.9 (1.5) 21.0 (2.7)
Wilson B factor (A2) 53.0 57.9 45.4 66.5

Refinement
Resolution range 56.7-2.2 45.0-2.3 36.1-2.7(A)

Rwork (%) 18.9 19.6 18.4
Rfree (%) 23.3 21.1 23.9

Number of Reflections
Total 12,304 13,930 8,909

Rfree reflections 1,250 1,393 891
Number of Atoms

Protein 1,585 1,762 1,751
Water 101 129 41

n-Decyl-B- 25
maltoside

B Factors (A)
SUN2 45.8 44.8 65.0
KASH 59.8 93.2
Water 48.2 50.4 61.6

n-Decyl-R- 71.7
maltoside

R.m.s. Deviations
Bond length (A) 0.009 0.007 0.009
Bond angles ( ) 1.170 1.023 1.141

Ramachandran Plot
Favored (%) 94.5 94.5 93.1
Allowed (%) 5.5 5.5 6.4
Outliers (%) 0 0 0.5

The highest resolution shell is in parenthesis. Rmerge is the merging R factor. Rri.m. is the redundancy independent
merging R factor. Rp.ijm is the precision-indicating merging R factor. For definitions, see Weiss (2001).
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Structure of the SUN2-KASH2 complex

The principal SUN domain of SUN2 folds into a compact P-sandwich (Figure

3A,B). Two sets of antiparallel P-sheets composed of 3 and 5 strands form this

basic structure. The P-sandwich is decorated by two main additions, which are of

major functional importance. At the N terminus, we find a helical extension

(residues 525-540) involved in the formation of a coiled-coil. Between residues

567 and 587, there is a 20-residue extension that folds into a protruding

antiparallel P-sheet, which we term the KASH-lid. As a third addition, residues

593-601 form a well-defined loop, which surrounds and coordinates a bound

cation via five backbone carbonyls, thus we call this detail the cation-loop.

Judged by the coordination sphere, the bond distances (Harding et al., 2006),

and the temperature factor, we suggest that the bound cation is a potassium ion

in our crystal. However, due to the possible malleability of the loop, the

evolutionary relationship to other proteins (see below), and the ionic environment

in the perinuclear space, a calcium ion might be coordinated in vivo. The

arrangement of the cation-loop is further defined by an intrachain disulfide bond

formed between conserved cysteines at positions 601 and 705.
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Figure 3. Structural Analysis of the SUN-KASH Interaction. (A) Overview of a SUN2 522-717 protomer

isolated from its binding partners in the trimeric SUN-KASH complex. The protein is organized around a

compact P-sandwich core, decorated with features important for function (labeled). Bound cation in green.

(B) Top view of the SUN2 522-717 protomer (facing the outer nuclear membrane), rotated by 900 around the

horizontal axis relative to the view in (A). The apo-protomer of SUN25 22-717 is superimposed in red. Only the
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region with significant change is shown, coinciding largely with the KASH-lid. (C) Top view of the trimeric

SUN2 522-717-KASH2 complex. The trimerizing SUN2 domains in cartoon representation and colored in

shades of blue, the KASH2 peptide in orange. The peptide is covalently bound via a disulfide bridge

between KASH2-C6862 and SUN2-C563. (D) Same view as (C), but SUN2522-717 in surface representation,

illustrating how each bound KASH2 peptide is clamped between two SUN2 protomers. (E) Side view of the

SUN2-KASH2 complex, illustrating the deep binding pocket on SUN2 into which the terminal four residues of

the KASH peptide bind. (F) Sedimentation equilibrium ultracentrifugation analysis of apo-SUN2 335 -717. The

experiment was performed at two protein concentrations and two centrifugation speeds. Data was fitted for a

single species. Fitted curves overlaid over primary data (dots) in red and black for the two speeds. Residuals

in the upper panel. The mass was determined to be 131.3 - 6.1 kDa, the calculated mass is 138 kDa for the

trimer.

SUN2 is organized around the threefold crystallographic axis to form a stable

trimer (Figure 3C,D,E), consistent with a recent crystallographic study of apo-

SUN2 (Zhou et al., 2012). The contacts between the SUN2 protomers are

substantial. First, the N-terminal helical extension forms an unusual, right-handed

supercoiled three-helix bundle around a neatly packed hydrophobic core.

Second, each SUN protomer interacts with its two neighbors via two independent

binding surfaces. As a result, 1766 A2 of surface exposed area is buried by SUN-

SUN interactions per interface.

The SUN2 trimer harbors three independent binding sites for KASH2 peptides

such that the overall complex is hexameric. The 23 visible residues of an

individual KASH2 peptide bind in an extended groove meandering over the

surface of the SUN2 trimer. The four C-terminal residues are buried in a deep

pocket on SUN2 protomer 1. The next 11 residues are clamped between the

KASH-lid of protomer 1 and the P-sandwich core of protomer 2. The eight N-

terminal residues are bound by protomer 2 alone. C6862 is the last interacting

residue and forms a disulfide bridge with C563 of SUN2. The SUN-KASH

interaction is massive and altogether 1520 A2 are additionally buried on each

SUN2 protomer surface upon KASH binding, presumably generating high affinity

for KASH and further stabilizing the trimer.
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It has been suggested previously that SUN proteins form higher order oligomers,

assuming a dimeric organization as the basic unit (Lu et al., 2008).

Oligomerization was also observed during gelfiltration of our samples (data not

shown). To confirm that the trimeric form is the physiologically relevant

oligomerization state of human SUN2, we studied its behavior in solution by

analytical ultracentrifugation (Figure 3F). We used SUN2 3 35-71 7 that comprises

almost the entire luminal domain of SUN2, including both the predicted coiled-coil

regions and the SUN domain. Data obtained by sedimentation equilibrium

analysis using two different centrifugal speeds and two protein concentrations

was globally fitted to a mass of 131.3 ± 6.1 kDa, in good agreement with the

calculated mass of 138 kDa of a SUN2 33 -717 homotrimer. We conclude that the

luminal domain of SUN2 is a homotrimer in solution.

Details of the SUN2-KASH2 interaction

A hallmark feature of al KASH peptides identified to date is their strict location at

the very C terminus of a protein. Thus, in the following discussion, we count the

KASH peptide residues inversely, starting at the C terminus with 0 for the last

residue followed by negative numbers (Figure 4). Residues 0 to -3 line a pocket

crafted into the SUN2 surface of protomer 1 that is perfectly complimentary to the

shape of the peptide. The terminal carboxyl group points into this pocket,

indicating that the positioning of C-terminal end of KASH should be incompatible

with extending the peptide by even one residue. The carboxyl group is

specifically coordinated by the hydroxyl groups of S641, Y703, and Y707. H628,
the C601-C705 disulfide, and a part of the cation-loop form the backside of the

pocket. The three prolines in the -1, -2, and -3 positions are all in the trans-

conformation and in close van-der-Waals contact with SUN2. Residues in

positions -4, -5, and -6 are more solvent exposed and their side chains are not

interacting strongly with SUN2. Tyr at -7 is again deeply buried in a slot lined by

SUN2 protomer 1 and 2, explaining its strong conservation. The next 3 KASH-

residues are sandwiched between the KASH-lid of protomer 1 and the core of
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protomer 2. They hydrogen-bond to the KASH-lid, in turn forming a third P-strand.

Like Tyr at -7, Leu at -9 is also deeply buried in a cleft between SUN2 protomers

1 and 2, and is again highly conserved. Pro at -11 ends the p-strand. Between

positions -11 and -12, the peptide kinks by about 900 to continue to the N-

terminal Cys at -23. After the kink, the peptide exclusively interacts with SUN2

protomer 2. Other than bridging the distance to Cys at -23, the most noticeable

interaction is burial of Phe at -17 into a hydrophobic pocket. Similar to positions -

7 and -9, the large hydrophobic residue at -17 is also conserved. Cys at -23 is

perfectly positioned to engage in a disulfide bond with SUN2-C563. The

conservation of SUN2-C563 (Figure 5), and the presence of the SUN-KASH

disulfide bond in living cells (Figure 6) suggest that it is physiologically important.

Altogether 24 hydrogen bonds, 11 between SUN2 protomer 1 and KASH2, and

13 between protomer 2 and KASH2, tie the peptide strongly to the SUN2 trimer

base. In comparison, merely three hydrogen bonds are formed between the

protomer interfaces.
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Figure 4. Details of the SUN-KASH Interaction. (A) Close-up view of the SUN2-KASH2 interaction. Two

neighboring SUN protomers are shown in two shades of blue, with the KASH2 peptides in between in

orange. Surface of the SUN2 binding area is half-transparent. KASH residues crucial for interaction are

numbered. '0' denotes the C-terminal residue of the peptide. Pocket residues that abolish KASH-binding if

mutated are labeled. (B) Same view of the SUN2-KASH1 interaction. Residues that differ between KASH1

and KASH2 are colored in green. (C) Multiple sequence alignment of the four identified human KASH
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proteins, followed by a list of KASH peptides from highly diverged eukaryotes. The numbers match residues

important for SUN binding.

Notably, SUN2 is glycosylated at N636 (Stewart-Hutchinson et al., 2008). N636

lies on the SUN2 surface (Figure 3A) and does not contact the KASH peptide,

consistent with the previous finding that N-glycosylation is dispensable for KASH

binding.
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Figure 5. Multiple Sequence Alignment of SUN Domains. SUN domains from human SUN proteins and

from highly diverged eukaryotes are shown. Secondary structure elements are shown above the sequence.

The intramolecular disulfide bond is indicated by a yellow line. KASH contact sites are labeled. Red

diamonds indicate pocket residues on SUN protomer 1, blue diamonds KASH-lid contacts. Colored circles

indicate KASH binding sites on SUN protomer 2. The covalent link between SUN and KASH is indicated by

a yellow dot.
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Figure 6. The SUN-KASH Disulfide Bridge Exist in vivo. (A) HeLa cells transiently expressing GFP-

tagged C-terminal fragments of Nesprins (GFP-Nesprin-1c, GFP-Nesprin-2c) or C-23S mutants were

analyzed by SDS-PAGE under reducing and non-reducing conditions followed by Western blotting using
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anti-SUN1, anti-SUN2 or anti-GFP antibodies. In the non-reducing gel, disulfide-bridged SUN1 or SUN2 and

GFP-Nesprins form the indicated high molecular weight complexes (a,c,e), which are destroyed under

reducing conditions. (B, C) Extracts of cells (A) were subjected to immunoprecipitation with anti-SUN1 (B) or

anti-SUN2 (C) antibodies and isolated proteins analyzed by non-reducing SDS-PAGE followed by Western

blotting using the indicated antibodies. Note that disulfide bridged SUN-Nesprin wildtype complexes are

precipitated. Note that the mutant Nesprins are not co-precipitated with SUN proteins under these conditions

due to alkylation by NEM.

