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Summary

Fectin is a large and versttile cytoskdetd linker and member of the plakin protein family.
Pakins share a consarved region cdled the plakin domain located near their N-terminus.
We have determined the crystd dructure of an N-termind fragment of the plakin domain
of plectin to 205 resolution. This region is adjacent to the adtin binding doman and is
required for efficent binding to the integrin a6b4 in hemidesmosomes. The dructure is
formed by two spectrin repeats connected by an a-hdix that spans these two repedats.
While the firs repeat is very gmilar to other known dructures, the second repest is
dructurdly different with a hydrophobic core, narower than that in canonicd Spectrin

repeats. Sequence andysis of the plakin domain reveded the presence of up to nine
consecutive spectrin repeats organized in an aray of tandem modules, and a Src-homology
3 domain inserted in the centrd pectrin repeat. The dructure of the plekin domain is
reminiscent of the modular organizetion of members of the spectrin family. The
architecture of the plakin domain suggests that it forms an dongated and flexible Structure,
and provides a novd molecular explandtion for the contribution of plectin and other
plekins to the dadticity and sability of tissues subjected to mechanicd dress, such as the

skin and striated muscle.
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Introduction

Plectin is a large (~500 kDa) and widely expressed cytoskeleta linker! that belongs to the
plakin protdn family’. As with other plakins, plectin interconnects filament networks and
tethers the cytoskdeton to membrane associaed dructures involved in cdl adhesion. In
epithdlid tissues, plectin is modtly locdized a the basd cel membrane® where it is a
component of hemidesmosomes”, which are specidized structures that mediate anchorage
of epithdia to the underlying basement membrane by linking the extracdlular matrix to the
intermediate filament systen™. In hemidesmosomes, plectin provides a direct link between
theintegrin a 64 (alaminin receptor) and the cytokeratin network®.

Plectin has a multidoman dructure that is wel suited for its crosdinking functions. It
comprisess N- and C-temind domans tha contan multiple protein-protein interaction
dtes, separated by an dongaied centrd rod doman that is predicted to mediate sdf
asodaion via coiled-coil interactions. The N-termind region contans an actin binding
domain (ABD), which is composed of two cdponin homology domains, smilar to those
present in proteins of the spectrin family. In hemidesmosomes, the ABD of plectin binds to
the first pair of fibronectin type 11l (Fnlll) domains of the integrin b4 cytoplasmic domain’.
Adjacent to the ABD there is a region of about 1000 residues (the plakin domain) that is
consarved among the members of the plakin family. The N-termind region of the plakin
domain of plectin binds to regions of integrin b4 downstream of the second Fnlll domain®.
The plekin doman dso harbors a binding dte for the hemidesmosomd transmembrane
protein BP180 (dso known as type XVII oollagen)g. The C-teemind region of plectin

contains sx plakin repest domains and harbors binding stes for intermediate filaments™
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Mutations in the plectin gene result in epidemolyss bullosa smplex  (frequently
asociated  with  muscular  dydrophy), which is a severe <in blisgering disorder
characterized by fragility a the levd of hemidesmosomes'?. Inactivation of the plectin
gene in mice produces a skin blistering which is posinadly lethd™. The dterations caused
by defects in the plectin gene in humans and mice illustrate the criticd role of plectin in
maintaining the dtability of tissues exposed to strong mechanicd dress such as the skin and
muscle.

The plakin domain is predicted to have a modular sructure made up of a-helices arranged
in anti-pardld bundles”. Thus, the plakin domain is likdy to be flexible its properties
being determined by the sructure of each module and by the Sructure of the linkers that
connect these modules. Indeed, eectron microscopy of purified plectin molecules suggests
that the protein is flexible because the centrd region adopts many different conformations.
This flexibility may facilitate a dynamic response of the protein to mechanica dress. The
recent crystd dructure of a protease resgtant fragment of the pakin doman of BPAGle
was an important breskthrough in our understanding of the <tructurd properties of the
plekin domain. It has reveded the presence of a tandem par of spectrin repests, while a
second pair of spectrin repeats and a Srchomology 3 (SH3) domain have been identified
by sequence compaison®®. Nevertheless, severd essentid questions remain  unanswered.
Fectin and other plakins that contain an ABD, such as MACF and the BPAG1 isoforms a,
b, and n, have an N-termind extenson of the plekin domain that is contiguous to the ABD
and is not presant in other plakins. In plectin, this region acts in a synergistic manner with
the ABD in binding to b4, and is required for the correct locdization of plectin in
hemidesmosomes. However, the structure of it is not known. Furthermore, in the current

dructurd modd of the plakin doman, some regions have not been assgned to pecific



domains. It is uncertain if the plakin doman contains additiond modules and if the linkers
that connect adjacent modules are disodered and flexible or ordered and inflexible.

Here, we present the crystd sructure of the N-termind fragment of the plakin domain of
plectin adjacent to the ABD. This sructure is formed by a tandem pair of spectrin repests
connected by a a-hdicd linker. Moreover, we have identified nine Spectrin repests in the
plakin doman of plectin and provide a modd of the dructure of the plekin doman that
accounts for the complete length of this domain. Our results have dear implications for the

basis of the dagtic properties of the plakin domain and its contribution to tissue integrity.

