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Abstract

The cellular function of the giant protein titin in striated muscle is a major focus of scientific attention. Particularly,
its role in passive mechanics has been extensively investigated. In strong contrast, the structural details of this
filament are very poorly understood. To date, only a handful of atomic models from single domain components
have become available and data on poly-constructs are limited to scarce SAXS analyses. In this study, we examine
the molecular parameters of poly-Ig tandems from I-band titin relevant to muscle elasticity. We revisit conservation
patterns in domain and linker sequences of I-band modules and interpret these in the light of available atomic
structures of Ig domains from muscle proteins. The emphasis is placed on features expected to affect inter-domain
arrangements. We examine the overall conformation of a 6Ig fragment, 165-170, from the skeletal I-band of soleus
titin using SAXS and electron microscopy approaches. The possible effect of highly conserved glutamate groups at
the linkers as well as the ionic strength of the medium on the overall molecular parameters of this sample is
investigated. Our findings indicate that poly-Ig tandems from I-band titin tend to adopt extended arrangements
with low or moderate intrinsic flexibility, independently of the specific features of linkers or component Ig domains
across constitutively- and differentially-expressed tandems. Linkers do not appear to operate as free hinges so that
lateral association of Ig domains must occur infrequently in samples in solution, even that inter-domain sequences
of 4-5 residues length would well accommodate such geometry. It can be expected that this principle is generally
applicable to all Ig-tandems from I-band titin.

Introduction of the different isoforms was established (Bang et al.,

2001). This revealed that most of the 38138 amino

The muscle sarcomere is the most complex biomachin-
ery known to date. Its ultrastructure, mechanics, sig-
naling and even development appear orchestrated to a
significant extent by a colossal filament, titin/connectin
(Maruyama et al., 1977), housed within its lattice of
molecular motors. During the past decade, our under-
standing of the cellular function of titin has advanced
significantly, with a multitude of studies having ad-
dressed its role in passive mechanics, stretch-stress bio-
mechanical pathways, myofibrillogenesis, its molecular
ruler properties and its involvement in human disease
(for recent reviews see Tskhovrebova and Trinick,
2003; Granzier and Labeit, 2004; Miller et al., 2004).
In strong contrast, only minimal progress has been
made in elucidating the molecular and structural de-
tails of this giant protein. The building blocks of titin
were initially identified in 1995 (Labeit and Kolmerer,
1995), when sequence data first became available, and
were completed in 2001 once the domain composition
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acids encoded by the human titin gene fold into immu-
noglobulin (Ig) and fibronectin-3 (Fn3) domains,
which add up to ~300 modules in the larger isoforms.
They form mostly linear tandems distributed along the
1 um length of the filament. Other important compo-
nents of titin include the so-called PEVK region in the
I-band (rich in proline, glutamate, valine and lysine
residues), unique sequences — yet to be characterized —
and one single catalytic domain, a kinase, located at
the M-line.

Despite its numerous modular components, only a
mere handful of atomic structures from domains of
titin have been reported to date (Table 1). These 3D-
models fall short of accounting for all the representa-
tive constituents of the filament. Structural informa-
tion has also become available for motifs within the
PEVK region (Ma et al., 2001; Ma et al., 2003), but
the complex conformational dynamics of these unusual
sequences is yet to be understood. Structural models
from elements of invertebrate elastic filaments are even
more meager. While two studies have addressed mod-
ules from twitchin (Table 1), no data are currently
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Table 1. Atomic structures of titin and twitchin components

Domain Type Location Source PDB code Method Reference

Titin

M5 Ig M-line Human INCT/INCU/ITNM/ITNN NMR (Pfuhl et al., 1995)

191 (127) Ig Constitutive, Human ITIT/1TIU NMR (Improta et al., 1996)
distal I-band

A7l Fn3 A-band (11 domain Human 1BPV NMR (Muhle-Goll et al., 1998)
super-repeat)

TK Kinase M-line Human 1TKI X-ray Cryst. (Mayans et al., 1998)

11 Ig Constitutive, Human 1G1C X-ray Cryst. (Mayans et al., 2001)
proximal I-band

Z7:o-actinin Z-repeat Z-disc Human 1H8B NMR (Atkinson et al., 2001)

Ml Ig M-line Human 2BKS8 X-ray Cryst. (Miiller et al., unpublished)

Z172 Ig-Ig Z-disc Human 2A38 X-ray Cryst. (Marino et al., unpublished)

Z17Z2:Telethonin Z-disc Human 1YAS X-ray Cryst. (Zou et al., unpublished)