Comparison of SUN2-KASH2 with apo-SUN2

Apo-SUN2 forms a structure very similar to KASH-bound SUN2 (Figure 3B). Both

structures superpose with an rmsd of 0.8 A over 180 Ca positions. The one

major difference between apo-SUN2 and KASH-bound SUN2 is the conformation

of the KASH-lid. While ordered in the bound form, the KASH-lid is poorly ordered

and lacks the P-hairpin in the apo-form. SUN2 trimers tightly pack sideways into

a two-dimensional array in the crystal, with the KASH-lids of neighboring trimers

caking the 2D-arrays into a 3D-lattice. Under physiological conditions, the KASH-

lid most likely adopts a random conformation that becomes ordered upon KASH-

binding. In the apo-form published recently (Zhou et al., 2012), the KASH-lid

adopts yet another varied conformation, further supporting the flexibility of this

region in the absence of KASH peptide.

Comparison of SUN2-KASH2 with SUN2-KASHI

We also solved the structure of the SUN2-KASH1 complex. Since the KASH

peptide is not involved in crystal-packing contacts, we anticipated that both

complexes would crystallize in the same crystal form, which they did. Overall,

both complexes look very similar, and the KASH peptides are bound in the same

binding groove. Compared to KASH2, KASH1 differs in 5 positions within the 24

SUN2-binding KASH residues (Figure 4B). For position 0, the Thr to Leu

substitution is subtle enough to not change the interaction with the SUN2 binding

pocket. The four other changes in positions -12, -20, -21, and -22, respectively,

can be accommodated easily by SUN2. There are hardly restrictions on size and
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charge of the KASH side

conservation (Figure 7).

chains in these positions, well reflected by their poor
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SUN protomer 2

SUN protomer3

Figure 7. Surface Analysis of the SUN protomer. The SUN protomer in three different orientations,

related to one another by 1200 rotations around the vertical axis. (A) Cartoon representation, coloring as in

Figure 2A. (B) Surface representation, gradient-colored to illustrate the conservation. (C) Surface

representation, colored to show the different binding interfaces to the two neighboring SUN protomers

(shades of blue), and the two KASH peptides (shades of orange).
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SUN2 Conservation

We generated an alignment of maximally diverged eukaryotic SUN domains to

analyze their sequence conservation (Figure 5). The SUN domain is relatively

well conserved, despite that the basic p-sandwich fold itself can be adopted by

highly divergent sequences. The conservation can be explained by the extensive

surface areas that are involved in protein-protein interactions (Figure 7).

Examining the conservation profile of surface residues of a SUN2 protomer, one

can appreciate that conserved regions match with both KASH binding and

homotrimerization interfaces. This analysis strongly supports that the binding

mode observed in the crystal is physiologically relevant.

Comparison of SUN2 with F-lectins

A VAST search for structural homologs of SUN2 reveals similarity to a number of

IfuILtIU1dily Iivrse p-sandwich proteins ipIIIPIIdU e.g. in UNA IrIepaIr,

intraflagellar transport, and various catalytic activities. Most intriguing among the

close homologs are F-lectins involved in fucose binding. A comparison of the

KASH-bound SUN domain to eel agglutinin bound to fucose (Bianchet et al.,

2002) demonstrates that not only is the basic P-sandwich fold present, but also

the additional cation-loop and the stabilizing disulfide bridge are maintained

(Figure 8). In both proteins, these elements are involved in substrate binding. In

the agglutinin structure, fucose is bound close to the position where the pocket in

SUN2 is found, which binds the terminal PPPX motif of KASH. This similarity

suggests that both proteins are ancestrally connected and diverged into today's

function by crafting the peptide/sugar interacting moiety (Mans et al., 2004).
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SUN2-KASH2 Fucolectin-Fucose

Fuoose

Disulfide
Cation-loopCation-loop

Figure 8. Structural Homology with Lectins. On the left, a SUN2 protomer with bound KASH2 peptide.

On the right, Fucolectin from European eel bound to fucose. Both proteins are shown in the same

orientation. In both proteins, a metal cation organizes a loop that interacts with KASH and fucose,

respectively. The loop is further held in place by an internal disulfide bond.

Mutational Analysis of SUN-KASH interaction

To support the conclusions derived from the structural model of SUN-KASH, and

to determine the contribution of features in SUN and KASH required for complex

formation, we performed mutational analysis of the KASH peptide and the SUN

domain.

First, we analyzed which region of KASH2 is required for interaction with SUN in

pulldown experiments. Truncation of the N-terminal 11 or 15 residues of the

KASH2 29-mer yielding a KASH 18-mer and a 14-mer, respectively, did only

slightly diminish interaction of the peptides with the luminal domain of SUN2

(SUN2 335-717) (Figure 9A,B). As these deletions removed the conserved cysteine

at position -23, the disulfide bond generated between this residue and C563 of

SUN2 appears dispensable for binding. Still, it is possible that the disulfide might

influence functionality of the LINC complex in another way (see discussion).
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When the KASH peptide was shortened by additional 4 residues, the resulting

10-mer was incompetent for interaction with SUN2 in our assay, indicating that a

short PPPX containing peptide is not sufficient to promote binding. Clearly, this

effect is not explained solely by reducing the length of the peptide, as an 18-mer

in which residues between positions -9 and -17 were substituted for alanines also

failed to recruit SUN2 3 3 -717.
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Figure 9. KASH Interaction Depends on Both the Terminal Binding Pocket and the P-Hairpin of the

SUN Domain. (A) The C-terminal 14 aa of KASH2 are sufficient for interaction with the SUN domain. The

depicted zz-KASH2 derivatives were bound to beads and incubated with E. coli lysate of cells expressing

His-SUN2 335-717. Bound proteins were eluted and analyzed by SDS-PAGE and Coomassie staining. Loads in

the input and pulldown lanes correspond to 1.25% and 10% of the total, respectively. (B) Contribution of

conserved residues within the C-terminal 14 aa of KASH2 to SUN binding. Binding of His-SUN2 335-717 to the

depicted zz-KASH2 derivatives was analyzed as in (A). Note that the extension of the KASH peptide by one

residue abolishes SUN interaction. (C) KASH binding of SUN domain mutants. Wildtype His-SUN2 33 5-717 or

mutant derivatives were added to E. coli lysate (1.6 [M of trimer) and incubated with immobilized zz-KASH2
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as in Figure 1D. Bound proteins were eluted and analyzed as in (A). (D) SUN domain mutants deficient in

KASH interaction fail to mediate NE targeting of a SUN domain-dependent reporter construct in vivo. The

localization of SPAG4 1_189-SUN2507 717-GFP wildtype or indicated SUN domain mutants was analyzed after

transfection of HeLa cells. Cells were analyzed by confocal fluorescence microscopy.

To define the contribution of specific residues in KASH for SUN binding, we

mutated conserved amino acids residing within the last 14 residues to alanines in

the context of the KASH2 18-mer (Figure 9B). Residues at -7 and -9 both fit

snuggly in deep hydrophobic pockets that are created between the KASH-lid of

SUN protomer 1 and core of protomer 2. Consistently, mutating either position

into alanine abolishes SUN-KASH interaction. Ala substitution of Phe at -13,

however, only slightly reduces KASH binding. This suggests that the groove

formed upon KASH-binding between two SUN protomers, which accommodates

the KASH p-strand comprising residues -11 to -7, is essential for KASH

interaction.

The crystal structure suggests that the three C-terminal prolines at -1 to -3 of

KASH are important for positioning the C terminus of the peptide into the surface

binding pocket. Pro at -2 plays a central role in this, as its substitution to Ala

abolished SUN binding. Mutation of Pro at either -1 or -3 reduced SUN

interaction but did not prevent it, suggesting that the central proline might be key

to orient the KASH2 C terminus to dip into its binding pocket on SUN.

If the correct positioning of KASH's C terminus into its binding pocket on SUN is

required for SUN-KASH interaction, then extending KASH at the C terminus

should not be tolerable. We tested this prediction by adding one alanine to the C

terminus of KASH2 and observed that binding of this KASH mutant (18+A) was

indeed prevented. Consistently, it was previously shown that extending KASH C-

terminally by about 10 residues abolishes SUN binding (Stewart-Hutchinson et

al., 2008). Taken together, the mutational analysis suggests that key
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determinants for SUN-KASH binding reside in the last 14 residues of KASH,

including both contributions of the KASH p-strand and the terminal PPPX motif.

The structural data and mutational analysis of KASH indicated that both the

KASH binding pocket and the KASH-lid on SUN are expected to be pivotal for

complex formation. To test the significance of both elements on KASH binding,

we introduced mutations into the SUN domain (using SUN2 335-717). Mutation of

H628 at the back site of the KASH binding pocket (H628A) as well as mutations

of residues involved in coordination of KASH's C terminus (S641E, Y707F)

impaired KASH interaction (Figure 9C). Likewise, deletion of the KASH-lid, which

was achieved by replacing residues 571 to 583 by two glycines (571-583 GG),

strongly diminished binding to KASH. Two unrelated mutations on the surface of

the SUN domain, H584S and Q657S, had no effect on SUN-KASH complex

formation. Thus, both KASH binding pocket and KASH-lid are instrumental for

SUN-KASH interaction.

Next, we tested the importance of SUN2 trimerization and of the cation loop for

KASH interaction. We disrupted the relative orientation of the three SUN domains

by distorting the short trimeric coiled-coil segment 525-539, which is not in direct

contact with KASH. L536D interferes with the hydrophobic core of the coiled-coil,

while AR538 changes the phase of the helix. Both mutations expectedly disrupt

SUN-KASH interaction (Figure 10), strongly indicating that the specific trimeric

orientation of the SUN domains is necessary for KASH binding. We further

examined a D542N mutation that was previously shown to exert a nuclear

migration defect in C. elegans (Malone et al., 1999). D542 forms a salt bridge

with R707 to anchor the coiled-coil to the SUN domain. D542N also disrupts

KASH binding, but the protein fold seems to be compromised since protein

solubility was significantly reduced. The importance of the cation-loop was

probed using a AN600 mutant, which shortens the loop. As expected, the mutant

does not bind KASH (Figure 10).
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Figure 10. Importance of SUN Trimerization and the Cation-loop for KASH-Binding. (A) Point

mutations were introduced in the SUN domain of human SUN2 in the backbone of His-tagged ucc-SUN2 22-

717 to either distort trimeric organization (L536D, AR538, D542N) or the structure of the cation-loop (AN600).

Wildtype ucc-SUN2 22-717 or the indicated mutants were co-expressed with MBP-KASH2 in E. coli.