Results and discussion

Overall structure

We have cyddlized the N-termind region of the plakin doman of human plectin, i.e
resdues 300-530 (numbering corresponds to the plectin 1C isoform). In order to improve
the cydd qudity the two Cys resdues 420 and 435, located in this fragment were
replaced by Ala The mutant protein showed a reduced nuclegtion rate resulting in larger
and better diffracting crystds then the wild type protein. Crystads of the wild type and
mutant proteins were isomorphic. The crydd dructure was determined using multiple
wavdength anomaous diffraction (MAD) methods from a sdenomethionine deriveive of
the C420A/CA35A double mutant (Table 1). The dtructure of the mutant protein was
refined againgt data from a native crystd to 2.05 A resolution to a find Rwork of 21.0%
and an Rfree of 26.1%. The asymmetric unit contains one molecule and the find mode
indudes resddues 303-331 and 333520, 52 olvent molecules, and one molecule of 1,2
propanediol, for which ordered dectron dendty was observed. The mode has excelent
geometry with main chain torson angles of dl non glycne resdues lying in the core

regions of the Ramachandran plot as defined in MOLEMANZ2®. The wild type structure



was refined againgt data to 2.3 A resolution to a find Rwork of 21.6% and an Rfree of
26.9%; and it contains the same reddues as the mutant Structure, but only 16 solvent
molecules. The wild type and mutant Sructures are dmogt identical with the exception of
the mutated resdues. The root mean square deviation (rmsd) for dl Ca aoms between
both sructures is 021 A, which is smilar to the vaue of the Cruickshank diffraction
precison index” for these structures (021 A and 0.16 A for the wild type and mutant
proteins respectively). Thus we refer to the higher resolution dtructure of the mutant
protein unless otherwise indicated

The dructure is formed by two coiled coils esch of them built up of three a-hdices
aranged in a left handed supercoil or hdicd bundle with up-downup topology. The
molecule has an dongated dructure with a length of approximatdy 117 A and a width of
about 27 A (Figure 1). The fird bundle extends from Glu303 to Glu419 and contains
hdlices A, B, and C, while the second bundle expands from Cys420 to Lys520 and contains
helices A’, B’, and C'. The sequences of dl hdices show the heptad pattern characterigtic
of left-handed coiled coils, where podtions a and d are preferentidly occupied by gpolar
resdues that mediate the inter-hdical packing and form a hydrophobic core®. Within the
group of three-hdix left-handed coiled coils the plectin bundles most resemble the spectrin
repeat fold (see below). Therefore we refer to the bundles in our Sructure as the first (SR1)
and second (SR2) spectrin repeets of plectin.

Despite sharing an overdl common fold, noticeable differences between SR1 and SR2 are
observed as expected from the low sequence consarvation (9 identica resdues). The
postion of heices A and C in SR1 mogly maich hdices A’ and C in SR2 depite
differences in length, but there are significant deviaions between hdices B and B’ (Figure
2d). Pro357 causes a discontinuity or kink in hdix B, commonly present in other spectrin

repeats, but not observed in hdix B’. As a result B’ runs as a sngle gdraight helix thet



packs agang hdices A’ and C dosar than helix B does agang hdices A and C. The
different packing of the hdices in SR1 and SR2 is favored by the nature of the
hydrophobic resdues mediating the coiled-cail interaction. The core of SR1 contains bulky
aomatic resdues such as Trp321, Phe329, Phe348, Phe351, and Trp397 and it is wider
than the hydrophobic core of SR2, that in the equivdent postions accommodaes residues
GIn438, Leudd6, Alad62, Va465, and Leus08 with smaller sde chains (Figure 3).

Helix A’ is aout two turns longer a its C-terminus than helix A, while the heix B’ is
about two and a haf turns shorter a its N-terminus than helix B. As a consequence loops
AB and A’B’ run in amost gposite directions dong the long axis of the molecule There
are additiond differences between the BC and B'C' loops. Helix B has a second kink at
Leu373 tha makes the lagt hdicd turn, not present in hdix B’, capping one end of the
hdlicd bundle. Pro385 to Tyr388 in the BC loop form a type Il b-turn that creates a bulge
on the dde of the repeat necessary to accommodate the additional resdues not present in

the second repest.

Comparison with other spectrin repeats
We used the DALI server™ to search the Protein Data Bank for structurd homologues of

the plectin repests. The dructure found to be most Smilar to the SR1 of plectin is the third
spectrin repeat of the a-adtinin rod®® (PDB code 1QUU) with a Z score of 14.0, rmsd of
20 A for 114 Ca aoms, and a sequence identity of 18%. Furthermore, spectrin repeat 17
from brain a-gpectrin® (PDB code 1CUN), repeat 9 of erythroid b-spectrin (PDB code
1S35), repest 1 of erythroid a-spectrin® (PDB code 10WA) and repeat 1 of BPAG1®
(PDB code 21AK), gave smilar DALI Z scores which are sgnificantly higher than those of

other helical bundles,



The DALI search suggested that the SR1 of plectin is structurdly closer to canonica
repeats from proteins of the spectrin family, such as a-actinin, than to the repeeats of the
plakin domain of BPAGL. In order to better understand the structurd Smilarities between
the plectin SR1 and other spectrin repeats, parwise dructurd superpostions were done
usng a common st of 80 Ca equivdent pogtions didributed over the three a-hdices of
the domain. The structures of the repeats 1 and 3 of a-actinin® (PDB entry 1HCI) and
repets 15 and 17 of a-spectrin® ® (PDB codes 1U5P and 1CUN) had the lowest rmsd
(127 A, 094 A, 1.08 A, and 093 A respectively) with respect to the plectin SR1 (figures

