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Summary 

We present the complete 15N and ‘H NMR assignment and the secondary structure of an immuno- 
globulin-like domain from the giant muscle protein titin. The assignment was obtained using homonu- 
clear and 15N heteronuclear 2D and 3D experiments. The complementarity of 3D TOCSY-NOESY and 
3D r5N NOESY-HSQC experiments, using WATERGATE for water suppression, allowed an efficient 
assignment of otherwise ambiguous cross peaks and was helpful in overcoming poor TOCSY transfer 
for some amino acids. The secondary structure is derived from specific NOES between backbone c+ and 
amide protons, secondary chemical shifts of o-protons and chemical exchange for the backbone amide 
protons. It consists of eight p-strands, forming two p-sheets with four strands each, similar to the 
classical p-sandwich of the immunoglobulin superfamily, as previously predicted by sequence analysis. 
Two of the p-strands are connected by type II p-turns; the first p-strand forms a l3-bulge. The whole 
topology is very similar to the only &rucellular immunoglobulin-like domain for which a structure has 
been determined so far, i.e., telokin. 

Introduction 

Titin is a giant (MW = 3 MDa) modular protein speci- 
fic for striated muscle of vertebrates (Maruyama et al., 
1977; Wang and Ramirez-Mitchell, 1979), recently re- 
viewed by Maruyama (1994). It has a string-like shape 
(Nave et al., 1989) and extends from the M- to the Z-line 
of the sarcomere (Ftirst et al., 1988). Titin has specific 
functions, varying along its sequence. I-band titin contrib- 
utes to the elastic properties of muscle; in the A-band 
titin seems to be a major organizer of the thick filament 
via interactions with myosin and other accessory proteins 
(e.g. C-protein) (Fiirst et al., 1992). The region located in 
the M-line interacts extensively with M-line proteins, 
forming the M-line meshwork (Vinkemeier et al., 1993). 
The recent completion of the total titin cDNA sequence 
determination (S. Labeit, personal communication) has 
provided the basis for an understanding of titin functions 
at the molecular level. With a few exceptions, e.g., inser- 
tions at the C-terminus (Gautel et al., 1993) the whole 

*To whom correspondence should be addressed. 

0925-2738/$ 6.00 + 1 .OO 0 1995 ESCOM Science Publishers B.V. 

titin molecule consists of small modules of ~100 amino 
acids in size. These have been suggested to belong to 
either fibronectin III (type I) or immunoglobulin (type II) 
superfamilies. Sequence periodicity and the different ar- 
rangement of modules in varying regions of the molecule 
have been suggested to parallel their different functional 
roles. The most obvious example is the correlation of the 
periodicity of titin superrepeats in the A-band (II-I-I-II-I- 
I-I-II-I-I-I) with the C-protein binding sites (Labeit et al., 
1992). 

A next step in the general understanding of titin can be 
provided by three-dimensional structure determination of 
single domains. Based on the observed sequence similar- 
ity, it may be sufficient to determine the structures of a 
few reference modules that are representative of each of 
the different regions. Extracting key features in terms of 
folding determinants and individual functions may then 
lead to the reconstruction of the sequence-structure- 
function relationships of the whole molecule. 

We have recently started the characterization of type 
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II modules from the A-band and the M-line (Politou et 
al., 1994a,b). It was demonstrated by CD and NMR 
spectroscopy that single domains are indeed folded inde- 
pendently and display predominantly p-sheet conforma- 
tion. Using thermal and urea unfolding experiments, a 
broad range of stabilities was detected, leading to the 
hypothesis of a strongly conserved structural framework 
which would allow a high degree of adaptation towards 
individual, specific functions. From the domains charac- 
terized, we have selected one of the type II modules lo- 
cated in the M-line (referred to here as M5, but named 
Ml1 by Politou et al. (1994b)). M5, the sequence of which 
is highly representative of the whole titin subclass, shows 
excellent spectral dispersion and high stability. This mod- 
ule has been studied by NMR spectroscopy, with the final 
aim of obtaining sufficient data for high-resolution struc- 
ture determination. As a prerequisite, however, the assign- 
ment of all resonances and their correlations is necessary 
to allow the identification of structure elements prior to 
the calculation of the three-dimensional structure. In this 
paper we present the complete assignment of the proton 
and nitrogen spectra of this domain. The secondary struc- 
ture as determined from NMR parameters is compared to 
that of telokin, the only other structure known so far of 
an &rucellular immunoglobulin-like domain (Holden et 
al., 1992). 