Interaction between MBP-KASH2 and the SUN domain variants was analyzed by a Ni-affinity pull-down

assay of His-tagged SUN2. SDS-PAGE analysis of relevant fractions is shown. All mutants impaired binding

of MBP-KASH2. Note that the D542N mutant of SUN2 appears to be compromised in folding, since it is

largely insoluble. (B) Analysis of wildtype SUN25 2 2 717 and the indicated mutants by CD spectroscopy. All

proteins were purified and the unrelated coiled-coil removed by protease cleavage prior to CD analysis. The

spectra do not reveal any gross variations and are typical for P-sandwich proteins, indicating that the point

mutations do not affect the core fold of the SUN2 domain. (C) The isolated SUN domain of SUN2 (SUN254o-

717) is a monomer. His-tagged SUN2540 717 (calculated MW 23 kDa) was expressed in E. coli, purified by Ni-

affinity chromatography and analyzed by gelfiltration on a Superdex S200 HR10/300 column using Tris/HCI
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pH 7.5, 200 mM NaCl as running buffer. Calibration of the column relative to a molecular weight standard is

indicated on top. (D) Mutations disrupting the correct trimeric arrangement of SUN domains, which are

deficient in KASH interaction (A), impair NE targeting of a SUN domain-dependent reporter construct in vivo.

Wildtype SPAG41 -189-SUN250 7-717-GFP, two point mutant derivatives (L536D, AR538) or SPAG4 1-1 9-

SUN25 40.717-GFP, which lacks the trimeric coiled-coil region preceding the SUN domain, were expressed in

HeLa cells. Cells were analyzed by confocal fluorescence microscopy.

Finally, we verified that the identified features of SUN2 are important for

functionality of the SUN domain in living cells. Based on our previous report that

the SUN domain serves as one of several determinants for localization of SUN2

to the NE, we employed NE targeting of a SUN domain-dependent reporter

protein as readout (Turgay et al., 2010). The reporter consists of the N-terminal,

membrane-bound domain of the SUN family member SPAG4 (SPAG41-189),

followed by SUN2507. 717 comprising the SUN domain and part of its preceding

trimeric coiled-coil, and a C-terminal GFP (Figure 9D). During biosynthesis, the

reporter protein is inserted into the ER membrane by help of the SPAG4
transme m b rane domain and then targeted to the lNM using the SUN domain as

localization signal (Turgay et al., 2010). Consistent with our in vitro analysis

(Figure 9C), mutation of either the KASH binding pocket on SUN2 (Y707F) or

deletion of the KASH-lid (571-583 GG) compromised NE targeting, resulting in an

accumulation of the SPAG4 1. 189-SUN2507.717-GFP reporter in the ER. The same

effect was observed for mutations L536D and AR538, which were designed to

change the relative orientation of the three SUN domains (Figure 10). Notably,

also deletion of the coiled-coil region in front of the SUN domain (SPAG4 1. 189-

SUN2 5 40.717-GFP) impaired NE accumulation, consistent with the inability of this

SUN2 fragment, which is monomeric in solution, to bind KASH in vitro (Figures 1,

S5). Collectively, these data demonstrate that the respective mutations interfere

with the functionality of the SUN domain in its physiological environment,

verifying the conclusions drawn from both the structure and the biochemical

analysis, and further indicating that the function of the SUN domain in NE

targeting relies on KASH interaction.
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DISCUSSION

One of the key findings of this study is that three KASH peptides bind to a

trimeric arrangement of SUN domains. We hypothesize that the trimeric

arrangement is universally conserved for all SUN domains, since it is the

prerequisite for the mode of KASH binding as we observe it in our structures. All

known SUN homologs from divergent species contain predicted coiled-coil

segments N-terminal to the SUN domain, supporting our hypothesis. It is curious

how well the position of the trimeric coiled-coil, relative to the SUN domain, is

conserved. The coiled-coil rigidly emanates from the p-sandwich domain and is

held in position by a highly conserved salt bridge between D542 at the base of

the coil and the R708/710 pair in strand 12 (Figure 5). Why is the SUN domain

not a stable trimer itself, without the coiled-coil? One possibility is that in the

observed configuration, it might be possible to regulate the SUN-KASH bridge

formation by pivoting the SUN domain away from the coiled-coil thereby

efficiently inhibiting interaction.

The SUN2-KASH1 and SUN2-KASH2 complexes excellently explain

conservation of the KASH peptide as defined in the Pfam database. KASH

peptide positions -1 to -11 are generally the most conserved, with a particularly

high level of identity at positions -1, -2, -3, -4, -7, -9, and -11. Further upstream,

the hydrophobic residue at -17 and Cys at -23 are strongly conserved (Figure

4C). Accordingly, the minimal KASH peptide displaying SUN interaction in our

assay contains 14 residues (Figure 9). Thus, we expect the largest variations

within the part of the KASH peptide that exclusively interacts with SUN protomer

2, positions -12 to -23, which shows the strongest sequence variations and is

less ordered in our structures. Some of the characterized metazoan KASH

peptides are shorter than others, for example the luminal domains of C. elegans

UNC83 and ZYG-12 (Figure 4C). It will be interesting to see structural details of

how those sequences are recognized. We hypothesize that the principal

interaction mode will be the same, i.e. peptide-in-pocket interaction of the four C-
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terminal residues, and sandwiching of the preceding extended stretch, positions -

5 to -11, between two SUN protomers.

In a recently published apo-SUN structure, the authors attempted to model the

KASH-binding site and proposed that each SUN protomer would bind a single

KASH peptide (Zhou et al., 2012). It was argued that binding of KASH2 to SUN2

would resemble the interaction of a CD40 peptide with tumor necrosis receptor

associated factor 2 (TRAF2). However, although TRAF2 is a trimerized P-
sandwich like SUN2, the surface area in question is not conserved in SUN2

proteins and remote from the three KASH binding sites revealed by our structure.

Consistent with our data, Zhou et al. find that modifying their proposed surface

area through A647E and F610A mutations on SUN2 does in fact not significantly

affect KASH binding. In contrast, changing the well conserved Gly608 to Asp,

disrupts KASH binding, however, Gly608 is a buried residue and its mutation

expected to affect the p-sandwich fold rather than the local surface area. Finally,

the model propused by Zhou et al. does not explain why eUN trImIzatI Is

necessary for KASH binding, which we show is critical for LINC complex

formation.

In contrast to metazoa, putative SUN-KASH interactions in yeasts are more

difficult to predict. The Sadl-Kms2 interaction in S. pombe might still follow the

same scheme, although the difference in the KASH-lid of Sad1 might explain the

substantial sequence variation in the KASH peptide of Kms2 (Figure 5). The

candidate SUN-KASH bridge in S. cerevisiae between Mps3 and Mps2 or Csm4

appears to be very different. In Mps3, the intramolecular disulfide as well as the

salt bridge stabilizing the coiled-coil position are missing, and the KASH-lid is

hardly recognizable by sequence.

One major function of LINC complexes is to provide mechanical coupling of the

nucleus to the cytoskeleton, allowing for force transmission across the NE

(Lombardi and Lammerding, 2011). The large KASH-peptide binding groove
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between neighboring SUN domains appears to be the foundation for strong SUN-

KASH interactions. Yet, our structural model bears several additional implications

for how the structural organization of LINC complexes contributes to the

establishment of a force-resistant coupling device. First, the presence of three

KASH peptide binding sites on each SUN trimer entails a contribution of binding

avidity to the strength of SUN-KASH interaction. Second, a disulfide bond

covalently links SUN and KASH, thus explaining how this bridge can resist the

substantial forces that nuclear migration and chromosome rearrangements might

require. And third, the trimeric arrangement of SUN proteins is ideally suited to

allow for organization of higher-order SUN-KASH complexes, which would

obviously potentiate possible forces that LINC complexes can transmit.

The disulfide bond between SUN and KASH raises the intriguing question of how

the LINC complex can get separated after it has been formed. The perinuclear

space, as an extension of the ER, is rife with protein disulfide isomerases (PDIs)

that help remodel disulfide bonds. Therefore PDis are prime candidates for

breaking the SUN-KASH disulfide bond. Almost all of the 20 PDI families

detected in humans are ER-resident proteins, but their specific substrates are

poorly defined (Appenzeller-Herzog and Ellgaard, 2008). It is an interesting

possibility to speculate whether one of these enzymes has a regulatory role in

LINC complex remodeling.

It is presently unclear how KASH proteins are organized and whether each SUN

trimer interacts with KASH peptides originating from individual KASH protein

monomers or from KASH proteins present in form of dimers, trimers or even

higher-order organizational units. For some KASH proteins, there already exists

evidence that they are organized by multimerization (Ketema et al., 2007; Mans

et al., 2004; Mislow et al., 2002). Using Cys at -23 as marker, the three KASH

peptides are -50 A apart on the ONM-facing, bottom surface of the SUN-trimer in

our structures. The distance between the N-terminal end of the KASH peptide

and the transmembrane helix is only -7 residues, suggesting that the TM helices
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of an oligomeric KASH protein cannot interact with each other in the membrane if

all peptides of a KASH oligomer are bound to one SUN trimer. However, it is

striking that also the TM helices of KASH proteins are quite well conserved in

sequence, suggesting that they might engage in protein-protein interactions. It

remains to be seen how these transmembrane domains are organized and

whether their conservation is explained by self-association or by interaction with

other partners. If they self-associate, we predict that they cannot interact with the

same SUN trimer and thus enable higher-order complexes. The association of

KASH peptides from oligomeric Nesprins with neighboring SUN trimers would

trigger two-dimensional clusters of SUN-KASH bridges in the NE. Alternatively,

clustering of SUN proteins has recently been discussed to originate from the

perinuclear coiled-coil domains forming a hybrid of N-terminal dimeric and C-

terminal trimeric coils (Zhou et al., 2012). In this hypothesis, one of the three

hypothetical N-terminal coils would have to interact with a neighboring SUN

trimer to form a coiled-coil, thus would trigger clustering. We note that this

hypothesis is in rnnflirt With our s-diuitinn data that shonAQ that SUN ..7 7, which

includes the predicted dimeric coiled-coil segment, is trimeric and does not from

higher order assemblies (Figure 3).

Arrays of LINC complexes have been described in at least two cases. First, TAN

lines, linear, actin-associated arrays of SUN2 and Nesprin-2G, reorient the

nucleus in wounded cell monolayers (Luxton et al., 2010). Second, SUN-domain

clustering is also observed at the attachment sites of meiotic telomeres in diverse

organisms (Chikashige et al., 2006; Ding et al., 2007; Penkner et al., 2007;

Schmitt et al., 2007). Clearly, a next step in illuminating LINC complex formation

must unravel the organizational principle of KASH proteins.