2b, 3). In contrast the first and second repests of BPAGL had a rmsd of 1.49 A and 1.55 A

with respect to the SR1 of plectin. The main differences between the SR1 of plectin and
the spectrin repeats of BPAGL are located at the N-termind haf of hedlix B and a the BC
loop. Helix B is interrupted by a kink that occurs a the same postion in the SR1 of plectin
(see aove) and in canonicd repeats, such as the SR3 of a-actinin. The SR1 of BPAG1
adso presents a discontinuity in heix B, but it is placed one turn towards the Cterminus of
the helix with respect to plectin's SR1, causing a difference in the postion of the backbone
of the N-termind hdf of hdix B. This kink is not present in the hdix B of the SR2 of
BPAG1. The other mgor dructurd difference is the BC loop. The poor sequence
consarvaion of this loop between gpectrin repesats is the bass of the high conformationa
vaidhility.

The amilarity of the SRL of plectin with SRs of a-actinin is dso a the sequence leve. The
SR1 and SR3 of a-actinin have the highest sequence identity (20% and 18% respectively)
with the SR1 of plectin, which is sgnificantly higher than the sequence identity of the SR1
(11%) and SR2 (5%) of the BPAGL dructure. Thus, the first SR of plectin presents more
dmilarities with repeats of the spectrin family than with repeats of the plekin domain of

plakins, both at theleved of its primary and tertiary structure.



The DALI search with the SR2 of plectin reveded Smilarity with repest 17 of bran a-
spectrin® (PDB entry 1CUN, Z score of 10.8, and rmsd of 2.2 A for 99 Ca atoms), repesat
2 of a-adinin® (PDB entry 1QUU), repeat 1 of a-spectrin® (PDB code 10WA), and
repeat 2 of BPAG1® (PDB code 2IAK). Based on pairwise superpositions using a common
set of 66 Ca aoms, the SR17 of a-spectrin (rmsd 1.49 A) is most smilar to the SR2 of
plectin (Figure 2c). The rmsd between the SR2 of plectin and the firs and second repeats
of BPAG1 are 1.69 A and 1.98 A. In contrast, he rmsd between the first and the second
repeat of plectin is 2.36 A. The main differences between SR2 and other spectrin repests

occur in hdix B, which in plectin is packed closer to helices A and C than in other repeats
(see above). Overdl the SR2 of pectin lacks some of the dructura features specific of
canonical  spectrin repeats and as a conseguence it dso resembles other 3-hdix bundes
such asthose of DBSTAT and syntaxins.

The sequences of the spectrin repeets of the BPAGL1 dructure are 50% identica with the
equivdent sequence of plectin, suggesting thet in plectin this region, which is not present
in the structure under study, adopts a Smilar sructure as in BPAGL. Thus, the structurd
differences between the spectrin repeats of the two plakins mainly reflect the sructurd
diversty within the plekin domain, rather than differences between members of the plakin
family. In summary, the firs and second repeats of plectin are structuraly more smilar to

the spectrin repeais of other proteins than to each other and to the BPAGL repedts,

suggesting thet in plectin these repests have not arisen from alate duplication event.

Domain-domain or ganization
Helices C from SR1 and A’ from SR2 are fused in a continuous inter-repest helix 18-turns

long that contains the linker region. The helicd dructure of the linker is a common feature

observed in the structures of tandem pairs of spectrin repests of a-actinin®® 2, a-spectrin?,



b-spectrin®® 2 and BPAG1e®. The linker region is characterized by a discontinuity in the
heptad pattern; in plectin Leud18 occupies the pogtion d of the last heptad repeat of heix
C while Leud21 is assgned to the d podtion of an incomplete hepted that initiates helix
A.

The first repeat can be gpproximatdy superposed onto the second by a 61 A trandation and
a rotation of about 111° dong the long axis of the molecule The trandation that relates
bath repests is about the length of each single repeat (~64 A and ~57 A). Therefore hdices
A and B of SR1 do not overlgp helices B’ and C' of SR2 dong the longitudind axis of the
molecule. Thus, the repeats are aranged in an extended conformation. The rotation that
relates both repests brings the AB loop in the vicinity of the B'C'. Overdl the A and B
helices of SR1 and the B’ and C' hdices of SR2 form a left-handed pseudo-super-hdix
around the long axis of the molecule.