Materials and Methods 

Protein expression md pur~@ution 
The cDNAs coding for the titin type II domain M5 

from the M-line region of the molecule were isolated by 
means of the polymerase chain reaction (Saiki et al., 
1985) using the human AB5 clone as template (M5: AC 
X69490, bp 11365-l 1637) (Gautel et al., 1993). The DNA 
fragments obtained were subcloned into the pET8c vector 
(Studier et al., 1990) and fused N-terminally with an 
oligonucleotide linker encoding a His6 tag sequence, 
where two additional serines were introduced as linkers. 
After induction of transformed BL21 [DE31 pLysS cells 
(Studier and Moffat, 1991) with 0.2 mM IPTG for 4 h, 
the harvested cell pellet was treated with 5 pg/ml lyso- 
zyme on ice and sonicated in 50 mM sodium phosphate, 
pH 8.0, 150 mM NaCl and 0.1% Triton X-100. After 
centrifugation at 25 000 g and washing, insoluble inclu- 
sion bodies were dissolved in 8 M urea, 50 mM potassium 
phosphate, pH 8.0, and 20 mM B-mercaptoethanol. The 
urea extract was clarified by centrifugation at 25000 g 
and the soluble supernatant was fractionated by metal 
chelate affinity chromatography on Ni2+-NTA agarose 
(Qiagen), essentially as described previously (LeGrice and 
Grtininger-Leitch, 1990). Pure fractions from imidazole 
gradients were pooled, diluted at 100 kg/ml and dialyzed 
against several buffer changes of 20 mM TrisJacetate, pH 
8.0, 1 mM EDTA, and 0.5 mM PMSF. After dialysis, 

insoluble protein was pelleted at 25 000 g and the super- 
natant was passed over 50 ml of DEAE-Sephacel equilib- 
rated in the dialysis buffer. Unbound fractions contained 
pure titin domains, as judged by SDS-PAGE (Lammli, 
1970) and mass spectrometry. They were subsequently 
concentrated by vacuum dialysis against the assay buffer 
(20 mM deuterated sodium acetate, pH 4.5). To prepare 
“N-labeled protein, BL21 [DE31 pLysS cells containing 
the M5 expression plasmid were grown at 37 ‘C at 200 
rpm in a 2000 ml Eppendorf flask from single colonies 
for 12 h in 500 ml M9 minimal medium, supplemented 
with 0.5% glucose, 1 pg/ml Biotin, 1 ug/ml Thiamine, 1 
mM MgS04, 0.3 mM CaCl?, 0.5 l&ml FeClx, 0.05 pg/ml 
ZnCl?, 0.01 rig/ml CuC12, 0.01 rig/ml CoC&, 0.03 rig/ml 
Na3B03, 2 rig/ml MoNa20d.2 HIO, 1.6 pg/ml MnC12.6 
Hz0 and 30 l&ml ampicilin. For expression, the pre- 
culture was diluted fourfold in minimal medium in which 
the nitrogen source had been completely exchanged a- 
gainst 15NH&l. Protein expression was induced by addi- 
tion of 100 nM IPTG to the medium. After further 
growth at 37 ‘C and 200 rpm, cells were harvested by 
centrifugation in a Beckman preparative centrifuge at 
4000 rpm. 

