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ABSTRACT. Titin is an exceptionally large protein (M.W+3 MDa) that spans half the sarcomere in muscle,
from the Z-disk to the M-line. In the Z-disk, it interacts witiractinin homodimers that are a principal
component of the Z-filaments linking actin filaments. The interaction between titimeeardinin involves
repeating~45 amino acid sequences (Z-repeats) near the N-terminus of titin and the C-lobe of the
C-terminal calmodulin-like domain adi-actinin. The conformation of Z-repeat 7 (ZR7) of titin when
complexed with the 73-amino acid C-terminal portionoefctinin (EF34) was studied by heteronuclear
NMR spectroscopy usingN-labeling of ZR7 and found to be helical over a stretch of 18 residues. Complex
formation resulted in the protection of one site of preferential cleavage of EF34 at Phel4-Leul?, as
determined by limited proteolysis experiments coupled to mass spectrometry measurements. Intermolecular
NOEs show Vall6 of ZR7 to be positioned close in space to the backbone of EF34 around Phel4. These
observations suggest that the mode of binding of ZR7 to EF34 is similar to that of troponin | to troponin
C and of peptide C20W to calmodulin. These complexes would appear to represent a general alternative
binding mode of calmodulin-like domains to target peptides.

Titin (also known as connectin) is an exceptionally large  Titin binds to a-actinin (13—15), a protein from the
protein of M.Wt. ~3 MDa (1, 2), found in mammalian  spectrin gene superfamily that also includes the actin-binding
skeletal and cardiac muscle (for reviews, see 82{3). A proteins spectrin and dystrophifh@). o-Actinin is a major
single molecule of titin spans half the sarcomere from the component of the Z-disk, where actin filaments are anchored
Z-disk to the M-line. Along its length, titin performs arange (see ref17 and references therein), and is also found in
of functions and probably acts as a “molecular rules}, ( nonmuscular cells, where it interacts with a cellular isoform
controlling the length of the resting sarcomere. The sequenceof titin involved in the cytosketelal structurel). The
of titin shows it to be composed of a large number of smaller sequence of the C-terminal portion efactinin contains a
domains or modules, mostly belonging to the fibronectin type calmodulin-like domain composed of four noncanonical EF-
Il and immunoglobulin superfamilies, termed type | and type hand motifs that have no ability to bind calciumhgf. This
I, respectively 9). The organization of these modules may C-terminal domain oft-actinin is involved in binding to titin
be related to the varying functions performed along the length (13, 15) but, within the domain, only the 73 C-terminal amino
of the molecule. Thus, for example, titin in the A-band is acids, corresponding to the second pair of noncanonical EF-
composed of a specific pattern of repeating sequences of typehands, are necessary and sufficient for the interactidh (

I 'and type Il modules, while in the I-band, only type Il Fragments lacking either this entire portion or the C-terminal
modules are found, arranged in tandef©)( Differing 21 amino acids do not bind to titirL4).

isoforms of titin are found in other tissues where they are
associated with cytoskeletal structur&q)( In Drosophilg

a titin isoform is implicated in maintaining the structure of
the chromosomelQ).

a-Actinin interacts with titin in the region localized in the
Z-disk (15, 18), in particular with the repeating 450 amino
acid sequence motifs near the N-terminus of titin, termed
Z-repeats 19). The number of Z-repeats in titin varies
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o-actinin (14).

While information on structure and stability is available
for a number of modules from titin, representing the molecule
at different points along its lengtl2Q—25), little is known
about the Z-repeats. Similarlyg-actinin has not been
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2650 Hz (5.3 ppm) in the indiredH dimension. For the
TOCSY-HSQC and HNHA experiments, 27 increments
were acquired for thé®N dimension while 128 and 96
increments were acquired for the indiréet dimension in
the TOCSY-HSQC and HNHA experiments, respectively.

characterized at a detailed structural level. The interaction In the HNHB experiment, 24 increments were acquired for

of the C-terminal EF-hand (EF3¢of a-actinin from skeletal
muscle with the seventh and last Z-repeat of titin (ZR7) is
investigated here, by limited proteolysis in combination with

the N dimension and 120 in the indireéd dimension.
Acquisition times of 0.15 s were used throughout, again with
decoupling of thé">N nuclei using a GARP sequence. The

mass spectrometric methods and by heteronuclear nucleamixing time for the TOCSY-HSQC was 70 ms. A further
magnetic resonance spectroscopy. While related complexesset of'*N-*H HSQC spectra were recorded at 500 MFH (

have been studied by NMR§, 27), this is the first instance

in which uniform labeling of the peptide target is used,
allowing direct characterization of the bound peptide.
Characterization of the complex allows the conformation of

frequency), as described above, at temperatures’6f 30

°C, 15°C, 20°C, 25°C, and 30°C. The slopes of the plots

of the chemical shifts of the amide HN resonances versus
temperature were determined by linear regression using

the binding site within the Z-repeat to be described at an Matlab (The MathWorks Inc., Natick, MA).

atomic level and comparison with the binding of calmodulin

All spectra were processed using nmrPig9)(and

and troponin C to target peptides to be made. The implica- analyzed using XEASY 40). Typically, the acquisition

tions for the structure of the Z-disk are discussed in light of
recent models.