In order to compare the relative orientation of tandem pars of spectrin repests in plectin
with those of BPAG1 and spectrins, we have superimposed the Ntermind repeat of eaech
par with the SR1 of plectin. Spectrin repeats of the a-actinin rof* have an extended
arangement amilar to the plectin SR1-2 dructure (Figure 438). Neverthdess, the reative
rotetion of adjecent repeats dong the longitudind axis in plectin is different from that
described in a-actinin. The BPAGL structure® reveds differences with plectin both in the
relative rotation of the two repeats dong the longitudind axis and in the disance between
the repests dong the same axis (Figure 4b). The two repeats of BPAGL partidly overlap
dong the long axis of the molecule in such a way that hdix B of SR1 lies on the opposte
dde of the inte-domain linker from hdlices B and C of SR2. Thus, the BPAGL sructure is
more tightly compressed dong the longitudind axis of the molecule than the plectin

dructure. In summary, the relative orientation of the firsg and second repeets of plectin is



different from the orientation of any other tandem spectrin repeats, and further illustrates

the conformationa variability of tandem pairs of spectrin repegts.

The plakin domain containsan array of tandem spectrin repeats.

Based on data from sequence andyss the plakin domain is proposed to contain up to Sx
regions termed NN, Z, Y, X, W, and V, each of which build up of a-helices aranged in
bundes. The SR2 of plectin approximately corresponds to the NN region, and the two
repeats of the BPAGL structure roughly correspond to the Z and Y regions. Therefore, it is
ressonable to assume that the other predicted helicd bundles aso adopt the spectrin repest
fod. In oder to test this hypothess we have performed a thorough search for spectrin
repets in the plakin doman of plectin by using profile hidden Markov modd methods®
(Figure 53). Our andyss reveded the presence of eight spectrin repests in the plakin
domain of plectin, and successfully identified the two Spectrin repeats present in the crysd
dructure despite not having included any gructurd information in our search. Repeets are
aranged contiguoudy in the sequence, with exception of a region of about 85 resdues
immediately downgtream the fifth repeat. A prediction of the secondary dtructure of this
initidly uneccounted for region, resdues 919-1003, indicates the presence of three a-
helices connected by short loops (Figure 5b). These three predicted a-heices exhibit the
heptad pattern characteristic of left-handed coiled coil, suggesting that this region adopts a
spectrin repest-like fold, with a-heices shorter than in canonica epeats, hence, we named
this region SR6. The linkers between spectrin repeats of the plakin domain of plectin are
predicted to be very short; thus hdices C and A of adjacent repests ae likely to form a
contiguous helix as obsaved in the cysd dructure The only exception is the linker

between SR2 and SR3, which is ~20 resdues long and suggests a more flexible inter-

repeat organization.



The SR5 contains an insartion of about 80 resdues in the BC loop that corresponds to a
predicted SH3 domain in BPAGL ad other plakins®. Testing this inserted sequence of
plectin agang the Protein Data Bank usng profile-profile dignment and fold recognition
dgorithms (FFAS®) confirmed a strong similarity to SH3 domains (FFAS scores between
-29.6 and -37.4), which was further supported by a profile seerch using hidden markov
modds (data not shown). The SH3 doman of plectin showed the highest degree of
sequence identity, 26%, with the SH3 domain of a-spectrin. Furthermore the locdization
of the SH3 domain of plectin within the fifth spectrin repesat is equivdent to the insertion
of the SH3 domain of a-spectrin in the BC loop of its ninth spectrin repeat™ The
resemblance in sequence and dructurd environment of the SH3 domains of a-spectrin
with plectin extends the dructurd smilaity to the levd of the cdponin homology type
adtin binding doman® and between the spectrin repeats, and reinforces the idea of a
common ancestrd origin of plakins and spectrins. The fact tha a Pro-rich sequence,
823PRHPAHPMRS831, is present upstream of the SH3 of plectin (Figure 5c); which
contains a potentid cdass Il SH3 ligand is of interest. The sequentid arrangement of a Pro
rich sequence and a SH3 domain is highly reminiscent of the dructure of the Tec family of
inracdlular tyrosne kinases Intra- and intermolecular  interactions between  Protich
sequences and the adjacent SH3 domain regulate the ability of these proteins to engage
with their respective targets™ . Thus, it is seems likely that the Prorich region and SH3
domain of plectin have aregulatory funcion

We further investigated the presence of spectrin repeats in the plakin domain of other
protens Usng a profile hidden makov modd search we identified in  envoplakin,
periplakin, BPAGL, and MACF1 sx spectrin repeats corresponding to the SR3, SR4, SR5,
SR7, SR8, and SR9 in plectin (Figure 58). Equivaent spectrin repests with the exception

of SR7 were identified in desmoplakin. Comparison of the sequence of the SR6 of plectin



with that of other plakins reveded the presence of highly smilar regions downstream SR5
in desmoplakin, BPAG1 and MACFL, that are identicad for 32% and 38% to those of
plectin; thus these plakins dso contain the SR6. In contrast envoplakin and periplakin lack
this SR6 region. Our profile-based search dso reveded the presence of a repeat equivaent
to SR1 in non epithdia isoforms of BPAGL (such as BPAGla, BPAGI1b, and BPAGIN,
that share a common N-termind region that indudes the ABD and plakin doma'nga) and
MACFL. Given that the SR1 of plectin is dructurdly most Smilar to canonica repesats of
gpectring, and that in plakins it dways appears in combination with an ABD of the spectrin
type, it is likdy tha the ABD-SR1 par was sSmultaneoudy incorporated into certan
plakins from an ancestra spectrin®. The region of about 100 residues located immediately
downstream of SR1 in BPAGlalb/n and MACF1 ae identicd for respectivdly 29% and
A% to the SR2 of plectin; this is a dgnificat levd of smilarity and thus a SR1-SR2
tandem is predicted both in BPAGlab/n and MACFL. The SR2 of BPAGlab/n and
MACFLl was not detected in our profile-base seerch most probably because SR2 is a
sructuraly divergent repeat, as we have observed in our crysa dructure. The epithdid
isoform BPAGIle lacks the SR1 region, but it does contain the SR2. The man difference
between the BPAGL isoforms and plectin resides in the separation between the SR2 and
SR3, in plectin the linker region is ~20 resdues long, whereas in BPAGL isoforms it is
~120 residues long and its C-terminus adopts a loop-like structure?®.