It has been previously observed that depletion of SUN proteins from HeLa cells

leads to loss of the regular, 40 - 50 nm spacing between the nuclear membranes,

accompanied by irregular expansions of the perinuclear space (Crisp et al.,

2006). This suggests that SUN proteins function to maintain the defined proximity
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of ONM and INM. In fact, the luminal coiled-coil domains of both SUN2 and

SUN1 are ideally suited to define the distance of both membranes. If one

assumes that the luminal part of SUN2 preceding the SUN domain is composed

of a trimeric coiled-coil with the potential of forming a rigid rod, it would extend

over a length of ~ 45 nm when compared to experimentally determined trimeric

coiled-coils (Testa et al., 2009). Together with the extension of the SUN domain

trimer along its longitudinal axis, this results in a predicted length of the entire

luminal domain of SUN2 of ~ 48 nm (Figure 11). Notably, the luminal domains of

SUN1 and SUN2 share the same organizational principles and are of similar

length (477 and 482 aa). Thus, the predicted length of these luminal domains

correlates well with the observed spacing of both nuclear membranes. Similarly,

it has been suggested that the coiled-coil protein CLIMP63 serves a luminal

spacer defining the width of ER sheets (Shibata et al., 2010).

outer nuclear membrane

,A

-KASH-peptide

SUN-trimer

45t ±5 nm

inner nuclear membrane

Figure 11. Model for the LINC-Complex Bridging the Nuclear Envelope. The LINC complex is displayed

to scale within the perinuclear space between ONM and INM. The trimeric SUN2 is modeled based on our

experimental structure, with a theoretically calculated trimeric coiled-coil extending N-terminally to the INM
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(arteni.cs.dartmouth.edu/cccp/). The N-terminal, nucleoplasmic domain is indicated as an oval sphere of

approximate size assuming a globular shape. Atomic coordinates for the lipid bilayers and the

transmembrane segments are from public sources.

The tight association of SUN and KASH raises the issue of whether and how

these linkages can be taken apart. One attractive possibility is that the putative

AAA+ ATPase torsinA could be involved in remodeling or disassembly of SUN-

KASH bridges. This hypothesis is strengthened by the observation that torsinA

harbors a redox sensor motif (Zhu et al., 2010), which, we speculate, might be

necessary for breaking disulfide-bonded SUN-KASH pairs. TorsinA is found in

the ER lumen, and, interestingly, a torsinA mutant bearing a single glutamate

deletion accumulates in the perinuclear space (Goodchild and Dauer, 2004) and

has reported affinity for KASH peptides (Nery et al., 2008). The same mutation in

torsinA causes the majority of torsinA-associated cases of early-onset dystonia, a

severe movement disorder (Ozelius et al., 1997). Although there is no data yet

that the development of dystonia can be attributed to a potential function of

torsinA in remodeling SUN-KASH bridges, there is increasing evidence that

functionality of the LINC complex is important for human health. It might not be a

coincidence that mutations in Nesprins have recently been linked to another

movement disorder, Emery-Dreifuss muscular dystrophy (EDMD) (Puckelwartz et

al., 2009; Zhang et al., 2007a). Most commonly, EDMD is caused by mutations in

the emerin (EMD) gene, and less frequently by mutations in LMNA, the gene

encoding for A-type lamins. Notably, lamins and the INM protein emerin are

associated with LINC complexes (Fridkin et al., 2009). In addition, mutations in

LUMA (TMEM43), another SUN2 interacting protein, have recently been

identified in EDMD-related myopathy patients (Liang et al., 2011). Thus, the LINC

complex and associated proteins emerge at the root of several inherited diseases

associated with impaired locomotion.

In summary, our structural and biochemical characterization of the SUN-KASH

complex has revealed first insights into the organization of this important link.
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The structure can now help to formulate specific, testable hypotheses, which will

undoubtedly enrich this field in the short and long term.
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EXPERIMENTAL PROCEDURES

DNA Constructs

DNA fragments coding for the C-terminal 29 aa of Nesprin-1 and Nesprin-2

(KASH1 and KASH2), or a deletion variant of KASH2 lacking the C-terminal 4 aa

(KASH2A), were amplified from HeLa cell cDNA by PCR. Coding sequences of

all other KASH variants were cloned using oligonucleotides. All KASH constructs

were cloned into pQE60-2z (Kutay et al., 1997). SUN2 fragments were amplified

by PCR using pEGFP-N3-SUN2 (Turgay et al., 2010) as template. PCR

fragments were cloned into pETDuet-1 (Novagen) to yield an N-terminally 6xHis-

tagged fusion protein. Mutations were introduced into SUN2 33 5-717 and SPAG4 1-

189-SUN2507-717-GFP (Turgay et al., 2010) by QuikChange site-directed

mutagenesis (Stratagene).

For crystallographic purposes, SUN2522 717 was cloned similarly into pETDuet,-1

but in addition a short coiled-coil fragment of GCN4 and a cleavage site for

human rhinovirus 3C protease were inserted following the 6xHis-tag (Ciani et al.,

2010). To co-express SUN2-KASH complexes, human Nesprin-1 (KASH1,

residues 8769-8797) and Nesprin-2 (KASH2, residues 6857-6885) were cloned

into the second cassette of the 6xHis-tri-GCN4 tagged SUN2 as 3C-cleavable

maltose-binding-protein (MBP) fusions.

Recombinant Protein Expression and Purification

For protein binding assays, zz-KASH constructs were expressed in E. coli

BLR(pRep4) for 4 hr at 370C after induction with 0.5 mM IPTG. His-SUN2

constructs were expressed in E. coli BL21 Rosetta for 16 hr at 18 0C after

induction with 0.5 mM IPTG for SUN2 3 35-717 and SUN2 33 -539, or with 0.1 mM

IPTG for all other constructs. Cells were lysed by sonication in 50 mM Tris/HCI,

pH 7.5, 200 mM NaCl. Lysates were cleared by ultracentrifugation (1 h,
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50 000 rpm, Ti7O, Beckman). SUN2 constructs were purified over Ni-NTA

agarose (Qiagen), eluted in 50 mM Tris/HCI pH 7.5, 200 mM NaCl, 400 mM

imidazole, and precipitated with 30% saturated (NH 4 )2 SO 4 solution. Precipitates

were dissolved in 50 mM Tris/HCI, pH 7.5, 200 mM NaCI, and residual

ammonium sulfate was removed using illustra MicroSpin G-50 columns (GE

Healthcare).

For crystallography, SUN2-KASH1 and SUN2-KASH2 were expressed in E. coli

BL21(DE3) RIL strains (Stratagene). The bacterial cultures were grown at 300C

to an optical density (OD) of 0.6. Then, the culture was shifted to 18*C for 30 min

and induced overnight with 0.2 mM IPTG. Apo-SUN2 22-717 expressing cells were

resuspended in lysis buffer (50 mM potassium phosphate pH 8.0, 400 mM NaCl,

3 mM p-ME, 40 mM imidazole) and lysed. The lysate was supplemented with

1 U/ml Benzonase (Sigma) and 1 mM PMSF, cleared by centrifugation, and

loaded onto a Ni-affinity resin. After washing with lysis buffer, bound protein was
-Imo4 -A .41- -i.4t-.- A -rT.;.iIC'i% 4r-f R--A KIlCnI ') .RA 0 R~AE: Or-n R-A

VIULVU VVILI I bIULIII I UUIII r IV II IIVI I I 15I .%011 I %JV I IVI N'ia l0, 11 3 IVI p-IVIL , 25V II MVI

imidazole, pH 8.0). The eluted protein was purified by size exclusion

chromatography on a Superdex S200 column (GE Healthcare) equilibrated in

crystallization buffer (10 mM Tris/HCI pH 8.0, 150 mM NaCl, 0.1 mM EDTA and

1 mM DTT). After cleaving with 3C protease the protein was separated from the

fusion tag by a second size exclusion step under identical conditions. SUN2-

KASH1 and SUN2-KASH2 were purified using the protocol developed for apo-

SUN2, except that reducing and chelating agents were omitted and elution as

well as crystallization buffers contained 1 mM CaCl2.

To allow selenium phasing, a second methionine was introduced into

the SUN2522-717 sequence (L546M) using PCR mutagenesis. The seleno-

methionine (SeMet)-derived protein was obtained using methionine-pathway

inhibition as described before (Brohawn et al., 2008).
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For the SUN-KASH pull-down experiment shown in Figure 8, the 6xHis-SUN2-

MBP-KASH2 pairs were co-expressed in E. coli and Ni-purified under the

conditions described for the preparation of the crystallographic samples.

In Vitro Binding Experiments

Per binding reaction, 15 tl of IgG sepharose were saturated with zz-KASH

derivatives by incubation in cleared lysate of E. coli expressing the respective

construct. Beads were washed and added to binding reactions.

For binding of endogenous SUN proteins, 2 x 106 HeLa cells were lysed in 200 [d

RIPA buffer (50 mM Tris/HCI pH 7.5, 200 mM NaCl, 0.5% NP40, 0.1% DOC,

0.025% SDS) containing protease inhibitors (1 mM PMSF, 10 tg/ml aprotinin,

10 [tg/ml leupeptin, 1 tg/ml pepstatin A).

For binding of recombinant SUN2 constructs, purified proteins were added to

200 [d 'empty' E. coli lysate supplemented with RIPA detergents (final buffer

composition: 50 mM Tris/HCI, pH 7.5, 200 mM NaCl, 0.5% NP40, 0.1% DOC,

0.025% SDS). Alternatively (Figure 11), cleared lysate of E. coli expressing

recombinant SUN2 33 -717 was used directly.

Samples were incubated for 4 hr at 40C in an overhead shaker. Beads were

washed and bound proteins were eluted with SDS sample buffer.

Protein Crystallization

Purified SUN2 522 -717 and SeMet-derivatized SUN2(L546M) were concentrated to

15 mg/ml prior to crystallization. The apo-proteins crystallized in 16% (w/v)

polyethylene glycol (PEG) 3350 and 200 mM potassium thiocyanate by the

hanging drop vapor diffusion method in 2 pl drops at 180C. Rhombohedral

crystals grew within 2-5 days with dimensions of 15 pm 3 x 15 pm x 15 sm. The
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co-purified SUN2-KASH1 complex was concentrated to 13 mg/ml and similarly-

shaped crystals were obtained from 100 mM HEPES pH 7.4, 7% PEG 4000,

10% 1,6-hexandediol and 0.25% n-decyl-p-D-maltoside (DM). For the SUN2-

KASH2 crystals, the complex was concentrated to 10 mg/ml and was set up in

100 mM HEPES pH 7.5, 200 mM ammonium acetate, 25% 2-propanol and 0.3%

DM. All crystals were cryoprotected in the reservoir solution supplemented with

18% (v/v) glycerol. Data were collected at beamlines 241D-C/-E at Argonne

National Laboratory.

Structure Determination

Data reduction was carried out using HKL2000 (Otwinowski and Minor, 1997).

The structure of apo-SUN2 was solved using single anomalous dispersion (SAD)

data from the SeMet derivatized SUN2 L546M mutant. The AutoSol procedure

from the PHENIX suite was used for phasing and initial refinement (Adams et al.,

2010). The final model was refined agist native data extending to 2.2 A. Model

building was carried out with Coot (Emsley et al., 2010) and refinement was done

with phenix.refine from the PHENIX suite. All residues were assigned including

an additional Gly-Pro dipeptide at the N terminus, a remnant of the proteolytic

cleavage site.