EXPERIMENTAL PROCEDURES

Sample PreparatiorSamples were prepared as described
in detail elsewhere (manuscript in preparation). Briefly, the

constructs were produced as fusion proteins with a His-
tagged GST separated by a TEV protease cleavage sitqn

expressed inEscherichia coli **N-labeled samples were
produced growing the bacteria in minimal medium using
15NH,4CI as sole source of nitrogen. Samples wefe7 mM

in 20 mM phosphate buffer at pH 6.6.

NMR SpectroscopyAll NMR spectra were recorded at
500 and 600 MHzH frequency) and at 27C on Varian
Unity Plus 500 and 600 spectrometers. Two-dimensi#idal
NOESY @8) and TOCSY 29, 30) spectra were acquired at
500 MHz with mixing times of 150 ms and 60 ms,
respectively, and using a WATERGATRY, 32) sequence
prior to acquisition to suppress the water signal. A two-
dimensional®N-'H HSQC @3) spectrum, with WATER-
GATE sequence, was acquired at 600 MHz with spectral
widths of 6000 Hz {H) and 1400 Hz ¥®N), respectively. A
total of 256t; increments were acquired with an acquisition
time of 0.15 s, during which th¥®N nuclei were decoupled
using a GARP sequenc84).

A three-dimensionaPN-*H NOESY—HSQC experiment,
an HSQC version of the NOESYHMQC (35, 36), was
acquired at 600 MHz with spectral widths as above, a mixing
time of 80 ms, 100 increments in the indiréet dimension
and 24 increments for tH&N dimension. Three-dimensional
15N-1H TOCSY—-HSQC @5), HNHA (37), and HNHB @8)
experiments were acquired at 500 MHz with spectral widths
of 6000 or 5800 HzH) and 1200 Hz '®N), except in the
HNHA experiment where the spectral width was reduced to

1 Abbreviations: EF34, C-terminal 73 residuesoofictinin; ZR7,

seventh Z-repeat of titin (the nomenclature for the Z-repeats varies

among authorshere the least ambiguous system is adopted); GST,

glutathione S-transferase; NOESY, nuclear Overhauser enhancemen
spectroscopy; TOCSY, total correlation spectroscopy; HSQC, hetero-

dimension was multiplied by a Gaussian function, and other
dimensions with a 90shifted sine-bell function. All dimen-
sions were zero-filled at least to the next power of two. The
volumes of HN and HN-Ha peaks in the HNHA spectrum
were integrated in XEASY using the elliptical interactive
integration mode and the ratio of the peaks used to calculate
3JunHa coupling constants3().

Limited Proteolysis ExperimentsF34 and ZR7 were each
cubated with trypsin, chymotrypsin, subtilisin, and en-
doprotease V8 using enzyme-to-substrate ratios ranging from
1:6000 to 1:100 (w/w). The extent of each reaction was
monitored on a time-course by sampling the incubation
mixture at different time intervals. Proteolytic fragments were
fractionated by reverse-phase HPLC on a Phenomenex
Jupiter C18 column with a linear gradient from 5% to 50%
of acetonitrile in 0.1% TFA over 40 min. Elution was
monitored at 220 and 280 nm. Fractions were collected and
identified by ESMS.

For experiments on the complex formed by EF34 and ZR7,
EF34 was preincubated with a 3-fold excess of ZR7, in
phosphate buffer at pH 7, prior to protease addition. In this
case, enzyme-to-substrate ratios ranging from 1:2500 to 1:50
were used.

Gel Filtration. The isolated proteins, EF34 and ZR7, and
the complex formed by association of the two proteins were
analyzed by gel filtration chromatography. For each hydro-
dynamic measurement, %Q of the samples, 5@M in 10
mM phosphate buffer at pH 7, 0.15 M NaCl, were loaded
on a Superdex 75 PC (0.32 30 cm) gel filtration column
installed on a Smart System (Pharmacia, Uppsala, Sweden)
and isocratically eluted in 10 mM phosphate buffer at pH 7,
0.15 M NacCl. All experiments were carried out at Z5 at
a flow rate of 40uL min~*. The column was calibrated in
the same conditions with the following proteins of known
molecular mass: bovine serum albumin (66 000 Da), white
egg albumin (45 000 Da), carbonic anhydrase (29 000 Da),
o-lactalbumin (14200 Da), cytochronte(12 400 Da).