The plakin domain of BPAGle contains an Ntermina pair of spectrin repeats as shown by
x-ray crydalography, and a second par of repeats and a SH3 domain have been predicted
from sequence andysis?®®. Our sequence andyss precisdy identifies both the N-termind
pair of spectrin repeats of the BPAGle structure, equivalent to plectin's SR3 and SR4, and
the predicted second par of repeasts, SR8 and SRO. In addition we have identified in

BPAGle ancther four spectrin repeats (SR2 and SR5SR7) not detected previoudy. Our



findings extend the previous modd of the molecular organization of the plekin doman of
BPAG1%, reveding a continuous tandem array architecture.

In summary, the plakin doman contains a consarved region built up of seven spectrin
repeats organized in a tandem array with an SH3 domain inserted between helices B and C
of one of the centrd repeats (Figure 6ab). In addition certain plakins contain an Ntermind
extendon condging of an additiond par of tandem repeats (SRESR2) separated from the
SR3 by a regon of vaiade length. The dructure of the plakin doman is highly

reminiscent of the modular architecture of members of the spectrin family.

Modular organization and mechanical properties of the plakin domain.

Based on the dimensons of the dructure of the first par of spectrin repests and the
predicted presence of nine tandem <Spectrin repeats in plectin, the plakin domain is
esdimaed to have an eongated rodlike shepe with an overdl length of aout 45 nm, and a
thickness of about 27 nm. Electron microscopy images of plectin either purifiec?5 or as
pat of cdl cytoskdetons® reved a dumb bel shgpe with a centrd region ~200 nm in
length and 2 to 3 nm thick. The edimaed eongated shape of the plakin doman is
conggent with its locdization within the centrd ropelike dructure, predicted to dso
indude the rod domain.

The SR1-SR2 tandem of plectin and other plakins is located adjacent to an ABD,
suggesting that they may act as a functiona unit. For example, both the ABD and the N
termind region of the plakin doman of plectin containing the SRESR2 tandem harbor
binding dtes for the cytoplasmic doman of integrin b4. Therefore, the orientaion reative
to each other of the ABD and the SR1-SR2 is likdy to be a determinant for their conjunct
function. The SR1 of plectin is separated from the preceding ABD by a short linker,

resdues 290-303, likdy to provide flexibility to the way these domains ae rddivey
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oriented to each other, while limiting the distance a which they are separated from eech
other. This relative arrangement of the ABD and spectrin repeats arrays is common in
members of the spectrin family such as a-atinin, b-spectrin, utrophin and dystrophin®
(Figure 6¢).

The composition of the plakin domain as an aray of tandem spectrin repeats has profound
implications for its function as it dictates flexibility, and extensbility of the doman. The
eladic properties of tandem spectrin repeats are consdered to be essentid for the function
of the proteins that contain such arrays. For example spectrin, whose a and b subunits are
paradigms of arays of tandem repeats, essentidly contributes to the dability and dadticity
of the membrane associated cytoskeeton (eg., in erythrocytes), a role tha reies on the
inherent flexibility of the arrays of spectrin repeats. At the molecular level two modds of
flexibility of tandem arays of spectrin repeats have been proposed’: a bending model and
aconformationd rearrangement model.

In the bending modd the inter-repeat linkers are involved acting as hinges that dlow
resricted variations in the way the postion of the adjacent repests are oriented to each
other with limited structurd changes within each repedat. In order to evduate the possble
flexibility within the firsd par of spectrin repests of plectin, we have predicted protein
motions (Figure 7). The man motion involves sSmultaneous raaion of each Spectrin
repest in oppogte directions dong the long axis of the molecule Two additiond
sgnificant motions were predicted, corresponding to two orthogond “bending” motions of
the molecule a the levd of the linker region. The expected helicd nature of the linkers
between other tandem spectrin repests within the plakin domain suggests that comparable
inter-repeat “torson” and “bending” motions may occur between other spectrin repeats of

plectin and other plakins



The conformationa rearangement mode of flexibility implies changes in the distances a
which spectrin repeats are separated from each other dong the long axis of the molecule or
“diding” of repeats, a movement shown to involve loop-hdix trangtions a& the BC Ioopsz.
In our crystd sructure the firs and second spectrin repests of plectin are in an extended
conformation dong the long axis of the molecule Although no experimentd daa is
avalable to date, it is concevable for example that the first repeat may dide towards the
second; such a movement would not require helix-loop transtions because draightening of
the hdix B near the BC loop and diding dong hdix C would reocate loop BC a the end
of the bundle. Interestingly the BPAG1 dructure (equivadent to plectin's SR3SR4) reveds
a shorter arrangement of the repeats aong the same axis?®, and illustrates variability in the
degree of extension between adjacent spectrin repeets within the plakin domain.