The SUN2-KASH1 and SUN2-KASH2 structures were subsequently solved by

molecular replacement using apo-SUN2 as the search model. Model building

was carried out with Coot and refinement was done with phenix.refine. Both

complex models are complete for the SUN2 522-717 sequence. For the KASH1 and

KASH2 peptides, the N-terminal residues 8769-8771 and 6857-6860,

respectively, could not be positioned, presumably due to their flexibility in the

crystal.
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Analytical Ultracentrifugation

Purified SUN2 33 -717 was gel-filtered in 10 mM Tris/HCI pH 8.0, 150 mM NaCl and

1 mM CaCl2 immediately prior to the experiments. Analytical ultracentrifugation

experiments were carried out with an Optima XL-A centrifuge using an An60Ti

rotor. Samples for sedimentation equilibrium (110 i sample or 120 il buffer)

were loaded into Epon-charcoal 6 channel centerpieces, fit with quartz windows,

and spun at 7000 and 10000 rpm, respectively. Two concentrations (0.3 and

0.5 mg/ml) were analyzed. Reaching of the sedimentation equilibrium was

monitored with Winmatch. Absorbance data was collected at 280 nm at 5

replicates per 1 nm step. Sedimentation equilibrium data were globally fitted with

Ultrascan II (http://ultrascan.uthscsa.edu) with a single ideal species model.

Circular Dichroism

The experiments were carried out at 25' C uiny dl MVIV IVIUU I LU specIrometer.

Spectra were recorded at 25 pM protein concentration in a cuvette with 0.1 mm

optical pathlength. Spectra were recorded in 1 nm steps, averaged for 10 sec,

and corrected for buffer baseline.

Cell Culture, Transfection and Microscopy

HeLa cells were maintained in DMEM containing 10% FCS, 100 U/ml penicillin,

and 100 tg/ml streptomycin at 370C and 5% CO2. Transient transfection was

performed using X-tremeGENE transfection reagent (Roche). 24 hr after

transfection, cells were fixed with 1% PFA for 10 min and then washed with PBS.

Coverslips were mounted on VectaShield (VectorLabs). Confocal images were

acquired with a Leica TCS-SP1 microscope using a HCX PI APO lbd.Bl. 40x, NA

1.25 oil immersion objective.
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Analysis of DTT-sensitive disulfide bridges

HeLa cells were transiently transfected with plasmid DNA encoding GFP-

Nesprin-1c (aa 8444-8797 of Nesprin-1 isoform 1, NP_892006.3), GFP-Nesprin-

2c (aa 6555-6885 of Nesprin-2 isoform 1, NP_055995.4), or their mutant

versions. After 48 hr, cells were harvested and treated with 20 mM N-ethyl

maleimide (NEM). Cells were lysed in SDS sample buffer either without (non-

reducing) or with 50 mM DTT (reducing). Lysates were analyzed by SDS-PAGE

followed by Western Blotting.

Antibodies

ca-SUN1 was raised in rabbits against a recombinant fragment (SUN1 52 0-6 26 ) of

human SUN1. a-SUN2 has been described (Turgay et al., 2010).

Accession Numbers

The coordinate file and structure factors for the SUN2-KASH1, SUN2-KASH2,

and apo-SUN2 crystal structure were deposited in the Protein Data Bank under

accession code 4DXR, 4DXS, and 4DXT, respectively.
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Chapter Three

LAP and LULL1 are Catalytically Inactive AAA+ ATPases that form Ring

Structures with TorlA
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SUMMARY

Primary dystonia is an autosomal dominant movement disorder caused by a

single glutamate deletion in the AAA+ ATPase Tor1A. Despite its well known role

in the disease, little biochemical information is available for this protein. Here we

characterize the complex of TorlA with its binding partners LAP1 and LULL1. By

bioinformatic analysis we show that LAP1 and LULL1 belong to a growing family

of catalytically inactive AAA+ ATPases. We designed a purification scheme that

allows for the production of large quantities of chromatographically pure Tor1A-

LAP1/LULL1 complexes and define their stoichiometry using analytical

ultracentrifugation. Negative stain single particle electron microscopy of

copurified Tor1A/LULL1 shows that they form oligomeric rings similar to other

AAA+ ATPases. We suggest that LAP1 and LULL1 are catalytically inactive

AAA+ ATPases that are important at least for TorlA complex assembly.
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INTRODUCTION

Dystonia is a movement disorder that affects 300,000 people in North America

alone. This neurological disease is characterized by involuntary muscle

contractions leading to repetitive, twisting movements and irregular postures

(Granata et al., 2010; Hewett, 2000). In 1997, it was discovered that the most

common and severe type of dystonia, the autosomal dominant early-onset

generalized dystonia, was caused by an in-frame AGAG deletion in the DYT1

(TorsinA or Tor1A) gene leading to the deletion of a single glutamate residue

within the protein (Figure 1) (Ozelius et al., 1997a; 1997b). DYT1 patients show

no signs of neurodegeneration or neuropathology, suggesting that functional

defects in neuronal tissue are the problem rather than cell death. Interestingly,

despite being ubiquitously expressed, only neurons are affected by the disease,

probably due to compensation by one of three known Tor1A homologues, Tori B,

Tor2A and Tor3A in non-neuronal tissue (Figure 1) (Hewett, 2000; Jungwirth et

al., 2010; Zhu etal., 2010).

85



Signal Sequence Hydrophobic Region
hu1IA 1.....MK O... ... K O LGL - iAP PSVQ.. ............................ LAA.... -VET 35

hoM B I ------------------ MLRAGWLR AAALA---- ARVV A U--- T-------------------------------------------------VGLEIGA--AS3IT4I
# 1 ....................................... AAATRGC- - ------------------------ ------------------------- SLLGLLGLVSA - 4

h#1124A I---------MR Q~F-------------- M GLALAF PGAPEPRGAS RAEGTD5 "PG* A WAWPG FOR L0OELRA AGA*L SKR*Y'WT'LF*SCGV* 1'D'EOOE E"A AI PLOVA P1 4
g7 I------------------ LLRRSGAKAOAVGP ........I~ - - - - - - - - - - LL 1 A V - T 43

*-lTW 1-------------- LYKMORAKRHVLLLS------------ TGYTO :---------------------------------------------------------- TS IXVG- -AA T42
Nrr I ................... RLSGC......MK~ARAGA CSAPR - a .... ,1 ....... ..................... t10K IAGAAAST 35? 1----------------------MRSAWLLSAGC---F LTAU I S--------------- ------------------ *G-AA 3

,w7ER 1------------------- MNLEKLLIV----------- _tPLFLAAJI----------------------------------------------------------------------------- 20
S 1........---------------MIMSSIKLFFV -.......... IFLT - T--- -------------------------------------------------TGLVVGVTAS- - 39~%~1....................... LWIP...........F PCFAFL.8--- --------------------------------------------------- MGVVVGTAATSfIV33

o1r9 1MGSGARTMFANKSHFGRNOPTWPFLSWFSARYI LLLIMGGMPOO YRG---------------------- -------- RTSGOVLEMMGAAE- - 19
w00C- 1 ---------------MKLDYVLLLLPHLCFVN ---. ISVITK --KSG- ---.- ------- - .--.-.-.---- ---- WalkerA - - TIISA .

tdn~ 1--- ---------------- MMSFPRMLSLCLSV ---- LPLPLO8V-- OIT ---------------- ------ W erA----------------------- - I GAVAVW039
Mn~w 1--------------------MW41 SL I FCNLL -- .--AANFVV...NSUF-------------------------------------------------------FTASLVGWSVAI-- 42

WW 36 -V-r --- PR --t1. K(RSL--:ARS--R K D L TIFIf--
ftWW42 --UYI-S-Nt.RI SRPI--- A L E 9EVI TR

/Ito124 25 - - AAAVDL -ASL --TLG COFRP- -D --- L L V FV --- -RP L 12
ATmsA 95 0-RLY --L L -T T RODCR- -ISNNF V L LR L- - -ETP 1 202

as r9 44 --YI-SY-PSL -- PKROL--Q ---RA KVORL V .. -- P 146
WMI 46 -IY-PRL--_Y ORHEO--RV--AA E R SKVVR FL--- I

h1 t 43 -- PASY-ONI L--Y PEWV -- P --RT S 1A RIIL M --- It1. 4d'FO? 39 --UAGY-ONMFY--Y PEWIS--Y --KT T AGOVIL FM---N L 143
#s W 21 - -AT :P-GLF - -YKT DOWIS- -I V V - - K
61tM 40 -- ALIAGF-NNF -NV NNW I-- --I A I--- 144

*70 34MVAE SOL- 8F T4L K1NI4K- - -M- T T HHL YR - 142

SOMW 70--A ITWSW- -K I PWIN-- 13 N S T S L*..L41 ?
w :oc-5 40 --AFV$LKORL -- EPOVN-F H IAN VNSIKSW TFRL

dfM 40-AF--T AtR DRNIP--AR--ID R R I HEVPUILKAHIA--SGNKSAL14
&MR' 43 - -PFT YKVGEYJ-- AENIHOPhIFKA TKEYWQI LKI IRNMLT5HLVRISKKTS CLV1HK15

WORNV 145 OKIKI -EL L KT7 F R Q---- 5
V70 1-P S I a T - L L - - 234

WORM 15 T VL ST LL - AH F RE E LME L P A8IE --- 23
owMOR 147 V R - DL ER - 1 --F--- 255

NWR i00 S INL - ELL a E - T -S ....... 258
k7W 148 SOSD - DKL E DO - L T-L ----- 255

nvO 28 SVT "DL - 0 EE TKHMDHL INLG----23

W1 TLD KK KRU LVI S Y --3 AS R TTE FDUENFVI IRE LYRGTSAD 209

nw 7. , A NAEE-- - OHL--E F ARE - -- -- SRIAFPP- T -I - - - 321
Ae?034 SISTID K ROAPLSQELL---VNE--ETLDEI YV---------- -- IINVFL8----- ------ 397

I"2RR ES v-- -VE-- IULRI TF-------- - - - - YY-- R - ------- 338
IIW 24 1 R 5 E1 A---V E- IT - --- -- YYYD -------------- -- 344

ft04 a jkVR 5-- -POE-- NAO V .. . iD~liiiiOPH .............. 330

#K0L0V RE--+OD--ENVA T ---- --- -- I S --------------------- 321
A0000 4 3 T II DRALSO6$ . ARSDAST T OE Y .... ... L NYLL .A.R...A.K..L....L 391

owre no OR ES L A --- PDE--EVME - --- - - V( YY - --- --- ---- --- ----- 338

O0-5 26 EU- N A------ -EK EMAKRPLLSSVHFDEL - - - 356

oVW~ 253 NO- 1K L IA- I -- LYR P )KN- -KIIED 8 - I ---S9 FI ------------M7 51 I AY- - --- 340
*7~ 27 TNTR EVKH S IA KLKIIVS-UKE ... K ...OI- VARRK IMEVT- - ---- 369

Walker-B AE S-I S-Il
Figure 1. Multiple sequence alignment of Torsin AAA+ ATPases. Torsin AAA+ ATPases from human

and highly diverged eukaryotes are shown. ER signal peptide, hydrophobic region, Walker-A, Walker-B,

sensor-I (S-I) and sensor-Il (S-Il) motifs, and the disease causing AE mutation are highlighted. Yellow dots

indicate conserved cysteine residues.