Mass SpectrometryProtein samples and proteolytic frag-
ments were analyzed by ESMS using a Bio-Q triple
qguadrupole mass spectrometer (Micromass, Manchester,

nuclear single quantum correlation; ESMS, electrospray mass spec-U.K.), equipped with an electrospray ion source. Samples

trometry; HPLC, high performance liquid chromatography; TFA,
trifluoroacetic acid; TnC, troponin C; Tnl, troponin I; Tink;, a peptide
spanning the sequence-47 of Tnl. Standard three- and one-letter
abbreviations are used for the amino acids.

were injected into the ion source (kept at 80) via an
injection loop at a flow rate of 1L min~t. Data were
acquired and elaborated using the MASSLYNX program
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Ficure 1: 15N-1H HSQC spectrum of EF34-ZR7 complex in which
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of alanine and valine residues nearer the N-terminus are its
most striking features. The helical propensity for ZR7 in
aqueous solution at &, predicted by AGADIR43), is very

low (data not shown). This is in agreement with the “random
coil” NMR spectra recorded for ZR7, free in solution (see
below). Slightly higher values, rising to just above 3%, are
predicted for the N-terminal region, preceding the set of
proline residues.

To compare with relevant systems, known to adopt a

helical conformation when complexed, similar calculations
were performed for a peptide from rabbit troponin | (1[1a4),
which binds to ThC 42), and for a sequence from smooth
muscle myosin light chain kinase (ARRKWQKTGHAVR-
AIGRLSS) that binds to calcium-loaded calmoduli.
The helical propensity for the former rises to just 5% while
for the latter it does not reach 1%, reflecting the fact that a
predisposition of the peptide to form helices when isolated
in solution is not required for adopting such a structure when
complexed 45).

NMR Spectroscopy of EF34N-ZR7 Uniform 1*N-label-
ing of ZR7 allowed the peptide to be observed directly in
the complex. The spectra 8fN-ZR7 free in solution are
those of an unstructured polypeptide with resonances at
“random coil” positions (data not shown). The spectra of
the EF341N-ZR7 complex show far greater dispersion of
resonances. In particular, shifted methyl groups are found
as far upfield as 0.12 ppm (Figure 2) and HN resonances as
far downfield as 9.75 ppm. Th&N-H HSQC spectrum
(Figure 1) of the EF34°N-ZR7 complex allowed identifica-

ZR7 is15N-labeled. The cross-peaks of assigned ZR7 residues aretion of the N and HN resonances of the labeled moiety.

labeled, numbered as follows:
GA MGKVGVGKKA EAVATVVAAV DQARVREPRE
20 30

PGLPEDSYAQ QTTLEYGYKE H
40 50

The sequence of EF34 is as follows, with expected helical regions

underlined (based on the alignmenbeéctinin with other members
of the spectrin superfamilys0):

MADTDTAEQV IASFRILASD KPYILAEELR RELPPDQAQY
30 40

10
CIKRMPAYSG PGSVPGALDYAAFSSALYGE SDL
70

(Micromass, Manchester, U.K.). Mass calibration was per-

formed by means of multiply charged ions from a separate
injection of horse heart myoglobin (Sigma, average molecular
mass: 16 951.5 Da). All masses are reported as averag

values.

Molecular Modeling Multiple sequence alignment was
achieved by CLUSTALX or, when necessary, manually

using the GDE sequence editor (S. Smith, Harvard Univer-

sity) and COLORMASK (J. Thompson, EMBL Heidelberg).
A three-dimensional model of the EF34-ZR7 complex was
generated using the BLDPSQ option in WHATHEL, with

the coordinates of the TnC-Tnkz; complex @2) serving as

a template. No attempt to model insertion/deletions in EF34

was made.

RESULTS

Helical Propensity of ZR70ne-third of the amino acids

Many of these resonances were clearly shifted from “random
coil” positions. The"*N-*HN strips from the TOCSY¥-HSQC
spectrum gave indications as to the amino acid types of the
spin systems.