Differences in the number of tandem spectrin repeats and the nature of the linkers of the
plakin doman among plekins ae likdy to determine ther specific mechanica properties
For example the two plakins present in the hemidesmosomes, plectin and BPAGle, have
nine and eght repeats respectively; therefore their plekin domains may contribute to the

mechanicd drength of hemidesmosomes both via specific  interaction  with  other

components and by providing specific dadtic properties

Concluding remarks.

In summary, the crystal dructure of the first tandem par of Spectrin repests of plectin
described in this study reveds both the unique gSructurd detals of each repest and the
organizaion of the tworepeat module. The sructurd differences between the spectrin
repeats of plectin and BPAGL, which correspond to nonrequivdent regions illudrae
vaidbility within the plakin doman. An exhaudive andyss of the plakin domain

sequences reveded a modular architecture characterized by a continuous aray of tandem



spectrin repeats with an inserted SH3 domain. This dructure is very smilar to the modular
organization of members of the spectrin family, and has profound implications for the role
of plekin domains in vivo. Flakins interconnect cytoskeletal networks, anchor them to cdl
adheson complexes and contribute to the integrity of tissues subjected to mechanica
dress. Tandem arrays of spectrin repeets are flexible structures. Thus, our present model
provides a fird intepretaion a the molecular levd of the way the plekin doman
contributes directly to the mechanica gability of cdls not only by linking cytoskdetd

elements but aso by providing flexible and deformable connections.

M aterials and methods

Protein expression and purification

The cDNA sequence coding for resdues 300-530 of human plectin (UniprotkK B accesson
number Q15149-2) was cloned into the pET15b vector (Novagen). The double mutant
C420A, CA35A was crested by Ste-directed mutagenesis using the QuikChange method
(Stratagene, La Jolla CA). Proteins were expressed in Escherichia coli strain BL21(DES3)
and were purified by Ni-chdating affinity chromatography as described®. Proteins were
expresed fussed to an N-termind Histag that was cleaved in dl samples by thrombin
digegtion, and was removed by a second dffinity chromatogrgphy. The sdenomethionine
subdtituted protein was expressed in the non-auxotrophic strain BL21(DE3) as described B

and purified as for the unlabdlled proteins.

Crydtallization and structuredeter mination
Crygsds of the wild type proten were grown a room temperature usng vapor diffuson
methods by mixing a proten solution & 7 mg/ml in 10 mM TrissHCl (pH 7.5), 50 mM

NaCl, 5 mM DTT with an equad volume of mother liquor condging of 0.1 M citrae-
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phosphate (pH 4.6), 10% (viv) 1,2-propanediol, 5% (w/v) polyethylene glycol 3000, 4%
(vv) dlyceral. Crygds of the C420A/C4A35A mutant were obtained as above but usng as
mother liquor of 0.1 M citrate-phosphate (pH 4.6), 24% (viv) 1,2-propanediol, 6% (w/v)
polyethylene glycol 3000, 3% (viv) dlyceral. Crysds of the sdenomethionine subdtituted
C420A/CA35A protein were grown the same way but usng as mother liquor 0.1 M citrate-
phogpphate (pH 4.6), 14% (viv) 1,2-propanediol, 5% (w/v) polyethylene glycol 3000, 3%
(viv) dlyceral. Prior to data collection, dl crysds were trandferred into a cryoprotectant
olution congging of 0.1 M citrate-phosphate (pH 4.6), 25% (viv) 1,2-propanediol, 6%
(wiv) polyethylene glycol 3000, 10% (v/v) glycerol. All data were collected a 100 K in the
beamline BM14 a the ESRF (Grenoble, France). Daa were indexed with XDS and
reduced with XSCALE®.

All crystds beong to space group P22:2 and they contain one molecule in the asymmetric
unit corresponding to a solvent content of 46% (Table 1). Multiple wavelength anomaous
diffraction (MAD) data from sdenomethionine substituted C420A/CA35A crystds were
used to find the postions of seven Se aoms corresponding to Sx Met residues (one of
them in two conformations); phases were cdculated and extended to 25 A resolution with
ShelxC/DIE® * using the HKL2MAP® graphic user interface. After phase improvement
with DM*® a readily interpretable map was obtained that alowed automatic building of 149
resdues usng the helix recognition module in ARPIWARP™. The structure was refined
aganst CA20A/CA35A native data to 2.05 A resolution usng REFMAC5™. Manual moddl
building usng COOT® was dternated with restrained refinement, which at later stages
induded refinement of four TLS groups optimdly identified by the TLS Motion
Determination (TLSMD) server®’. Solvent molecules were built in pesks over 35 s of fys

feac maps when reasonable H-bonding pattern was observed. Electron densty near Glu43l



was interpreted as a molecule of 1,2-propanediol. The wild type dructure was refined

againgt datato 2.3 A resolution in asimilar way as for the mutant protein.