Torsins are members of the ATPases Associated with a variety of cellular

Activities (AAA+ ATPases) superfamily (Basham and Rose, 2001; Erzberger and

Berger, 2006; Ozelius et al., 1997b; Warner et al., 2010; Zhao et al., 2013; Zhu et

al., 2010). AAA+ ATPases use ATP hydrolysis to undergo conformational

changes and to exert mechanical force onto a substrate. As their name implies,

members of this family of proteins are involved in a vast array of processes in the

cell including vesicle fusion and scission, protein unfolding, complex assembly or
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disassembly, protein transport, nucleic acid remodeling, etc (Erzberger and

Berger, 2006; Glynn et al., 2009; Narlikar et al., 2013; Wendler et al., 2012).

AAA+ ATPases share the same overall fold, modulated by different appendages

that allow performing different functions. On the primary sequence level, they all

share several important motifs involved in the binding and hydrolysis of ATP

(Erzberger and Berger, 2006). These canonical motifs are the Walker-A, Walker-

B, sensor-1, sensor-Il and arginine-finger. The Walker-A motif, consensus

sequence of GxxGxGKT/S (where x is any amino acid), is involved in binding

ATP, whereas, the Walker-B motif, consensus sequence of hhhhDE (where h is

any hydrophobic residue), is involved in the hydrolysis step. The sensor-1,

sensor-Il (consensus sequence of GAR) and arginine-finger motifs are also

involved in the hydrolysis step. Torsins however have slight variations in two

motifs: Walker-A is mutated from GxxGxGKTIS to GxxGxGKN and sensor-Il from

GAR to GCK (Figure 2) (Zhu et al., 2010; 2008). Due to the endoplasmic

reticulum (ER) localization of Torsins, this sensor-Il variation has been suggested

to form a disulfide bridge with another well conserved cysteine residue within the

small domain of the AAA+ fold. Furthermore, this putative disulfide bridge has

been implicated in the redox regulation of Torsin's ATPase activity (Zhu et al.,

2010; 2008).

Walker-A Walker-B
harow1Atf.32 i UKLGRAVLGIL APSVVQAVEPISLGLALAGVLTGYIYPRLYCLFAEC RSLSRE K ONI I Kill t FGFINNPK*K94

oC*44477 447---------------------------------------------- RIPEKSV USWI 0 TKML LSTiv !K EHK 496

h.cwwo4*17 499 ----...--............ AIU4I 543

WI~aI/1 96 IlLM V63II;PNIY6G-L .. VATLHFPHA8NIT 001 1K ACA IFIF GLIOA 182
ocC"W4770 4"9T(jA- .Gi E L L~ 5-- 1K 566

bUCwd"91 596 LUT TI I -1 1 66

ba7~C*94f754 LI S -OE I S -V -. 63

ftrTmIA"-332 183 IKPF YY-R --- VQKAMF L ER VALOPI---- RSGKIEI IKLUO:EH LSVSVFMNKNSGFMSU ID ...INL 263
R RS*I :::::::IM TLA PEIxgI KI TNSTDVIU67

VC49M14VERIIE 608 1 LL L 774
bSCOC'441 7 637 1 I SLKRN5VYU NVQOETON#KVIIMKK L I I4E KHTE 730

h*T,1oI= 4 Y PF LENHKMCRV .... ..... E0 IVSRyUJ1LT EE ......~U TVFTKLOYYYDD- 332
ocCokw44?Jo 67 K IV VW 1 ISQ A K LV0 T~6 NELTY YpSAQKHNAA 769

baC0G'4917 731 SLS8 1 A K 1EK VRUU IH IVI 0 iVKT PtN 1

Figure 2. Multiple sequence alignment of Tor1A with paralogous AAA+ ATPases. TorlA, CIpA, CIpB

and ClpC are shown. Walker-A, Walker-B, sensor-1 (S-1) and sensor-Il (S-Il) motifs are highlighted.
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As mentioned above, Torsins are ER resident proteins; hence they contain an N-

terminal signal peptide that gets cleaved upon translation into the ER. After the

signal peptide, Torsins contain a stretch of approximately 20 amino acid long

hydrophobic region that has been shown to function in ER retention, possibly

through membrane attachment (Vander Heyden et al., 2011). A conserved

cysteine rich region whose function is unknown follows the hydrophobic region.

Lastly, the AAA+ ATPase domain resides at the C terminus (Figure 1).

Despite extensive study, a specific function or substrates have not been

attributed to Torsin ATPases. However, studies of the Torsin homologue OOC-5

in Caenorhabditis elegans have suggested that it is involved in nuclear rotation

during oogenesis (Basham and Rose, 2001; 1999). It was also shown that

mutating the sensor-Il cysteines leads to a decrease in embryonic viability (Zhu

et al., 2008). Mammalian Tor1A has been suggested to function in nuclear

envelope (NE) organization, synaptic vesicle transport and turnover, secretory

pathway, protein degradation, cytoskeletal organization and transport via NE

budding (Granata et al., 2010; Jokhi et al., 2013; Vander Heyden et al., 2009;

Warner et al., 2010). The specific role of Tor1A in any of these processes

remains, however, largely unknown.

Linkers of Nucleoskeleton and Cytoskeleton (LINC) complexes connect the

nucleus with the cytoskeleton via bridges that cross the NE (Starr et al., 2010).

LINCs are composed of the inner nuclear membrane (INM) resident Sad1 UNC-

84 homology (SUN) proteins and the outer nuclear membrane resident Klarsicht,

ANC-1 and Syne/Nesprin Homology (KASH) motif containing proteins. The LINC

complex allows for nuclear migration, nuclear anchorage and homologous

chromosome pairing. The structures of the human SUN2-KASH1 and SUN2-

KASH2 complexes have revealed a very tight hexameric assembly in which three

SUN protomers interact with three KASH peptides (Sosa et al., 2012).

Interestingly, a disulfide bridge is formed between the SUN protomers and KASH

peptides effectively covalently linking the nucleus with the cytoskeleton. The
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nature of this complex raises questions about its regulation throughout the cell

cycle. The proposed redox regulated ATPase activity of Torsin makes it an

interesting candidate for this role. Further, TorlA was shown to bind the KASH

peptides of Nesprin-1, -2 and -3 and upon overexpression, it displaces LINC

complexes from the NE to the ER (Nery et al., 2008; Vander Heyden et al.,

2009).

In the ER/NE lumen, TorlA binds Lamina-Associated Polypeptide-1 (LAP1) and

Luminal domain-Like LAP-1, (LULL1), as shown by multiple labs (Goodchild and

Dauer, 2005; Zhao et al., 2013). Both, LAP1 and LULL1, are type-Il integral

membrane proteins with luminal domains that share 62% identity (Figure 3).

LAP1, an INM protein, specifically localizes Tor1A to the NE whereas LULL1

targets Tor1A to both the ER and NE. LAP1 and LULL1 were originally thought to

be TorlA substrates, since they interact more tightly with ATP-bound Tor1A

(Goodchild and Dauer, 2005). However, a more recent study on Tor1A-

ILAP1/LULL1 interaction suggests that LAP1/LULL1 are rather activating factors

for ATP hydrolysis by TorlA, which is otherwise an extremely slow enzyme

(Zhao et al., 2013). This report also suggests that Tor1A-LAP1/LULL1 complexes

exhibit a "switch-like" ATPase activity.

In the present study we set out to structurally characterize the Tor1A-

LAP1/LULL1 complexes. We performed an extensive bioinformatic analysis of

LAP1 and LULL1 and determine that they adopt an AAA+ fold, but are

catalytically inactive. We designed novel purification strategies that allow for the

recombinant production of large quantities of Tor1A-LAP1/LULL1 complexes

using Escherichia coli. We show that the Tor1A-LAP1/LULL1 complexes have a

1:1 stoichiometry. Finally, using electron microscopy, we show that Tor1A-

LAP1/LULL1 complexes form oligomeric rings, similar to other AAA+ ATPase

systems. This study provides the first evidence of Tor1A-LAP1/LULL1

architecture and suggests models by which TorlA gets targeted to either the ER

and/or NE.
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RESULTS

Bioinformatic analysis of Tor1A

TorlA is a AAA+ ATPase, easily identifiable by the short sequence motifs that

characterize the family (Figures 1 and 2). To model TorlA, we performed an

HHsearch on human TorlA (residues 21-332) using HHpred (Soding, 2005;

Soding et al., 2005; 2006). As expected, Tor1A shares high structural homology

with several AAA+ ATPases, particularly with CIpA (pdb: 1r6b, chain X), ClpB

(pdb: 4fcw, chain A) and CIpC (pdb: 3pxi, chain A) of the Clp family (Table 1)

(Biter et al., 2012). With the profile alignment obtained from the HHpred search

we proceeded to generate a structural model of TorlA using MODELLER with

lqvr, chain A, 3pxi, chain A and 1r6b, chain X as templates (Figure 4). As

expected, the model shows that Tor1A adopts a canonical AAA+ ATPase fold

with the Walker-A and Walker-B motifs located in a pocket between the large and

small domains. Glutamate 302/303, whose single deletion (AE) is responsible for

primary dystonia, is located in the small domain helical bundle. The sensor-l

motif is also located within the small domain. Cysteine 280 faces cysteine 219 of

the sensor-l motif, suggesting disulfide bridge formation as previously

determined (Zhu et al., 2008; 2010).

90



Table 1. HHpred search results.

TorlA

Hit Name Prob E-value P-value Score SS Cols Query HMM Template HMM

3pxiA CIpC 99.9 4.90E-24 1.50E-28 200.8 17.5 229 5-278 476-719 (758)

4fcwA ClpB 99.9 7.40E-23 2.30E-27 177.8 16.3 256 5-279 2-282 (311)

1r6bX CIpA 99.9 1.40E-21 4.30E-26 189.2 18.4 248 11-278 449-718 (758)

LAP1

Hit Name Prob E-value P-value Score SS Cols Query HMM Template HMM

3pxiA CIpC 95.6 1.40E-01 4.40E-06 57.7 14.2 193 345-573 459-661 (758)

4fcwA CIpB 94.2 2.30E+00 7.10E-05 40.4 16.5 185 366-573 6-215 (311)

1r6bX CIpA 82.7 3.50E+01 1.10E-03 37.5 16.3 161 345-511 426-604 (758)

LULL1

Hit Name Prob E-value P-value Score SS Cols Query HMM Template HMM

4fcwA CIpB 92.9 2.50E+00 7.80E-05 39.3 14.4 186 250-459 3-215 (311)

3pxiA CIpC 92 2.90E+00 9.OOE-05 46.3 15.4 174 260-449 487-673 (758)

1r6bX CIpA 71.4 1.10E+02 3.40E-03 32.8 15.9 158 231-397 426-604 (758)

For definitions see Soding et al., 2005.