The >N-HN strips from the NOESY-HSQC spectrum
could immediately be divided into two sets. A large number
showed some nuclear Overhauser effects from the HN
resonance to aliphatic protons, shown by the TOES8QC
spectrum to be in large part intraresidue NOES, no cross-
peaks to other HN resonances, and a strong exchange peak
at the water frequency. The remaining 18 strips (Figure 2)
showed NOEs to other HN resonances and little or no
exchange with water. The temperature coefficients for these

é—|N resonances are lower than “random coil” values through-

out this region, indicating protection from exchange with
water through hydrogen bonding and/or inaccessibility to
solvent. Values for all other residues, assigned and unas-
signed, lie closer to the values for exposed peptide groups.
These qualitative observations indicate that a core set of 18
residues of*SN-ZR7, unstructured when free in solution,
becomes structured on binding to EF34, while the remaining
sequence is unstructured.

Assignment of the resonances of i, HN, Ha nuclei
and some side chain protons could be achieved readily for
the set of 18 strips from analysis of HNHA, HNHB,
TOCSY—HSQC, and NOES¥HSQC spectra (Table 1,
chemical shift and coupling constant data deposited with the
BioMagResBank (http://www.bmrb.wisc.edu) under acces-

of ZR7 are hydrophobic while positively and negatively sion number 4454). These correspond, unequivocally, to
charged side chains are present in almost equal numbersesidues from Alal0 to Glu27 of the ZR7 sequence (for full
(Figure 1 legend). The presence, however, of a small numbersequence, see Figure 1 legend or Figure 3). The NOEs
of prolines in the center of the sequence and a concentrationcharacteristic ofx-helical structure and th&uyne coupling
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Ficure 2: 15N-1H strips taken from the NOESYHSQC spectrum
of EF3415N-ZR7 for residues Alal0-Glu27. Diagonal peaks+N
HN—HN) and intraresidue cross-peaks to the Hsonance (N
HN—Ha) are labeled. The spectrum was recorded at 600 MHz (
frequency) and 27C.

constants for this portion are given in Figure 3, together with
secondary chemical shifts. TheoHHN;+3 NOE is not

Atkinson et al.

Limited Proteolysis ExperimentEhe interaction between
EF34 and ZR7 was investigated by a strategy combining
limited proteolysis with mass spectrometric analysis of the
fragments generated4§, 47). The rationale behind the
approach is that the interface formed by the two proteins is
shielded in the complex but should be accessible to proteases
in the isolated molecules. Therefore, different proteolytic
patterns are expected, depending on whether the digestion
is carried out on the isolated components or on the complex,
from which the interface regions can be inferred.

Limited proteolysis of isolated EF34 and ZR7 and of the
EF34-ZR7 complex, by trypsin, chymotrypsin, subtilisin, and
endoprotease V8, was performed under conditions appropri-
ate to maintain the native conformation of each protein, to
maximize the stability of the complex and to optimize the
selectivity of the proteased§ 49). Gel filtration established
that the complex was formed. Isolated EF34 eluted from the
gel permeation column with an estimated molecular mass
in good agreement with the expected value. The elution time
of ZR7, however, was shorter than expected, confirming that
the protein is unstructured in solution. The EF34-ZR7
complex eluted slightly before isolated EF34, and the
chromatographic profile contained a second peak whose
retention time matched that of isolated ZR7 (data not shown).

Proteolysis of Isolated EF34The HPLC profiles of
aliquots, taken from the incubation mixture after 15 and 30
min of tryptic digestion of isolated EF34, are shown in Figure
4a. Under the experimental conditions used, the protein
remained largely undigested. Only a limited number of
fragments were released from the protein molecule, showing
that its native conformation is susceptible to proteolysis at a
few very specific, and most probably flexible, sites. Prefer-
ential proteolytic cleavage sites within the EF34 structure
were detected at Argl5, Arg31, and Lys43, inferred by the
detection of sets of complementary peptides Met1-Arg15 and
llel6-Leu73, Metl-Arg31 and Glu32-Leu73, and Metl-
Lys43 and Arg44-Leu73. These fragments were released
almost simultaneously early in the process, indicating that