Structure comparison and analysis

Superposition of the structures was initidly done using DALI Lite®. Based on the pre
digned dructures a set of 80 Ga aoms in the fird repeet of plectin was identified by visud
ingpection and was used to superpose other domains onto the SR1 using the LSQKAB®
program of the CCP4 site®. Superpositions onto the SR2 of plectin were done the same
way, but using aset of 66 Ca atoms.

Prediction of proten motions in tandem pars of spectrin repeats was done using the
Dynamite server®. The server generated an ensamble of feasble protein conformations by
usng a non-Newtonian method as implemented in CONCOORD™, which were anayzed

with GROMACS™ to obtain the principa components of prediicted protein motions.

Profile-based sequence analysis and secondary structure prediction

In order to identify spectrin repests in the plakin doman of plectin and other plakins we
goplied two different methods to andyze the repeat repertoire of the protens. Both
methods are based on profile searching, which alows detecting remote homologies beyond
the reach of dterndive sequence comparison methods such as PSI-BLAST. In the first
one, tha rdies exclusvely on sequences, a multiple dignment of 300 spectrin repeats was
extracted from SMART* and PFAM® databases. Sequences were curated for redundancy
and profiles were huilt usng HMMER?. These profiles were used to search customized
databases containing spectrin repeats, orthologs and pardogs of the proten of interest. In
the second method, the FFAS serve®® was used to creste a profile from a sequence of

interest that was subsequently compared to profiles derived from the PDB.



Prediction of secondary structure was done using the PredictProtein server® and rdative

correspondence with the red structures was used to establish the boundaries of the repests.

Protein Data Bank accession numbers

The aomic coordinates and dructure factors of the wild type and mutant Sructures have

been deposited in the RCSB Protein Data Bank under ID codes 20DU and 20DV .
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Table 1. Summary of crystalographic andyss

DataCollection
Protein Plectin (300-530) C420A, C435A Plectin (300-530)
Space group P2:2,2 P212:2
Cdl dimendons a=1546 A a=1542 A
b=265A b=263A
c=581A c=582A
Se-Met MAD
Data set Native Peak Remote Native
Wavedength (A) 09785 0.9785 0.9185 09785
Resolution (A) 205(215205% 27(28-277° 25(2625°% 23(23823°
Unique reflections 15444 12658 15939° 11244
Redundancy 141 (14.2)2 7.8(7.8)2 39(38*? 8.1(84)?
Completeness (%) 97.7(99.6)* 100 (1002 999 (1002 999 (100)®
Rimess © (%0) 5.6 (56.3) 83(47.4? 7.1 (50.8)2 7.0(548)2
<lls1> 31.7(6.0)2 195 (5.1)2 16,6 (34)? 24492
Figure of merit after DM 0.72 (059)*
Refinement datistics
Plectin (300-530) C420A,CA35A Plectin (300-530)
Resolution range (A) 39-205 47-2.3
Unique reflections, work/free 14679/ 764 10704/ 533
R work (%) 210 216
R free 9 (%) 25.6 26.9
Number of residues 217 217
Number of solvent molecules 52 16
Average B value (A?)
Wilson plot 34.6 37.8
Protein 47.2° 476
Solvent 48.1 438
1,2-propanediol 50.2 na
rmsd bond lengths (A) 0017 0015
rmsd angles (©) 1545 154
Ramachandran plot'
Coreregions 203 203
Outliers 0 0

#Numbersin parenthesis correspond to the outer resolution shell.

P K eeping Bijvoet pairs separate.

° Rmess is the mulltiplicity independent R factor as described by Diederichs and Karplus ™.,
d Calculated using 5% of reflections that were not included in the refinement.

®|sotropic equivaent B value.




" As defined in the progran MOLEMANZ2®,

FIGURE LEGENDS

Figure 1. Crystal structure of the first tandem pair of spectrin repeats of plectin. (a)
Ribbon representation of the Structure with the equivalent a-heices in each domain shown
in the same color. (b) Stereo Ca trace in the same orientation as in (a). The sequence is
numbered every 10 resdues and the trace is colored as in (8). Molecular figures were

produced using PyMOL®".

Figure 2. Structural comparison of the spectrin repeats of plectin, BPAG1 and
spectrins. (d) Ca trace superpostion of the firg (SR1, blue) and second (SR2, orange)
Spectrin repests of plectin. The sructures were superposed by digning the Ca atoms of 66
resdues in the three a-hdices (rmsd 2.36 A). The hdices are labded in capitds and the
dructure of the SR1 is marked every 10 resdues. (b) Superpostion of the SR1 of plectin
with the third repeat of a-actinin (Ieft), and the firg (middle) and second (right) repesats of
BPAG1. The structures were superposed using a common set of 80 equivdent Ca atoms.
The position of the kink in hdix B is marked a solid arow in plectin and a-actinin, and by
an empty arrow in the SR1 of BPAGL. (c) Superpostion of the SR2 of plectin with the
repeat 17 of a-gspectrin (left), the firg (middle) and second (right) repesats of BPAGL. The

Structures were superimposed using the same set of equivdent Ca @oms asin (a).