NMR spectroscopy 
All NMR spectra were recorded on l-2 mM samples 

in 20 mM deuterated acetate or phosphate buffer at pH 
values between 4.5 and 5.5. “N-edited spectra were re- 
corded on a 2 mM 15N-labeled sample at pH 4.5. Spectra 
were recorded at temperatures between 290 and 310 K. 
All spectra were measured on a Bruker AMX-600 spec- 
trometer. Water suppression was accomplished using 
WATERGATE (Piotto et al., 1992) in both homo- and 
heteronuclear spectra (Sklenaf et al., 1993). To record 
spectra in D20, 0.5 ml of a 2 mM sample in 20 mM 
phosphate was lyophilized and redissolved in the same 
volume of DzO. Exchange of amide protons was further 
analyzed by recording 15N HSQC WATERGATE experi- 
ments with and without additional presaturation of the 
water resonance (Li and Montelione, 1994). The extent of 
exchange was determined by the ratio of the peak inten- 
sities in the two spectra. To avoid additional saturation 
of the water resonance by the WATERGATE gradients, 
long relaxation delays were used (5 s) (Stonehouse et al., 
1994). The NOElexchange cross peaks of amide protons 
with water were taken from the 3D 15N NOESY-HSQC 
spectrum. TOCSY spectra (Ernst et al., 1987) were re- 
corded using the MLEV17 (Bax and Davis, 1985) and 
TOWNY (Kadkhodaei et al., 1993) mixing sequences for 
the 3D and 2D experiments, respectively. To suppress co- 
herence transfer via dipolar coupling, delays of 18 ns were 
introduced in the MLEV17 sequence (Griesinger et al., 
1988). The spectral widths in all experiments were 14.1 
and 50 ppm for ‘H and “N, respectively. Chemical shifts 
are given relative to DSS for proton and to NHJ?l for 
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nitrogen resonances. Spectra were processed on a Silicon 
Graphics 4D 480 VGX computer using UXNMR/P 
(BRUKER, Karlsruhe) for the 2D spectra and NMR3D 
(kindly provided by Dr. C. Cieslar, MPI, Martinsried) for 
the 3D spectra. The FIDs in the 2D NOESY and 
TOWNY spectra were weighted with a Gaussian function 
with a line broadening of 10 Hz and a weighting factor of 
0.1 in F2, and with a 7c/4 shifted sine bell in Fl prior to 
Fourier transformation. The FIDs in the 3D spectra were 
multiplied with Gaussian functions in all dimensions. In 
the acquisition dimension, the parameters were identical 
to those in the 2D spectra; in the indirect dimensions the 
line broadening was 15 Hz and the weighting factor 0.15. 
The Fl dimension of the 2D spectra was extended by 
zero-filling, usually from 512 to 2048 data points. In the 
3D spectra, both indirect dimensions (Fl and F2) were 
extended to their final size by linear prediction. All spec- 
tra were baseline corrected by a polynomial. The residual 
water signal in the 3D TOCSY-NOESY spectrum was 
further reduced by means of the Karhunen-Loeve trans- 
formation in NMR3D (Mitschang et al., 1991). Efficient 
reduction was reached by subtracting the three largest 
vectors. All spectra were analyzed and plotted using 
AURELIA (BRUKER, Karlsruhe). 

Results 

Iden@cation of amino acid spin systems 
For a number of residues, the TOCSY transfer from 

the amide protons was very weak. From the a-protons, 
however, almost all residues gave a complete transfer to 
the side chain. A 3D TOCSY-NOESY spectrum proved 
essential to resolve the a-proton chemical shifts via NOES 
between a- and amide protons. Fl-F2 planes (TOCSY) 
were then analyzed at different amide proton chemical 
shifts in F3. Even when the intraresidual amide to a- 
proton NOE connectivities were too weak to provide a 
clear TOCSY pattern, the NOE of the a-proton to the 
amide proton of the sequentially following residue was 
usually sufficient to observe an appreciable TOCSY pat- 
tern. In this way, the identification of amino acid spin 
systems was directly combined with the sequential assign- 
ment. 