Biinformati nnaIysi of LAP1 and LULL1

To elucidate the function of the ER/NE luminal domains of LAP1 and LULL1 and

how they interact with TorlA, we performed a bioinformatic analysis to

understand their structure. Sequence conservation analysis shows that they

share highest homology within the last -250 residues (62% identity) (Figure 3).

Primary and secondary structure analysis reveals several features of these

proteins. First, they both have one predicted transmembrane helix, which orients

their respective C termini into the lumen of the ER/NE as previously shown

(Goodchild and Dauer, 2005; Vander Heyden et al., 2009; Zhao et al., 2013).

Second, both LAP1 and LULL1 have unstructured nucleo- and cytoplasmic

regions, respectively. Third, their luminal regions appear folded and are

composed of a mixture of alpha helices as well as beta strands.
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Figure 3. Multiple sequence alignment of LAPI and LULLI. Luminal domains of human LAP1, LULL1

and highly diverged eukaryotic LAP1/LULL1 proteins are shown.

To obtain more detailed information about the structural content of the luminal

regions of LAP1 and LULL1 we performed HHsearches. Interestingly,

analysis suggests that the luminal domains of LAP1 and LULL1 share high

structural homology to AAA+ ATPases (Table 1). Similar to TorlA, LAP1 and

LULL1 both share homology with CIpA, CIpB and CIpC. Using the profile

alignments obtained from the HHsearch, we generated structural models using

MODELLER. The structural models obtained show a canonical AAA+ fold similar

to the one obtained for TorlA (Figure 4). However, neither LAP1 nor LULL1 are

known to bind ATP. Primary sequence analysis shows that both are missing the

defining features of ATPases, that is, they lack Walker-A, Walker-B, sensor-I and

sensor-Il motifs (Erzberger and Berger, 2006; Wendler et al., 2012).

observation was further corroborated by superposition of the models obtained

with the known AAA+ ATPases structures of CIpA (pdb: 1r6b, chain X), CIpB

(pdb: 4fcw, chain A) and CIpC (pdb: 3pxi chain A) (Figures 3 and 4).

92

Al Im
L AVI I F

PUNAIKRGI -----
PVSSIEE LF - - --

A 4KSGS*L-
G PIE -----
EVELR ---.......
RI EQK I ACDKP

rGF 1 K DNPASCAL -----P KUQ SLC --------
NIN AF ----------------

k(TSALISR EKVYSHNG-----
.ON IVVI(NS EDFQGC ........-- -

430
316
291
253
69
164
234
220
261
108
240

510
390
371
333
149
244
310
300
344
190
318

583
470
445
406
221
323
376
372
398
256
381

this

This



CIpA Tor1A LAP LULLI
1r6b

Figure 4. Tor1A, LAP and LULL1 show high structural homology with members of the Cip family of

AAA+ ATPases. The crystal structure of CIpA (1 r6b) and structural models of TorlA, LAP1 and LULL1 are

shown in the same orientation. For CIpA, bound ADP (sticks) and magnesium ion (sphere) are shown.

Structural models were created using MODELLER and visualized using PyMOL.

Purification of ToriA-Lap1/LULLI complexes

Purifying large quantities of Tor1A for in vitro studies has proven to be a difficult

task. Some of the difficulties might arise from to the fact that Tor1A is an ER

resident protein known to be glycosylated in two sites and likely to contain

disulfide bonds that might be important for its stability and activity (Zhu et al.,

2010). Additionally, Tor1A contains a hydrophobic region that might behave as a

TM domain or as a monotypic membrane protein depending on the curvature of

the membrane, which might provide difficulties when performing detergent

extractions (Vander Heyden et al., 2011).

We set out to establish a purification protocol that would allow the production of

large amounts of recombinantly expressed TorlA in E. coi. First, we generated

Tor1A constructs for expression by truncating TorlA N- and C-terminally to

residues 51-332, to remove the hydrophobic and cysteine-rich regions (Figure 1).

However, expression of Tor1A by itself yielded insoluble and GroEL bound, thus

presumably misfolded protein (Figure 5).
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Tor1A

LAP1/LULL1

Figure 5. TorlA can be recombinantly purified when in complex with LAP1 or LULL1. Single-step Ni-

NTA purification of recombinantly expressed TorlA, LAP1, and LULL1 under native conditions (analyzed by

SDS-PAGE and Coomassie staining).. While LAP1 and LULL1 can be purified alone, TorlA needs co-

expression of either LAP1 or LULL1 for successful purification. The most common contaminant, GroEL is

also shown.

After determining that LAP1 and LULL1 adopt catalytically inactive AAA+ ATPase

folds, we reasoned that they might form stoichiometric complexes with TorlA.

Therefore, we generated E. cofi strains that coexpress histidine tagged Tor1A

together with the luminal domains of either LAP1 (residues 356-583) or LULL1

(residues 233-470). This strategy resulted in the expression of soluble Tor1A-

LAP1/LULL1 complexes (Figure 5). Purification of Tor1A-LAP1/LULL1 followed a

three-step regime, via Ni-affinity, cation-exchange, and size exclusion

chromatography.

We compared the purification of wild-type versus E171Q "substrate-trap" mutant

(herein TorlA-E/Q) TorlA. It has been shown that catalytically inactive, ATP-

trapped Tor1A-E/Q mutant binds LAP1 and LULL1 stronger than wild-type

(Goodchild and Dauer, 2005; Zhao et al., 2013; Zhu et al., 2010). We also

observed this in our purifications during the Ni-affinity step, in which larger
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amounts of complex eluted in the presence of the E171Q mutation than in the

wild-type (Figure 5). Nonetheless, all complexes fell apart in later steps indicating

rather moderate binding affinities. To solve the issue of complex stability we

added ATP in the presence of MgC 2 to the purification buffers. This significantly

improved the stability of both Tor1A-LAP1/LULL1 complexes in vitro. Of note,

purifications of the monomeric luminal domains of LAP1 and LULL1 yielded high

amounts of pure proteins without the need of any additives in the purification

(Figure 5).

Characterization of TorlA-LAP1 and TorlA-LULL1 complexes

AAA+ ATPases oligomerize, usually into hexamers, in order to perform their

function. CIpA, CIpB and CIpC, the closest structural homologs of TorlA,

assemble into hexameric double-rings (Biter et al., 2012; Lee et al., 2003; Schlee

et al., 2001; Xia et al., 2004). This is because Clp family proteins contain two

consecutive ATPase domains, termed D1 and D2. Upon oligomerization, these

D1 and D2 domains assemble into two stacked hexameric rings, as shown by

EM.

-105kDa -6OkDa -2OkDa

100

80

- TorlAkn-LULLI
E60 - LULLI
C
40

8 40
C
10e 2

0

8.0 10.0 12.0 14.0 16.0 18.0

Elution Volume (mL)
Figure 6. Tor1A-LULLI complex behaves as a dimer in solution. Analytical size exclusion

chromatography was performed on a Superdex 200 10/300 column. TorlA-LULL1 complexes elute in a

volume corresponding to a dimeric species whereas LULL1 behaves as a monomer in solution. Approximate

calibration values are shown.



TorlA, LAP1 and LULL1 all share structural homology to the Clp family of AAA+

ATPases (Table 1). Based on this we hypothesized that the interaction of TorlA

to LAP1 or LULL1 would result in either a single hetero-hexameric complex or

into a double-stacked hexameric complex. To determine the oligomerization

state, purified TorlA-LULL1 complex was analyzed via size exclusion

chromatography. The resulting chromatogram shows two chromatographically

distinct species for the TorlA-LULL1. A larger species accounts for -10% of the

sample and elutes at a volume that corresponds to a -120 kDa molecule,

whereas the remaining smaller species accounts elutes at a volume

corresponding to a molecule of ~ 60 kDa. We observed that the larger species is

not stable and dissociates into the smaller species over time (Figure 6). The

more stable, smaller complex appears to be a 1:1 hetero-dimer. To corroborate

the stoichiometry and molecular weight of the complex we performed analytical

ultracentrifugation (AUC). Data obtained from sedimentation velocity analysis

was fitted to a mass of 57.0 kDa, in good agreement with the predicted molecular

weight of 59.4 kDa fora Tor1A-LULL1 1:1 complex (Figure 7).
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Figure 7. Sedimentation velocity analysis of the TorlA-LULL1 complex. Enhanced van Holde-Weischet

analysis of velocity data shows a sedimentation coefficient of 4.4754e-13 and an average molecular weight

of 57.0 kDa in agreement with a 1:1 complex of TorlA and LULL1.

Structural Characterization of the Tor1A-LULLI Complex

Determining a 1:1 stoichiometry of Tor1A to LULL1 (and LAP1) in combination

with size exclusion chromatography does not allow us to find out whether the

higher order assembly is a single- or double-stacked hexameric ring. There we

set up a single particle electron microscopy (EM) experiment. Because of the

instability of the oligomer, we sequentially setup EM grids for the different steps
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of the purification. Samples obtained from the nickel elution, ion exchange

chromatography and size exclusion chromatography were analyzed. Not

surprisingly, the nickel elution sample, i.e. the first purification step, yielded the

best particle density. Approximately 1000 particles were picked and averaged

(Figure 8). The TorlA-LULL1 complex forms a ring of -120A in diameter, similar

to other AAA+ ATPases (Figure 8). Due to the preferred orientation of the ring on

the grid, we lack a sufficient number of side views of the complex to

unambiguously determine the number of stacked rings.

A B

Figure 8. TorlA-LULLI complexes form rings. A dataset of 1,080 single particles was subjected to "direct

classification" using PARTICLE (www.image-analysis.net/EM). Representative class images of the Tor1A-

LULL1 complex (A) and a zoomed representative class image showing the approximate measured diameter

of the rings.
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DISCUSSION

Despite its well characterized and critical role in the dystonia disease, a

mechanism of Tor1A function has remained elusive (Granata et al., 2010). The

lack of knowledge in part arises from the difficulty in producing the enzyme in

high amount and purity. In this study we developed an approach to produce large

amounts of chromatographically pure TorlA, which will be critical in order to

decipher, biochemically and structurally, how this ATPase works. Most likely, we

will be able to extrapolate to the other Torsin-family members as well.

A key finding of this study is that the ER/NE luminal domains of LAP1 and LULL1

adopt an AAA+ fold, despite lacking the signature motifs, which renders them

catalytically inactive. There are several examples of catalytically inactive AAA+

ATPases like the eukaryotic origin recognition complex (ORC) subunits Orc4 and

Orc5, the hexamerization domains of p97 and N-ethylmaleimide-sensitive fusion

pr'tein (NSF) and the A nd A' Subunite nf the bCtrial clamp loader (B ruger

and DeLaBarre, 2003; Erzberger and Berger, 2006; Guenther et al., 1997a;

1997b; Jeruzalmi et al., 2001a; 2001b). These play important roles in regulating

the activity of their complexes. An important difference between these and LAP1

and LULL1 is that Orc4, Orc5, p97, NSF and the clamp loader 6 and 6' subunits

all contain somewhat degenerate Walker-A and Walker-B motifs. LAP1 and

LULL1, however, lack Walker-A or -B motifs altogether. This suggests that LAP1

and LULL1 are not only inactive, but also lost the ability to bind nucleotide. It will

be very interesting to investigate the evolutionary origin of LAP1 and LULL1 in

order to understand whether they diverged from an AAA+ ATPase that lost its

function but maintained its fold or converged from an unrelated protein that

adopted this AAA+ fold.