Twitchin

118 Ig A-band C. elegans 1WIT/IWIU NMR (Fong et al., 1996)

126 Kinase + Ig A-band C. elegans 1KOA X-ray Cryst. (Kobe et al., 1996)

available on kettins, stretchins or projectins (for a re-
view on these filaments see Bullard er al., 2002). The
shortage of structural information on titin affects, in
particular, the understanding of its key role in muscle
passive mechanics, which is mediated by its elastic I-
band. The latter is primarily composed of serially-
linked Ig domains and PEVK sequences. Data from
immunoelectron microscopy supports a sequential
extension model in which Ig-tandems extend at low
forces due to a high bending rigidity while the PEVK
segment straightens at higher force acting as a perma-
nently unfolded chain (Labeit and Kolmerer, 1995;
Gautel and Goulding, 1996; Linke et al., 1996; Tromb-
itas et al., 1998). Titin isoforms vary greatly in their I-
band composition, reflecting the specific mechanical
properties of filament variants (Bang et al., 2001). Dis-
tinct Ig-tandems can be identified in this region
according to expression patterns, where two constitu-
tive segments flank the beginning and end of the
I-band, and a long central tandem together with the
so-termed N2B and N2A regions are differentially
expressed elements. The mechanical properties of these
domain arrays in response to pulling-forces have been
extensively studied (Kellermayer ef al., 1997; Rief
et al., 1997; Tskhovrebova et al., 1997; Li et al., 2002;
Watanabe et al., 2002). Interpretation of stretch-
unfolding data in terms of molecular events has used
molecular dynamics simulations on available atomic
models (Li et al., 2000; Li et al., 2002; Li and Fernan-
dez, 2003). Unfortunately, the fact that structures are
currently available for only two Igs from the titin
I-band, Il (Mayans et al., 2001) and 191 (formerly 127)
(Improta et al., 1996), has limited, and probably
biased, this field of study — highlighting the need for
more structural efforts on this filament.

Furthermore, understanding the dynamics of I-band
tandems during muscle mechanics intrinsically requires
knowledge of the supra-arrangement of domains along
the filament. At this effect, data from NMR and

small-angle X-ray scattering (SAXS) have been com-
bined with homology modeling to examine the overall
conformation of a double construct comprising 191—
192 (formerly 127-128) from the distal I-band (Improta
et al., 1998). In the same study, the SAXS analysis was
extended to a 4lg construct spanning 191-194 (I127-
130). Results showed that these fragments preferen-
tially adopt extended conformations in solution, char-
acterized by small domain interfaces. Motions proved
to be restricted around the linker sequences assayed,
suggesting limited molecular flexibility. A complemen-
tary report on I10-111, I91-192 and 192-193 used
thermodynamic, cross-linking and complexation
approaches to analyze interactions between consecu-
tive Ig within a tandem (Politou et al., 1996). The
study concluded that only weak interactions occur be-
tween modules, which was later confirmed by work on
a set of related constructs derived from the 191-196 re-
gion (Scott er al., 2002). Taken together, available
data suggest that a “‘beads-on-a-string’” model of orga-
nization with limited local conformational freedom is
applicable to Ig-tandems within the constitutive I-
band.

In the current study, we revisit conservation patterns
in domain and linker sequences of I-band modules of
titin and interpret these in the light of available atomic
structures for Ig domains from muscle proteins. The
emphasis is placed on those features expected to affect
the structural arrangement of domains in the filament.
Given that studies reported to date have focused on
the analysis of fragments from the constitutive I-band
sections, we examine here a 6lIg construct from the
differentially expressed I-band of soleus titin using
SAXS and electron microscopy approaches. The possi-
ble role of a highly conserved linker group in defining
the overall molecular shape of this poly-Ig is investi-
gated by characterization of a triple mutated variant.
Results are discussed in the context of I-band architec-
ture.



Materials and methods
Cloning, protein expression and purification

Domains 165-170 of soleus titin from rabbit (residues
7946-8511, human sequence at TrEMBL Q8WZ42)
were cloned into pETM-11, a modified version of
pET-9d including an N-terminal His¢-tag and a TEV
(tobacco etch virus) protease cleavage site prior to the
inserted gene. A triple mutated variant, 165-1703/4,
with residue exchanges E8133A, E8230A and E8324A,
was produced by site directed mutagenesis using Quik-
Change (Stratagene).