observed for Thrl5, suggesting a possible disruption of the the three sites display similar kinetics of hydrolysis (Figure
helix at this point. A NOE between Thr15)Hand Alal9 4a, panel A). At later stages of digestion, the primary
HN supports this notion, although no discontinuity is fragments underwent further cleavage, leading to the forma-
observed in the other measured indicators. Intensity is tion of smaller fragments that accumulate as the hydrolysis
observed in the homonuclear NOESY spectrum at the time increases. These peptides were not considered in the
expected positions of ¢4—Hpi+3 NOEs throughout the 18-  identification of preferential cleavage sites since none were
residue segment, but must be treated with caution since thereleased from intact EF34 but were generated by subsequent
spectrum includes cross-peaks from both components of thedigestion of larger fragments.
complex. Similar results were obtained using endoprotease V8 and
For the remainder of the sequence, tentative assignmentshe enzymes with broad specificity, chymotrypsin and
for only a small number of residues (Table 1) could be made subtilisin. As an example, Figure 4b shows the HPLC time-
due to a lack of NOEs and/or resonance overlap. Only two course analysis for chymotrypsin digestion. Again, proteoly-
other 3JunHo coupling constants have values below 5 Hz. sis occurred only at few, very specific sites within the EF34
These correspond to Glu35 and Thr42 but are isolated andstructure. Only two complementary peptide pairs could be
are not small enough to warrant particular attention. identified: Metl-Phel4 and Arg15-Leu73, and Met1-Tyr40
Inspection of the homonuclear NOESY spectrum of the and Cys41-Leu73, identifying Phel4 and Tyr40 as prefer-
complex shows a number of intermolecular contacts. Of ential cleavage sites.
these, the most upfield-shifted resonances (0.35 and 0.12 The combined results of the limited proteolysis experi-
ppm), assigned to thejHresonances of Vall16 of ZR7 (Table ments are summarized in Figure 5, from which a number of
1), give cross-peaks to a set of downfield resonances.conclusions may be drawn. The native conformation of EF34
Assignment of the spectrum of EF34 in the complex is rather resistant to proteolysis, as expected for a polypeptide
(BioMagResBank accession number 4453) allows some of chain adopting a defined tertiary structure. Preferential
these resonances to be identified as those of the amide andleavage sites were located in three well-defined regions of
aromatic protons of EF34 Phel4. the protein structure: segments Phel4-Leul?, Glu28-Arg31,
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Ficure 3: Summary of NMR data used for assignment and identification of secondary structure. The sequence is given along the top of

the figure and numbering along the bottom. From top to bottomizj The strength of sequentidl {(+1) and short-range (i+3) NOEs

is indicated by the height of the filled bars. Open bars indicate residues for which the strength of the NOE could not be determined due to

resonance overlapv) 3Junme coupling constants determined from the HNHA experiment. Errors on the reported values are estimated to be
+0.2 Hz. @i) Secondary chemical shift ofddresonances from “random coil” value&4j. (vii) Temperature coefficients for HN resonances

(in ppb K™1). “Random coil” values are indicated Iy (65).

Table 1: >N and'H Resonance Assignments (in ppm) for
15N-Labeled ZR7 Complexed to UnlabeledActinin EF34

elements of secondary structure.
Proteolysis of Isolated ZRTh contrast to isolated EF34,

residue N HN  H Hp Hy Ho preferential cleavage sites are located at many points along
Gly5 10872 839 389 — _ _ the sequence of isolated ZR7 (Figure 5). The only regions
valé 123.04 804 460 156 0.88 - showing resistance to the proteases were the segment Val25-
Alal0 12074 809 4.03 1.39 _ _ Ala39 and the extremg C-_terminal residues T_yr48-Hi551. The
Glull 11894 7.96 4.02 205 — absence of proteolytic sites at the C-terminus was rather
Alal2 12456 7.83 416 157 - - surprising since the segment GIn40-Tyr46 was cleaved at
Xgﬁ ﬂg-gg ?-% gg% i-ﬁ 111,092 - nearly all possible sites, indicating a region of high flexibility.
Thrl5 11683 814 383 433 103 _ In the remainder of the ZR7 sequence, the specific proteases
vallé 12191 7.94 328 1.77 0.35,0.12 — trypsin and endoprotease V8 digested the protein essentially
Vall7 11947 891 322 2.05 0.92,0.84 — at all the anticipated cleavage sites with the exception of
Alalg  118.98 7.66 4.12 146 - - Arg26, Arg29, and Glu35. The two arginine residues are both
Alal9 12091 7.65 4.16 1.54 - - . : :

Val20 11897 877 352 214 1.17,0.89 — involved in Arg-Glu peptide bonds that always show slower
Asp2l 12095 8.78 429 2.75,2.48— kinetics of hydrolysis. All three sites are located within a
GIn22 11789 7.68 4.06 223,210 235 - region containing three proline residues which might be
Ala23  121.94 7.46 407 149 - - responsible for some rigidity of this region, impairing
Arg24  117.17 8.17 3.85 156 ; ; e
Val25 11570 736 397 221 0.96 _ protease action. The results suggest that ZR7 in solution is
Arg26  119.00 7.34 427 194,179 163 largely disordered, lacking any three-dimensional structure
Glu27  121.89 7.57 453 203 2.38 - capable of limiting protease activity.