Figure 3. Comparison of the core of the spectrin repeats of plectin, BPAG1 and a-

actinin. Detaled views of the hydrophobic cores of the SR1 (8) and SR2 (b) of plectin, the



SR3 of a-actinin (¢) and the N-termind repest of BPAGL (d). The sde chans of
equivadent resdues that contribute to the interactions between helices are shown. The SR1
of plectin contains bulky hydrophobic resdues in the hydrophobic core, smilar to the SR3
of a-actinin. In contragt, the hydrophobic core of the SR2 of plectin does not contain
aomatic residues. For example the highly consarved Trp in hdix A is replaced by GIn438,
and the near by pogtion in hdix C is occupied by Leus08. The smdler sze of the dde
chains in the core dlows hdix B to pack closdy to hdices A and C. The SR1 of BPAG1
has mixed festures of the two plectin repesis BPAGLl contans the aromatic triad
W288/F325/Y358 but lacks aromatic resdues in the N-termind haf of hdix B. All panes
are shown in the same orientation as in figure 2. The Ca trace is colored as in figure la
Numbering of residues in the BPAGL structure corresponds to the Uniprot entry Q8WXK8

in accordance with figure 5.

Figure 4. Comparison of the relative orientations of adjacent spectrin repeats in
plectin, a-actinin, and BPAG1. (@) Orthogona views of the SR1-SR2 pair of a-actinin
(blue, PDB entry 1HCI) superimposed onto the plectin Sructure (red). The superposition
was done usng only the N-termind repeat of each protein in the cdculations. Both
structures have an extended arrangement adong the long axis of the molecules, but the C-
termina repeat of each pair present a different degree of rotation dong the same axis. In
the gpicd view (right Sde of each pand) only the helices of the C-termind domains of
each par are shown. (b) Comparison of the BPAGL1 dructure (green, PDB entry 2IAK)
with the plectin one. Superposition was done as in (@) and equivdent points of view ae

shown. The laterd view revedls the short longitudind inter-domain trandation in BPAGL.



Figure 5. Identification of additional modulesin the sequence of the plakin domain.

Sequences from the plakin domain of plakins were andyzed. For darity purposes, only the
sequences of humaen plectin (Accesson number Q15149-2), and two other prototypica
members of the plakin family BPAGle (Q8WXKS8) and desmoplakin (P15924) are shown.
(@ Multiple sequence dignment of the spectrin repests that conditute the plakin domain.
Repeets were identified by doing a exhaudive profile search using hidden markov madds
(HMMER?), with a 300 spectrin repeat profile from the SMART* database. The
correponding e-vaue for each repeat is indicated a the right of the sequences. Repesats
within each sequence were numbered using plectin as a reference. Colored boxes locdize
the dructurdly determined a-hdices in plectin's SR1 and SR2; in the remaining repeats
the colored boxes indicates predicted a-hdices. The coloring is by secondary structure
edement as in figure la The heptad pattern observed in the a-heices of the crysd
dructure is indicated above the dignment. (b) ldentification of SR6. Multiple sequence
dignment of the region downstream SR5 not identified during the aforementioned search.
This region includes three predicted a-hdices equivdent to hdices A, B, and C, of
canonica spectrin repeats, that show a heptad pattern as indicated above. The hdices are
indicated by boxes with coloring as above. (C) Sequence dignment of the SH3 doman
insted in the BC loop of SR5 in plakins with the SH3 domains of a-spectrin (PO7751)
and the Bruton's tyrosne kinese (BTK, QO06187). The consensus locdization of the
secondary  structure dements observed in the dtructures of the SH3 domains of a-spectrin
(PDB code 1SHG) and BTK (PDB code 1IAWW) are indicated under the dignment. The
Prorich region (PRR) involved in the Tec family SH3 sdf regulation is underlined in the
BTK sequence. The plakin's PRR upstream the SH3 domain is marked on top, with Pro

residues highlighted in red boxes.



Figure 6. Module organization of the plakin domain. (a) Schematic representation of the
doman organizetion of full-length plectin. The C-termind region contains five type B and
one type C plakin repeat domains. (b) Detal module organizetion of the N-termind region
of plectin and other representative plakins including BPAGlalb/n, BPAGle, desmoplakin
and periplakin. Spectrin repeats (SR) are numbered according to plectin. The repeats of
plectin and BPAGL whose crysta structure is known are shown in dark gray. The ABD is
formed by two cdponin homology (CH) domans. The podtion of the dx a-heicd rich
regions (NN, Z, Y, X,W, and V) described in the plakin doman'® are indicated above the
plectin gructure. () The domain organization of the erythrocyte isoforms of a- and b-
soectrin is shown to illugrae the smilaities with the plakin doman architecture,
noticesbly the array organization of tandem SRs, the locdization of the ABD preceding the

SR1 of b-gpectrin, and the insertion of an SH3 domain within the ninth SR of a-gpectrin.

Figure 7. Prediction of protein motions in the plectin tandem of spectrin repeats.
Schemdic representation of the three main suggested redive domain motions, with
gigenvector indices of 14.7 (1), 121 (II), and 10.0 (Ill); the next higher mation had an
index of 25 and was condgder not sgnificant. The arrows indicate the suggested rotations,

and the gpproximate rotation axes are shown as dotted lines (I and 11) and a spot (111).
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