For overexpression of both wild-type 165-170 and
165-170°¥/A, E. coli Rosetta (DE3) was grown in LB
medium supplemented with 34 pg/ml chloramphenicol
and 25 pg/ml kanamycin up to an ODggo of 0.6 and at
30°C. Induction used 1 mM IPTG and growth was
continued at 20°C overnight. Cells were harvested by
centrifugation. Bacterial pellet was resuspended in
50 mM Tris—HCI pH 7.5, 50 mM NacCl and sonicated
in the presence of 1 mg/ml lysozyme and 2 pg/ml
DNase. The homogenate was clarified by centrifuga-
tion at 20000 g for 1 h and 4°C. Affinity purification
used a HiTrap column (Amersham Biosciences) equili-
brated in lysis buffer. Tag removal was by incubation
with TEV protease (0.4 mg/ml) overnight at 4°C dur-
ing dialysis against 50 mM Tris—HCI pH 7.5, 150 mM
NaCl, 1 mM DTT. Subtractive purification for prote-
ase (Hisq-tagged at C-terminus) and non-digested pro-
tein was carried out on a subsequent chelating step.
The eluted protein fractions were further purified to
homogeneity by ion exchange chromatography using a
Resource Q column and gel filtration on a Superdex
200 HiLoad 16/60 column (both from Amersham Bio-
sciences) in 50 mM Tris—-HCI pH 7.5. Protein samples
were then concentrated as required and stored at 4°C.

Throughout this work, Hisg-tags were removed from
all samples, at exception of wild-type 165-170 used in
SAXS.

Small angle X-ray scattering

Synchrotron radiation X-ray scattering data from
solutions of wild-type 165-170 and its mutated variant
165-170°F/A were collected on the X33 camera at
EMBL (storage ring DORIS-III, DESY) using a linear
proportional gas detector. The scattering patterns were
recorded at a sample-detector distance of 3.6 m cover-
ing the range of momentum transfer 0.1 <s<2.4 nm™'
(s=4mn sin(6)/A, where 260 is the scattering angle and
A=0.15 nm is the X-ray wavelength). Protein solutions
were measured in 50 mM Tris—HCI pH 7.5 at a tem-
perature of 15.0+0.2°C. In addition, wild type 165-170
was also measured at high ionic strength in buffer as
above supplemented with 1 M NaCl. All samples were
recorded at least at two protein concentrations in the
range from 4.0 to 25 mg/ml. To detect possible radia-
tion damage, scattering data were collected in 10 suc-
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cessive l-minute frames. Individual frames were
averaged after normalization to the intensity of the
incident beam, corrected for the detector response and
the scattering of the buffer subtracted. Difference
curves were scaled for the solute concentration and
extrapolated to infinite dilution following standard
procedures (Feigin and Svergun, 1987). All data
manipulations were performed using the program
package PRIMUS (Konarev et al., 2003). The maxi-
mum particle dimension, Dy, was estimated using
the orthogonal expansion program ORTOGNOM
(Svergun, 1993). The forward scattering /(0) and the
radii of gyration R, were evaluated using the Guinier
approximation, which assumes that at very small an-
gles (s<1.3/R,) the intensity is represented as
1(s)=1(0) exp(—(ng)2/3). These parameters were also
computed from the entire scattering patterns using the
indirect transform package GNOM (Svergun, 1992),
which provides as well the distance distribution func-
tion p(r) of the particle. The molecular mass (MM) of
the solute was evaluated by comparison of the forward
scattering with that from reference solutions of bovine
serum albumin (MM =66 kDa).

Electron microscopy

For glycerol spraying/low-angle rotary shadowing,
20 ul of protein sample at 0.1 mg/ml in 50 mM Tris
pH7.5, 30% [v/v] glycerol was sprayed onto freshly
cleaved mica at room temperature and rotary metal-
shadowed in a BAF 511 M freeze-etch apparatus
(Balzers) with platinum/carbon at an elevation angle of
3-5°. Images of the metal replica were recorded on an
EM912 Omega EFTEM (LEO Electron microscopy,
Oberkochen, Germany) at an acceleration voltage of
120 kV, equipped with a slow-scan CCD camera with a
2-MHz read-out, 16-bit information depth, 1024 x1024-
pixel CCD chip, pixel size 19 um, and a P43 phosphorus
scintillator (Proscan, Scheuring, Germany). End-to-end
molecular distances were measured using the ImageJ
software (a version of NIH-image).

Results
Conserved features in Ig domains from the I-band

Sequence alignments of Ig domains from the I-band of
titin have been previously reported (Improta et al.,
1996; Witt et al., 1998). They expose the high levels of
conservation in these modules and reveal a key set of
features which define domain and linker subclasses in
these tandems. Based on those data and for the cur-
rent study, relevant indicators will be taken as (i) the
presence of a PPxf motif at the domain N-terminus in
strand A (where P is proline, x any residue and f a
hydrophobic group — usually a phenylalanine); (ii) the
presence of a lengthened FG B-hairpin housing a con-
served NxxG motif at its turn (where N is asparagine,
x any residue and G glycine); (iii) the conservation of
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a negatively charged group, often a glutamate, in lin-
ker sequences; (iv) length of the linkers. A graphical
representation of the occurrence of these features in
modules of the I-band is shown in Figure 1. Accord-
ingly, two main classes of Ig domains and intercon-
necting linkers can be detected, which partly correlate
with the constitutive or differentially expressed charac-
ter of the tandems.