Arg29 12198 841 430 1.73,1.64 Proteolysis of EF34-ZR7 CompleX higher enzyme-to-
Glusd 12419 845 453 200,186 225 - substrate ratio was needed to observe proteolysis for the
Glu35 12092 8.61 4.14 200,191 223 - EF34-ZR7 complex, reflecting greater resistance to protease
ézfgf 1121%-%%) 88-%% 1-522 %% 223~ - action and suggesting a tightening of the EF34 structure on
Tyr38  121.68 806 4.47 3.05, 2.95— interaction with ZR7.

Thr42 11532 8.19 4.33 4.14 1.11 _ As an example, the HPLC time-course analysis of the
Thr43  116.43 8.08 4.28 4.16 1.11 - complex digested with trypsin is shown in Figure 4c. The
Tyr46  120.87 8.12 4.46 2.95,2.86 — results of the digestions (Figure 5) show clear effects of the
Gly47 11023 820 3.81 — - - interaction with ZR7. A number of fragments were released
Tyr48 12040 7.89 4.44 292 - from unbound ZR7, due to the large excess of the protein,

2The sample is 0.7 mM in 20 mM phosphate buffer at pH 6.6, and

spectra were recorded at 2C.

free in solution. The release of complementary pairs of
peptides Met1-Arg31 and Arg32-Leu73, and Metl-Lys43 and

Arg44-Leu73 showed that EF34 was rapidly cleaved at

and Tyr40-Lys43. These regions should be considered to beArg31 and Lys43. No further cleavage was observed even
exposed and flexible and might constitute loops connecting at long hydrolysis times. Comparison of these results with
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Ficure 4: Results of limited proteolysis experiments on EF34 isolated and complexed with ZR7. HPLC chromatograms of the aliquots
were taken from the incubation mixture after 15 min (upper panels) and 30 min (lower panels). Individual fractions were collected and
analyzed by ESMS. (a) Time-course analysis of EF34 digested with trypsin at pH°T, 3i8ing an enzyme-to-substrate ratio of 1:1000.

(b) Time-course analysis of EF34 digested with chymotrypsin at pH 7C37sing an enzyme-to-substrate ratio of 1:6000. (c) Time-
course analysis of the EF34-ZR7 complex digested with trypsin using an enzyme-to-substrate ratio of 1:2500. Peaks marked “ZR” correspond
to ZR7 and its digestion products.
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Ficure 5: Location of preferential cleavage sites in EF34 (A) isolated and (B) complexed with ZR7.

those obtained for the isolated protein show that complex Alignment of Tnh—4; to the Z-repeats was achieved
formation results in almost complete shielding of Argl5. The manually, since the sequences are too divergent, assuming
anticipated peptide fragments Met1-Arg15 and lle16-Leu73, that the contact observed between Vall6 of ZR7 and EF34
observed in the tryptic digestion of isolated EF34, could not Phel4 corresponds to that between Met21 of, Talwith

be detected in the complex. Thus, following complex Phe99 of troponin C (Figure 6b). The alignment could be
formation, EF34 still showed accessibility to proteases within displaced byt1 turn of thea-helix and still possibly account

the regions Glu28-Arg31 and GIn39-Leu43, whereas the for the observed NOEs but nonetheless positions the ZR7
segment Phel4-Leul7 seemed to be completely protectegeptide such that the region of Tnl; with low accessible

by the presence of ZR7. surface area (residues-29) corresponds to that observed
Molecular Modeling A qualitative model of the EF34- 0 be protected in ZR7 by temperature coefficients (18

ZR7 complex was prepared as follows using the TnG/Tal ~ "€Sidues) and mass spectrometry.

complex as template. Using these alignments of the two components, the side

chains of the template structures were mutated into the
corresponding side chains of the target sequences, and steric

. . . . ; contacts were removed. The model so obtained is displayed
as described by Traw al. 60). No insertions/deletions are in Figure 6¢ and compared with the template (Figure 6d).

present in the sequences of TnC and calmodulin except for . SN o
athree-residue insertion in TnC in the tethering helix which Val16 of ZR7 is buried in the interior of the complex and
surrounded by hydrophobic residues of EF34.

connects the two globular halves and therefore precedes the
region ofa-actinin studied in the present work. The sequence DISCUSSION

of EF34, however, contains two deletions and two insertions

with respect to those of calmodulin and TnC. The insertions/ The complex formed in solution between the C-terminal
deletions occur in both the EF-loops which must therefore fragment ofa-actinin EF34 and titin ZR7 causes the latter
be expected to adopt a conformation quite different from to adopt ana-helical structure, characterized in the NMR
that of classical EF-hand proteins. This is in agreement with spectrum by smaRJnm. coupling constants, low temper-
the fact thata-actinin EF34 is calcium-insensitiva §). ature coefficients for HN resonances, weak cross-peaks from