The oligomerization state of Tor1A has been extensively debated in the field

(Torres et al., 2004; Vander Heyden et al., 2009). As a member of the AAA+

ATPase superfamily that shares homology to the CIp family, it is widely assumed
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that Tor1A should adopt a hexameric oligomerization state. Furthermore, several

studies have suggested that Tor1A forms homo-dimers and homo-hexamers.

These experiments consisted of overexpression of tagged Tor1A in human cells

followed by in vivo crosslinking or blue native polyacrylamide gel electrophoresis

(PAGE) and inmunoblotting. In the reported literature, the observed bands in

those inmunoblots correspond to monomeric Tor1A as well as larger species,

which might be the result of true oligomerization, or, alternatively, of binding to

additional protein partner(s). In our experiments we did not observe self-

oligomerization of purified TorlA, LAP1 or LULL1 on their own. We show that a

stable 1:1 heteromeric complex forms between Tor1A and LULL1 or LAP1, and

that behaves as a dimer as shown by size exclusion chromatography and AUC.

We can also show by negative stain EM that TorlA-LULL1 can form hexameric

rings, similar to other AAA+ ATPases. Additional data collection, ideally in thick

vitreous ice to allow single-particle analysis, will resolve the important question of

whether these rings are heteromeric single rings, or whether they are stacked.

For simple steric reasons, a heteromeric rings is expected if the N-terminal

hydrophobic extension of Tor1A indeed directly interacts with the membrane, as

previous data suggests. In a double-ring model, the LAP1 or LULL1 ring has to

be placed membrane-proximal, because of the transmembrane-segment directly

preceding the AAA+ domain (Figure 9). The membrane-distal ring has to be

composed of Tor1A. In that scenario, we would predict that the hydrophobic

extension might not function in membrane-attachment. It is conceivable that the

fragment instead is important for the stability of the double-ring by interacting with

LAP1 or LULL1 through a largely hydrophobic interaction. It is also possible, that

the hydrophobic extension in TorlA simply interacts with the membrane when it

is not bound to either LAP1 or LULL1.
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Figure 9. Structural model of the TorlA-LULL1 complex. Based on our data, two different scenarios can

be hypothesized for ToriA-LULL complexes. TorlA-LULL1 complexes arrange into heteroxeameric rings in

which both proteins are capable to engage the membrane individually. Alternatively, based on the structural

homology to Cip AAA+ ATPases, TorlA can assemble into a single ring and LULL1 can assemble into

another. This would lead into a double ring arrangement for the for the TorlA-LULL1 complex.

The higher-order TorlA-LULL1 complex that we observe in EM is not stable

throughout the purification process. There are several possibilities to explain this

behavior, if, indeed, the complex is stable in vivo, which may or may not be true.

First, we have purified the complex recombinantly from E.coli. Since TorlA and

LULL1 are ER-resident proteins, one simple explanation is that reducing rather
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than oxidizing conditions may prevent the formation of important disulfide

bridges, either within or between the binding proteins. The strongly conserved

cysteines raise a concern that purification from an oxidizing environment would

be beneficial. Second, the hydrophobic region of Tor1A was absent from our

constructs tested for complex formation. Third, Tor1A is glycosylated in vivo,

which might stabilize the LULL1 interaction, but is absent in the recombinant

protein. Fourth, the membrane itself could play a role in complex stability.

Membrane-anchored LULL1 might oligomerize more readily due to avidity

effects, imposed by the reduced entropic penalty of complex formation.

LAP1 and LULL1 share 62% identity in their luminal domains, while their cyto-

/nucleoplasmic regions are not related. Intriguingly, they localize to different

membranes: LAP1 is embedded in the INM while LULL1 is found throughout ER

and NE (Goodchild and Dauer, 2005; Jungwirth et al., 2011; Naismith et al.,

2009; Nery et al., 2008; Vander Heyden et al., 2009; 2011). The two proteins

might be used to target Tnrsin ATPases to different meMhrnnp where they can

act on different substrates. Alternatively, Torsins might engage different

substrates depending on which binding partner is present. Further studies could

help to answer these questions by determining structural differences between

Tor1A-LAP1 and TorlA-LULL1 complexes.

The role of Torsin ATPases still remains enigmatic. However, recent studies by

several groups have shed light into Torsin function and mechanism. As

previously mentioned, TorlA has been implicated in the displacement of LINC

complexes from the NE to the ER (Nery et al., 2008; Vander Heyden et al.,

2009). The Schlieker group showed that TorlA requires LAP1 or LULL1 for

ATPase activity and that TorlA is inactive by itself. Single-turnover experiments

suggest that Tor1A-LAP1/LULL1 behaves as a "switch-like" ATPase (Zhao et al.,

2013). In a study by the Budnik group TorlA is implicated in non-NPC mediated

transport across the NE via budding ('nuclear egress') suggesting that Tor1A

might be involved in membrane remodeling akin to AAA+ ATPases like NSF, p97
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and Vps4 (Jokhi et al., 2013). Our experiments that lead to the possibility to now

recombinantly produce large quantities of Tor1A-LAP1 or Tor1A-LULL1

complexes enable structural studies, as well as rigorous in vitro analysis of the

proposed enzymatic activities of TorlA.
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EXPERIMENTAL PROCEDURES

Bioinformatic Analysis

Multiple sequence alignments of TorlA, LAP1 and LULL1 were performed using

MUSCLE and were visualized using Jalview. The species nomenclature used for

the alignments is as follows: Homo sapiens (hs), Ornithorhynchus anatinus (oa),

Gallus gallus (gg), Takifugu rubripes (tr), Danio rerio (dr), Branchiostoma floridae

(bf), Strongylocentrotus purpuratus (stp), Ciona savignyi (cs), Ciona intestinalis

(ci), Nematostella vectensis (nv), Caenorhabditis elegans (ce), Drosophila

melanogaster (dim), Escherichia coli (ec), Thermus thermophilus (tt) and Bacillus

subtilis (bs).

Sequences of TorlA and the ER luminal domains LAP1 and LULL1 were

subjected to an HHpred search (http://toolkit.tuebingen.mpg.de/hhpred). The best

models from the resulting alignments (3cfi A 1r6b _X and 3pxiA) were used to

create structural models using MODELLER (toolkit.tuebingen.mpg.de/modeller).

Structural models were visualized using PyMOL.

Plasmids, Protein Expression and Purification

Recombinant proteins were expressed in E. coli. TorlA 5 1-332, LAP1 356 -583 and

LULL1233-470 fragments were expressed from a modified ampicillin resistant

pETDuet-1 (Novagen) vector as N-terminally 6xHis-7xArg-tagged fusion proteins.

A cleavage site for human rhinovirus 3C protease was inserted between the

7xArg tag and the TorlA fragment. For coexpression of TorlA 5 1-332 and LAP1356 -

583 or LULL1233-470, cells were co-transformed with the TorlA vector described

above and a second, modified kanamycin resistant pETDuet-1 vector containing

untagged LAP1 or LULL1. Mutations were introduced by site-directed

mutagenesis.
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TorlA 5 1-3 32 , LAP1356-58 3 and LULL12 33-4 70 fragments were expressed in E. coli

BL21(DE3) RIL strains (Stratagene). The bacterial cultures were grown at 300C

to an optical density (OD) of 0.6. Then, the culture was shifted to 180C for 30 min

and induced overnight with 0.2 mM IPTG. LAP1356 -583 and LULL12 33 -4 70

expressing cells were resuspended in lysis buffer A (50 mM potassium

phosphate pH 8.0, 400 mM NaCl, 40 mM imidazole) and lysed. The lysate was

supplemented with 1 U/ml Benzonase (Sigma) and 1 mM PMSF, cleared by

centrifugation, and loaded onto a Ni-affinity resin. After washing with lysis buffer,

bound protein was eluted with elution buffer (10 mM potassium phosphate pH

8.0, 150 mM NaCl, 250 mM imidazole). The eluted protein was purified by cation-

exchange chromatography against a gradient of 0.150 - 2 M NaCl with10 mM

potassium phosphate pH 8.0 followed by dialysis to low salt buffer (10 mM

potassium phosphate pH 8.0,1150 mM NaCI) and tag removal with 3C protease

followed by another round of cation-exchange chromatography to remove tag

and protease. The flow-through from the cation-exchange chromatography was

concentrated and purified via size exclusion chromatography on a Superdex

S200 column (GE Healthcare) equilibrated in buffer (10 mM Tris/HCI pH 7.4,

150 mM NaCI). Individually expressed TorlA5 1..33 2 and complexes followed the

same procedure with the following differences: (1) lysis buffer contained 5 mM

MgC 2 , 1 mM ATP and Tris/HCI pH 7.4 instead of potassium phosphate, (2)

elution buffer contained 5 mM MgC 2 , 1 mM ATP 10 mM Hepes/NaOH pH 8.0

instead of potassium phosphate, (3) ion-exchange buffer contained 5 mM MgC 2 ,

0.5 mM ATP 10 mM Hepes/NaOH pH 8.0 and (4) size exclusion buffer contained

5 mM MgCl 2 and 0.5 mM ATP.

Analytical Centrifugation

TorlA51-332 -E/Q-LULL1 2 33 -4 70 complex was gel-filtered in 10 mM Tris/HCI pH 8.0,

150 mM NaCI immediately prior to the experiments. Analytical ultracentrifugation

experiments were carried out using an An60Ti rotor in an Optima XL-A

centrifuge. Samples were adjusted to an optical density of 0.6 and loaded into
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Epon-charcoal two-channel centerpieces, fit with quartz windows, and spun at

42,000rpm. Absorbance data was collected at 280 nm at 5 replicates per 1 nm

step. Sedimentation velocity data was fitted using the Ultrascan II software

(http://ultrascan.uthscsa.edu).

Electron Microscopy

Tor1A 5 1-3 32 -E/Q-LULL1 233-470 complex, purified via Ni-affinity chromatography, was

negatively stained with uranyl acetate (1% v/v) on continuous carbon-film grids.

Electron micrographs of single particles were recorded on a Tecnai Spirit

electron microscope (Whitehead Institute) using an 80KeV beam. A total of 1,080

TorlA 5 1-3 32 -E/Q-LULL1 233-470 particles were then boxed into a single stack, from

which the particle images were 2x-binned to 3.63 A per pixel. The dataset was

subjected to "direct classification" using PARTICLE (www.image-

analysis. net/EM).
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