A first group, hereby termed ‘“N-conserved type”,
includes all domains from the differentially expressed
I-band as well as flanking domains within constitutive
regions (I1, 114-115, 184-185, 1105) and 125 from the
N2B clement. In this class, the presence of a long FG
B-hairpin correlates strongly with the prevalence of a
PP motif at the N-terminus within strand A, so that
63% of I-band domains with an extended hairpin also
contain a full PP motif and 90% contain at least one
N-terminal proline. In addition, these two features
moderately correlate with conservation in length and
sequence at the BC turn. While an extended FG B-hair-
pin favors a longer version of the latter, conservation
of the PP motif in strand A appears to promote pro-
line-rich sequences in that turn, usually as PPh or PxP
signatures (where h is any hydrophobic residue).
Furthermore, the three features occur simultaneously

Constitutive

Skeletal

in this Ig group with detectable frequency, accounting
for about one third of the domains. The molecular ba-
sis of this correlation can be deduced from the avail-
able atomic structures, since most of the models of Ig
domains from muscle proteins fall in this category,
namely telokin (Holden ez al., 1992), I1 (Mayans et al.,
2001) and M5 (Pfuhl et al., 1995) from titin, 118 (Fong
et al., 1996) and 126 (Kobe et al., 1996) from twitchin.
Models of I1, 118 and telokin show one proline rest in
strand A, the NxxG motif in the FG turn and a PxP
sequence in the BC connection, while slightly degener-
ated patterns are exhibited by 126, which contains a
PPh BC motif, and M5 which lacks proline groups in
strand A. These models reveal that the mentioned attri-
butes cluster tightly at the N-terminal loop region of
the Ig architecture (Figure 2). Consistently, the proline
residue from strand A (corresponding to the second
position in the PP motif) stacks against the second pro-
line of the PxP sequence in the BC B-turn. All prolines
are in trans conformation, with exception of the first
proline group of the PxP motif, which adopts a cis dis-
position structurally relevant for the BC turn. Simi-
larly, the asparagine residue in the NxxG sequence of
the FG B-turn is central to the architecture of the clus-
ter. Although the interactions mediated by this residue
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Fig. 1. Conservation of sequence motifs in Ig tandems from I-band titin: Ig domains and linker segments are represented as filled boxes (as
indicated). For simplicity, the PEVK region has been excluded. The presence of an extended FG B-hairpin is given as stars, where red shows
conservation of the NxxG motif and black represents any other sequence. The conserved E/D group is displayed on top of the corresponding
linker boxes, where blue refers to the C-terminus of strand G and red indicates one additional position (i+ 1). Linkers are classified as short if
containing less than three residues and long otherwise. Following classical conventions, “‘linker” sequences are defined as those inter-domain
residues which could not be reliably predicted to form part of B-strands. In the differentially-expressed tandem a two-residue linker corresponds
to a zero inter-domain separation (see main text). The conservation of a PP motif in strand A is displayed, as well as proline-rich sequences at
the BC loop. Modules for which an atomic structure has been elucidated are marked by a thick bar. Segments for which domain arrangement
has been analyzed by SAXS are boxed. Super-repeats of 610 Ig domains within the central tandem are marked with a capped-bar (e-e).



do not appear entirely conserved, it consistently holds
together groups from the FG and BC turns and, in cer-
tain cases, from strand A. Remarkably, according to
sequence alignment data (Fong et al., 1996), the fea-
tures described here can also be expected to character-
ize Ig domains from twitchin.

The second group of I-band domains, hereby termed
“N-variable”, exhibits a broader heterogeneity in its
features. However, it can be defined by shortened BC

1,Tlk, 118, 126, M5

(b)
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and FG elements as well as by a minimal number of
prolines involved in interactions at the N-terminal
loop cluster (Figure 2). This group is loosely repre-
sented by the atomic structure of 191 (I27; Improta
et al., 1996) and comprises the large majority of con-
stitutive domains.