The a-actinin C-terminal domain was aligned with the
rabbit TnC andXenopusalmodulin sequences (Figure 6a),
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FIGURE 6: (a) Multiple alignment ofo-actinin C-terminal domain tX. laevis calmodulin and troponin C from rabbit fast skeletal muscle. The EF34 construct
(EF34) and the position of the four EF-hands (EFhands) are indicated. The sequences are color-coded according to amino acid properties. $hpditjucediay
CLUSTALX (66). (b) Multiple alignment of the human cardiac Z-repedt8)( The sequence used in the present paper is from rabbit and differs from the human by
three amino acids all in the C-terminus and therefore outside the binding region. The sequengespisTalso included and aligned to match Met21 with Val16 of
ZR7 as suggested by experimental data. The color coding is the same as in (a). (c) Molecular model of the EF34-ZR7 complex based on the structuire £f TnC-T
(42). ZR7 is represented by a green ribbon with the side chain of Vall16 displayed. The backbone of EF34 is shown in red, except for the sites of pefeagtial c
(in yellow). Discontinuities in the ribbon correspond to gaps in the alignment with TnC (see Figure 6a). The side-chain of Phel4 (in yellow)ad.dspBtyucture

of the complex of troponin C with Tal47 (42) in the same orientation as (c) but including the N-lobe of troponin C. TnC is shown in red and-Tlinigreen.
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HN resonances at the water frequency, and both sequentiafrom the calmodulin-binding domain of the €apump of

and short-range NOEs typical of anhelix. The portion of

the peptide so structured corresponds precisely to that

mapped by Ohtsuka et all4) by yeast two-hybrid methods

human erythrocytessg).
In the TnC/Tn}_47 complex, the latter adopts arhelical
structure over 31 residues of its sequeng®).(While the

as the minimal sequence necessary and sufficient for bindingC-terminal 21 residues form a dense network of hydrogen
to a-actinin. The information gained from the study of the bonds and hydrophobic interactions with the C-terminal lobe
structure of the EF34-ZR7 complex in solution is thus of TnC, the preceding 10 residues make only a small number

relevant for the interaction between the intact proteins,
o-actinin and titin.

of interactions with the N-lobe of TnC (Figure 6c). The
authors suggest that the second set of contacts serves only

Clearly, little can be deduced about the structure of the to anchor the N-lobe to Tnl but that these “do not play an

Z-repeats within titin in the absence afactinin, but this is
not a state that is of great importance, since titin arattinin
co-localize during myofibrillogenesis{, 52). The sequence

essential role in recognition”. In the complex formed between
EF34 and ZR7, am-helix is formed by ZR7 that is only
slightly shorter than the portion of Tnlz that is in contact

of ZR7 is highly hydrophobic, no fewer than 11 of the 18 with the C-lobe of TnC. The extra turn afhelix in Tnl—47
residues being either alanine or valine. These residues aras stabilized by additional contacts of Arg14 with the N-lobe,
the least variable among any set of Z-repe&8. (The central while the corresponding lobe is absent in the EF34-ZR7
region of ZR7 contains three prolines that are expected to complex. Only the C-terminal 73 amino acids@factinin
disrupt thea-helical structure while the remainder of the (EF34) are required for binding to ZR7 while the preceding
sequence has no strong tendency for a particular secondarywo EF-hands have little effect on binding to ZRZ4).
structure. The C-terminal portion of ZR7 is clearly not Nonetheless, additional contacts might stabilize a slightly
involved in the formation of the complex and, in agreement, longer a-helix. Inspection of the model of the EF34-ZR7
is not required for binding to the C-terminal half@factinin complex (Figure 6d) suggests that Lys8 and Lys9 of ZR7
(14). A truncated peptide should therefore be capable of may play a similar role to Argl3 and Argl4 of Tk, in
binding to EF34 with a similar affinity. forming contacts with N- and C-lobes and that Val16 could
The results of yeast two-hybrid studiekb) implied that replace Met21 in making hydrophobic contacts important for
the affinities ofa-actinin for the various Z-repeats differed, recognition 42).
with the highest affinity being for ZR7. In that case, the least  The three-dimensional structure of the complex formed
variable residues might be thought to provide a binding matif, by calmodulin with C20W reveals a mode of binding that is
while the more variable residues control the affinities. The only slightly different to that of TnC to Trls; (59). The
affinities for ZR1 and ZR7 are, in fact, comparable (manu- peptide interacts solely with the C-lobe of calmodulin, almost
script in preparation), while there is weaker binding to the perpendicular to the axis of the dumbbell, on the opposite
intervening Z-repeatd ). The importance of individual side-  face to that facing the N-lobe. The orientation of C20W with
chains in the binding of ZR7 to-actinin should become  respect to the C-lobe is, however, highly similar to that of
clearer when a full structure of the complex is available.  Tnl;—47 0n TnC, with the peptide lying across the same face
The observed intermolecular contacts observed betweenof the lobe, at a slightly different angle. In the TnC-Tnk
Vall6 of ZR7 and EF34 Phel4 agree well with the protection complex, the peptide makes a few additional contacts with
observed in limited proteolysis experiments and comparisonthe N-lobe of TnC, whose orientation with respect to the
with the complexes of similar systems. Protection from C-lobe is quite different to that in calmodulin, forming a
proteolysis on formation of the complex was localized to more compact, less extended structure. In both complexes
Phel4, Argl5, and Leul7 of EF34. Although the EF-hands the residue corresponding to EF34 Phel4 (Phe99) is sur-
of a-actinin do not bind calcium iondl6), their interaction rounded by hydrophobic side-chains of the peptide. These
with the seventh Z-repeat of titin may be usefully compared complexes and the qualitative model of EF34 with ZR7
with the complexes formed by the calcium-dependent EF- would appear to represent a general alternative binding mode