Inter-domain linker sequences also exhibit certain
recurrent features. In particular, the presence of a
conserved, negatively charged group (commonly a

"

191 (127)

Strand assignment

191

P28
N77

V30

QAAN
L

PDV

Fig. 2. Atomic structures of Ig domains from muscle proteins: (a) Ribbon representation of Ig models grouped according to the architecture
of their N-terminal loop cluster (secondary structure definition as in Mayans et al., 2001). Structures correspond to 1G1C (I1; Mayans et al.,
2001), INCT (MS5; Pfuhl et al., 1996), 1TIT (191; Improta et al., 1996), IWIT (118; Fong et al., 1996), IKOA (126; Kobe et al., 1996) and
1FHG (Telokin; Holden et al., 1992). The BC and FG loops are boxed in black and orange, respectively. A ribbon model of 11 is included
displaying strand assignment. (b) Stabilizing interactions at the N-terminal loop region. The FG B-turn is colored in yellow, the BC loop in
khaki and strand A in red. Residue sequences for these elements are given, where underlined groups correspond to those labeled (numbering

as in the respective PDB entries).
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glutamate, E) which is present in 82% of all I-band
domains. Interestingly, in domains from the first con-
stitutive tandem (I1-115), this group represents the
C-terminal end of strand G (i), while in all other
sequences it is shifted to a i+ 1 position. For “N-con-
served” domains of the differential tandem linked by
short sequences, it can be predicted that such shift re-
sults in the E residue becoming the first amino acid of
strand A in the next Ig domain within the array. This
leads to a periodic EPPxf N-terminal motif in these
domains. The high conservation of the E groups sug-
gests their involvement in intra- or inter-domain stabi-
lizing interactions. However, this is not supported by
structural data available to date. The structure of telo-
kin includes a C-terminal glutamate, located as in the
first Ig tandem, while in the structure of Il this is in
N-terminal position, placed as in the EPPxf motif. In
none of the models, are these E groups found to estab-
lish intra-domain interactions. In Il1, the conserved
group, E4, hydrogen bonds to residues from the FG
and BC turns via its main chain, proving that it is
integral part of the N-terminal Ig architecture. A lack
of interactions for an E linker residue has also been
observed in the structure of an Ig-doublet, Z1Z2, re-
cently elucidated in our laboratory (Marino ef al.,
unpublished). Thus, current data indicate that these E
groups are unlikely to determine stability of individual
domains. However, given the limited amount of struc-
tural models currently available, this possibility cannot
be entirely excluded. More importantly, it is yet to be
resolved whether such conserved residues located at
the domain boundaries could be involved in inter-do-
main contacts.

Strikingly, modules within the central, spliced tan-
dem show a prominent regular layout of linker features,
where groups of domains are connected by short
sequences (commonly 2 residues) comprising the con-
served glutamate residues and are interspersed by long-
er linkers housing aspartate rests (Figure 1). The
reiteration of the pattern correlates with the previously
reported existence of 6-10 Ig super-repeats in this tan-
dem (Gautel, 1996; Kenny et al., 1999). Modules with
short connecting sequences result in a highly conserved
vxEPPxf linker motif (where v and f indicate prevalence
of valine and phenylalanine residues). Analysis of sec-
ondary structure elements in the high-resolution models
of I1 and telokin, indicate that all residues within this
motif are integral part of their respective Ig domains.
So that it corresponds to a zero linker length between
two consecutive domains in stretched conformation. It
is, therefore, likely that Ig domains within the differen-
tial I-band section might exhibit very little freedom of
motions within the tandem. Taken together, the linker
repeats and the conserved loop clusters in Ig domains
(expected to constitute domain-domain interfaces;
Improta et al., 1998) allow speculating, tentatively, on
a sustained regularity of inter-domain arrangement
within the skeletal tandem. Unfortunately, the scarcity
of structural data for “N-variable” domains of titin

and the larger sequence variations in this group,
hampers reliable estimations to be made for constitu-
tive I-band regions. A possible local high-order in the
fine structure of the filament, if existed, would have
deep consequences for its mechanical dynamics.

SAXS characterization of a poly-1g fragment

from the skeletal I-band

In order to investigate the influence of specific
domain subclasses and linker attributes on overall do-
main arrangements in I-band poly-Ig fragments, we
have characterized a 6Ig construct from the skeletal
tandem of soleus titin, comprising domains 165-170,
using SAXS. The mechanical properties of this frag-
ment have been previously characterized via AFM
(Watanabe et al., 2002). While the features of its
component Ig modules are constant (Figure 1), the
segment includes a melange of linker sequences of
different length and composition (Table 2), extending
over 2—6 residues and varying in the presence of con-
served glutamate residues. The X-ray scattering pat-
tern and computed distance distribution function, p(r)
(which represents the probability distribution of the
interatomic vectors inside the molecule) are shown in
Figure 3. The parameters computed from the scatter-
ing data are given in Table 2. The estimated molecu-
lar mass (MM) of the solute (62 kDa) was in
agreement with that expected for a monomeric state
of the 165-170 sample (63.8 kDa). The R, value of
6.3 nm indicates an asymmetric and elongated molec-
ular shape. The observed Dy.x (maximum linear
dimension), calculated as 23.0 nm, suggests a fairly
extended arrangement of all Ig domains in the con-
struct when considering the average length of one Ig
as 4.4 nm. Interestingly, this implies that neither lin-
ker length nor composition impose particular re-
straints in inter-domain arrangement that would
make specific domain pairs deviate strongly from an
average hinge opening.

Results from the current study are well in agree-
ment with previous data on constructs from the distal
I-band as well as the Z-disc. SAXS measurements on
191-192 (127-128), 191-194 (127-130) (Improta et al.,
1998) and Z1Z2 (Zou et al., 2003) yielded D,,., val-
ues for these samples consistent with a domain dispo-
sition predominantly extended along the axial length
of the molecule (Table 2). This, in spite of structural
differences in Ig domains and linker length and com-
position in these constructs. The structural relation
between adjacent domains in poly-Ig constructs from
titin can be further confirmed from SAXS data by
considering the local maxima in the respective p(r)
functions. The p(r) distributions obtained in the cur-
rent study as well as those previously reported (Imp-
rota et al., 1998; Zou et al., 2003) exhibit a primary
local maximum at approximately 2.0 nm, which de-
rives from all inter-atomic distances within a single
Ig module, as well as a secondary maximum at



Table 2. X-ray scattering parameters
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Sample Linker Sequence®

R, (nm)

Diax (nm) Linear Length (nm) MM (kDa)

165-166: VIKARKLPPSF
166-167: ILSEHEVPPFF
167-168: VQ. . . .EPPRF
168-169: VK. . . .EPPIF
169-170: LK. . . .APPRF

wt 165-170

165-166: VIKARKLPPSF
166-167: ILSAHEVPPFF
167-168: vQ. . . . APPRF
168-169: VK. . . .APPIF
169-170: LK. . . . APPRF

165-170°%/4

wt 165-170 (1M NaCl)
191-192°
191-194°

127-128: VKEL. .

127-128: VKEL. .
128-129: IEGI. .
129-130: VLEG. .

.PLIF

.PLT F
.RLKF
.DPYF

Z7172° 8.8 Z71-72: VKAE.TAPPNF

6.3+0.2

6.4+0.2

7.8+0.4
2.8+0.03
4.5+0.22

3.20+0.04

23+1 26.4 58+6

23+1] i.d. id.

2742 i.d.
9+0.3
15+0.5

68+7

17.6 -

11.5+£0.5 23+2

“Residues in bold correspond to conserved groups demarking the end and beginning of consecutive Ig domains (linker definition as in Figure 1).
Underlined glutamate residues are those conserved in position with respect to the differentially expressed I-band. Enhanced characters in sample
165-170F/A indicate residue exchanges; ®(Improta et al., 1998); <(Zou et al., 2003).

~4.4-4.8 nm, which represents the separation between
the centres of mass of two consecutive Ig domains.
This distance between adjacent modules is close to
the average length of an Ig domain, indicating ex-
tended domain arrangements common to the different
constructs.

Since data on 165-170 indicated that linker residue
composition had little effect on the overall molecular
conformation of this sample, we tested this further by
assaying a mutated variant, 165-170°%/2, where three
glutamate residues at the linker regions had been ex-
changed for alanine groups (Table 2). Scattering data
(Figure 3, Table 2) coincided within experimental error
with those of the wild-type, revealing no detectable
alteration of the overall molecular conformation in
solution. Although it cannot be excluded that changes
might occur at atomic level beyond the resolution limit
of the SAXS technique, it can be reliably deduced that
the bending stiffness of the hinges is not significantly
altered. Furthermore, since it has been questioned how
media conditions might affect the latter (Tskhovrebova
and Trinick, 2001), we measured the overall molecular
parameters of wild-type 165-170 in buffer solution
supplemented with 1 M NaCl (Figure 3, Table 2). In
this case, the overall particle parameters were clearly
larger than those of the wild-type and p(r) functions
displayed a significantly broader distribution. This
may be attributed to partial, but detectable, aggrega-
tion of the protein, which revealed itself at very low
scattering angles. Apart from this, the scattering in
high salt did not show a significant difference from
that of the wild-type indicating that 165-170 retains its
elongated shape in high ionic strength media. The
absence of molecular collapse suggests that inter-
domain flexibility is not greatly increased by this fac-
tor either.