hand proteins calmodulin, with peptides from its target
proteins b3, 54), and TnC, with Tnl §5, 56).

The interactions of TnC with Tnl4Q) involve primarily
the pair of EF-hands of the C-terminal regulatory domain
of TnC. In contrast, the structure of the complex of calcium-
loaded calmodulin with a peptide from myosin light-chain
kinase @6, 44) is seen to be compact, with the two pairs of
EF-hands wrapping around the helical MLCK peptide. A
comparison with calmodulin would, at first, appear rather
difficult since the structures of several calmodulin/peptide

of calmodulin-like domains to target peptides.

An additional a-actinin—titin interaction was described,
between the two central spectrin-like domainsoeéctinin
and a 70-amino acid segment C-terminal to the last Z-repeat
of titin (18). This is thought to account for co-localization
of a-actinin with titin during myofibrillogenesis, even when
the C-terminal EF-hand domains are deleté@),(and to
provide a mechanism for delimiting the structure of the
Z-disk (18). With this information and the detection of
binding to all Z-repeats, Young et alL§) proposed a model

complexes have been described in which the interaction isfor the structure of the Z-disk, consistent with biochemical
achieved by collapse of the two globular halves of the protein and biophysical data available to date.
around the peptide. While this seems to be the most common How well do the structural data for the EF34-ZR7 complex

mode of interaction, the formation of “dumbbell’-shaped

agree with the proposed structure of the Z-digB)? The

complexes has also been described: the complex of calmod-authors note that “orthogonally arranged pairs of Z-filaments

ulin with a peptide from the regulatory domain of the

are spaced by 1520 nm” (61, 62) and that “the interactions

catalytic subunit of phosphorylase kinase retains the extendedof titin Z-repeats and successive pairsectinin molecules

dumbbell shape of uncomplexed calmodul&v); as does
the complex of calmodulin with a peptide, C20W, derived

must roughly allow for this spacing”. The experimental
observation of pairs of Z-filaments requires that there be at



Binding of a-Actinin to Titin

least two titin molecules per actin filament in the Z-disk,

providing two equivalent sites at points along the filament.
A fully extended Z-repeat could account for the observed
spacing. According to our results, however, a stretch of 18

residues is in am-helical conformation, which, if regular
with a translation along the helix axis of 1.5 &3), is

expected to have a length of 25.5 A or 2.55 nm. Taking an

average number of residues per Z-repeat of 48 and a

maximal displacement for an extended peptide chain of 3.47
A per residue §3), the remaining 28 residues could span
97.2 A (9.72 nm), giving a maximal length of the Z-repeat
of 122.7 A (12.27 nm). A less than extended structure for 24.
the nonhelical segment may more reasonably be supposed
(the presence of proline residues alone suggests this), with ¢
two such repeats possibly being required to cover the 15
20 nm between the Z-filaments. Such a model would leave
alternate Z-repeats empty although the number of Z-filaments

observed experimentally6Q, 61) correlates well with the
total number of Z-repeats.

While a number of domains along the length of titin have

been characterize@@—25), this is the first structural study

of the interaction of titin with another component of the
sarcomere. Much remains to be done before the role of titin
in organizing and regulating the sarcomere is fully under-

stood.
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