Electron microscopy

Given that the solution scattering technique reports
space- and time-averaged molecular parameters for a

p(r), relative

Ig |, relative

0 -

Fig. 3. SAXS characterization: X-ray scattering patterns of wild type
165-170 (1), variant 165-170°%/A (2) recorded in 50 mM Tris—-HCI pH
7.5 and wild-type protein in buffer supplemented with 1 M NacCl (3).
The curves are displaced along the logarithmic axis for better visuali-
zation. The inset displays distance distribution functions computed
from the experimental data using the program GNOM.
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sample population in solution, we examined the distri-
bution of conformations adopted by 165-170 and its
mutated variant using rotary shadowing electron
microscopy. A typical sample field and end-to-end dis-
tance distributions are shown in Figure 4. Microscopy
images show 165-170 molecules as elongated rods of
kinked, bowed or straight visual appearance. The end-
to-end distance, R, measured for n=320 molecules
yielded a mean value (R) of 24.6+3.3 nm (value cor-
rected for the contribution of the metal coating esti-
mated as 2 nm), which is well in agreement with D,
values derived from SAXS data. An insight into the
conformational freedom allowed by inter-domain hin-
ges in this construct can be derived from the experimen-
tal mean square (Rz)exp, which equals 619+ 160 nm?.
To analyze further these data, we estimated the contour
length of the 6Ig fragment under study to approximate
29-30 nm. This was calculated by considering: (i) the
average length of an Ig domain as 4.4 nm; (ii) that two-
residue linkers add zero inter-domain distance (as dis-
cussed previously); and (iii) that two linkers in this con-
struct have 4 additional residues which, if in extended
antiparallel B-strand conformation, will add ~0.35 A
per residue. Of models available to describe the confor-
mation of biopolymers, the worm-like chain (WLC)
model is the most commonly applied to titin filaments
analyzed in vitro. The (R*)wic for 165-170 estimated
using a contour length of 30 nm and applying the WLC
model for a polymer confined in two dimensions
(Rivetti et al., 1996), yields values of 578 and 662 nm>

<R>y =24.6+33 nm
<R>3p,=22.7 = 3.4 nm

165-170 (n=320)
165-170"* (n = 310)

Fig. 4. EM characterization: (a) Typical Sample field of wild-type
165-170; (b) Histogram of molecular classes for 165-170 (dark grey)
and mutated 165-170°%/* (light grey) (the histogram contains uncor-
rected values).

when assuming persistence lengths of 10 and 15 nm
(Higuchi et al., 1993; Di Cola et al., 2005), respectively.
Our experimental <R2>exp value falls within these esti-
mations, indicating that the apparent persistence length
of this 6Ig construct is within the range calculated for
full titin.

It should be noted that the WLC model is suitable
for a smoothly bent polymer, in the form of a continu-
ous, homogeneous chain with no weak points or irreg-
ularities. It is generally used for polymers where the
contour length is much larger than the bond length, so
that the latter is considered to be zero and the number
of bonds infinite. However, the current 6Ig construct
has a limited number of bonds and the bond length is
large compared to the contour length. Such a discreet
system, with a finite bead-on-a-string architecture and
putatively weak bonds between subsequent joints, can
be better described by using the freely-jointed chain
(FJC) model. This is the simplest model to describe a
discreet polymer (Flory, 1969) so that (R*)gjc=n*P,
where n is the number of bonds and / is the bond
length. Since the 6lg fragment has an estimated con-
tour length of 29-30 nm, the average bond length is
5 nm. Thus, six freely-jointed modules would yield
an (R®)gjc of 150 nm? while a straight rod of
29-30 nm length would result in <R2>straight of
841-900 nm”>. A comparison of the experimentally
measured (R)., and these calculated values suggests
that 165-170 is a relatively stiff formation. The analysis
of the mutated variant 160-175°52 yielded equivalent
results ((R)=22.7+3.4 nm; value corrected as above),
confirming that glutamate residues at the linker
sequences do not determine hinge opening values or
flexibility parameters. In this context, a more detailed
analysis of (R®)., for 165-170 can be performed
assuming that domains are not free to rotate unhin-
dered within the protein chain and that, in fact, they
are limited to a cone of motion with angle 0. Then,
<R2>:C6<R2>FJC, where Cg is a function of a=cos 0
(PJ. Flory, 1969): C¢=((1+a)/(1—a))— (x/3)
x((1—09)/(1 —a)?). The experimentally determined
end-to-end distance distribution leads to Cg=4.13
and 0=37°, which corresponds to an averaged open-
ing angle of 143° between any two consecutive Igs.
This is in agreement with estimations for the pair
191-192 (127-128) based on NMR and SAXS data,
which yielded a hinge opening of ~155° (Improta
et al., 1998). The calculated value gives an insight
into the filament architecture and, it being a struc-
tural parameter, can be validated experimentally
using future atomic structures of multi-Ig fragments.

Discussion

Although the mechanical properties of poly-Ig tan-
dems from I-band titin have been extensively investi-
gated, their structure and dynamics remain poorly
characterized. To date, only two atomic models from



I-band domains are available: I1 (Mayans et al., 2001)
and 191 (I127) (Improta et al., 1996) (Table 1).
Similarly, the study of the arrangement of domains in
I-band tandems has been limited to the constitutive
segment 191-194 (127-130) using SAXS and NMR in
combination (Improta et al., 1998) (Table 2). Whether
data on these domains are representative of general
I-band features is yet to be determined. Ig components
from titin I-band belong to different subclasses (Imp-
rota et al., 1996; Witt et al., 1998), characterized by
variations in size and composition of a N-terminal
loop cluster where strand A and B-turns FG and BC
pack together (Figure 1). These features partly corre-
late with the constitutive or differentially expressed
character of the tandems. Conservation at this cluster
can be understood by analysis of atomic structures
available for Ig domains of muscle proteins. Interest-
ingly, distributed along the entire I-band and irrespec-
tive of module type, a preference for glutamate groups
at the domain interfaces is observed. Structural data
currently available do not support an involvement of
such groups in intra-domain stabilization, although
more atomic models will be required before this possi-
bility can be discarded. The current study assayed
their possible influence in inter-domain conformation
and dynamics by examination of a triply mutated vari-
ant lacking the conserved groups. No differences
between wild-type and mutant were detected, although
the coarseness of the techniques here employed do not
allow excluding possible fine changes in filament struc-
ture or dynamics. It can, nevertheless, be concluded
that these residues are not a key determinant of either
molecular stability or inter-domain conformation.
Thus, the basis for the conservation of these surface-
exposed groups remains unknown.

Given that linker length and N-terminal loop struc-
ture are believed to determine domain interfaces and
flexibility within Ig-tandems (Improta et al., 1998), we
explored the overall molecular conformation of a 6Ig
fragment from the skeletal tandem of soleus titin. No
data have been previously reported on the skeletal
fraction of the I-band. The fragment, 165-170, has con-
served Ig-domain characteristics but linker sequences
which diverge in length and composition (Table 2).
Our data, derived from SAXS and rotary-shadowing
EM approaches and supported by a structure-based
sequence analysis of components, indicate that this
segment adopts an extended conformation in solution
and exhibits certain stiffness. Remarkably, our findings
agree closely with studies previously reported on the
constitutive I-band fragment 191-194 (Improta et al.,
1998) and a doublet from the Z-disc, Z1-Z2 (Zou
et al., 2003), regardless of contrasted differences in do-
main and linker composition (Table 2). A detectable
alteration of molecular parameters was not achieved
either by mutation of conserved glutamate linker
groups or by increase of the ionic strength of the med-
ium, even if the several linkers in this construct would
permit varied Ig arrangements to occur. The molecular
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basis of the conformational stability of this construct
are unknown, although this is unlikely to result from
the conservation of the N-terminal EPPxf motif in
strand A since these residues are embedded within the
Ig fold and are not architectural part of the hinges.
Thus, it can be concluded that poly-Ig tandems from
I-band titin tend to adopt extended arrangements with
low or moderate intrinsic flexibility, independently of
the specific features of linker or component Ig
domains across constitutively- and differentially-
expressed tandems. Linkers do not appear to operate
as free hinges leading to frequent lateral association of
Ig domains, although connections of about 4 residues
length would well accommodate such geometry.

Although the current study does not reveal details
of the fine structure of the filament or inter-domain
dynamics, based on measured mean square (R?) val-
ues, we speculate that average hinge openings between
any two consecutive Ig will approximate 140°-150°. In
any case, it should be borne in mind that poly-Ig seg-
ments in solution are bound to exhibit certain confor-
mational heterogeneity where extended module-pairs
might be subject to varying degrees of bending, twist-
ing and tilting, according to the relative stiffness of the
individual hinges. Relative motions such as the sharp
kinks seen in EM images might be enhanced or in-
duced by the surface adsorption procedure used in this
technique and might only occur rarely in dilute solu-
tions of the sample, as indicated by SAXS. Our results
and structure-based deductions are consistent with re-
cent microscopy data obtained from isolated titin fila-
ments (for some recent reports see Tskhovrebova and
Trinick, 2001; Kellermayer et al., 2003), which hint at
possible local substructure in the filament and a cer-
tain torsional stiffness. Taken together, sequence con-
servation patterns and biophysical data suggest that
poly-Ig fragments from I-band titin might build well-
defined formations. Knowledge on the dynamic con-
formation of titin components at the atomic level will
be essential to unveil the structural and mechanical
intricacy of the filament.
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