Aromatic residues Phe5’ and Trp33 were assigned 
directly by the clear J-coupling patterns in 2D TOCSY 
and COSY spectra. The other phenylalanine and tyrosine 
residues could be distinguished by the differences in 13C 
chemical shifts for their & and E-carbons. His46 was dis- 
tinguished from the histidines of the His-tag on the 
ground that it is the only histidine having intra- as well as 
interresidual NOES. The aromatic ring systems were con- 
nected to their AMX part via NOES. 

Aiiphatic residues Valine spin systems were readily 
identified by the transfer from the o-protons to the side- 
chain resonances in TOCSY spectra. The connection to 
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Fig. 1. Fingerprint region of a 2D NOESY spectrum recorded with a 
mixing time of 100 ms at T=300 K of a 2.0 mM sample in 20 mM 
deuterated acetate, pH 5.5. Stretches of sequentially assigned parts are 
indicated by dotted lines. The intraresidual NOES are labeled with 
residue name and number, the sequential a-amide as well as a few 
interstrand NOES are labeled with the sequence numbers of the con- 
tributing amino acids. NOES (weak) are labeled in the same way, e.g. 
20/57. NOES involving the two stable hydroxyl protons (on the left 
side and at the bottom) are indicated by dashed lines and labeled 
explicitly. 

their amide protons had to be achieved via 2D NOESY 
spectra, because of the poor 2D TOCSY transfer from 
amide to a-protons in the valines having high field-shifted 
a-resonances (Va12*, Va162, Va139). Leucines and isoleucines 
had some stronger connectivities of a- and amide protons 
in 2D TOCSY spectra, but often lacked a complete side- 
chain pattern. By the combined use of TOCSY spectra 
recorded at different mixing times and COSY spectra, 
complete identification and distinction of leucine and 
isoleucine residues was possible. 

Small residues Of the 12 threonines, 10 were immedi- 
ately identified from TOCSY spectra. Only ThrZ3 and 
Thr42 gave poor transfer from their amide protons and 
were identified by analyzing connections to the a-protons. 
The serines were identified mainly from ‘H a-proton to 
side-chain J-coupling patterns, with the exception of Ser65 
and Ser7’, which were discovered only in “N-edited spec- 
tra. Glycine residues were identified by the observation of 
cross peaks between non-degenerate a-protons in COSY 
and short mixing time TOCSY spectra that were absent 
in long mixing time TOCSY spectra. Alar’ and Ala83 were 
identified by very strong ‘H amide-B-proton cross peaks 
in TOCSY spectra, while the amide proton of Ala44 gave 
only poor connectivities. The overlap of the a-amide 
cross peak of Ala64 with those of Phei9 and Thr4’ could 
only be resolved in “N-resolved spectra. 
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Fig. 2. 15N HSQC experiment at T = 300 K. Experimental conditions 
were as described in Fig. 1. Arginine NE resonances are at the top 
right. Below the arginines are the side-chain amides of asparagines 
and glutamines. 

Churged residues Lysine and arginine residues gave 
good TOCSY patterns, both from a- and amide protons. 
Complete side-chain assignments were possible because of 
the large spread in o-proton frequencies for the lysines. 
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Almost all arginine resonances could be assigned sup- 
ported by the o-6 correlations present in the TOCSY 
spectra. 

Am and Gin With the exception of Asn76, all gluta- 
mines and asparagines gave good TOCSY transfer from 
the backbone amides into the side chain. They were dis- 
tinguished from glutamates and aspartates via NOES to 
the side-chain amides. The latter were confirmed in 15N- 
resolved NOESY spectra. 

Identljication of exchangeable side-chain protons Two 
AMX spin systems were identified with extra TOCSY 
connections at 5.99 and 1.33 ppm, respectively, which are 
inconsistent with any standard residue. Both extra reson- 
ances disappeared in DzO and were later assigned as the 
hydroxyl proton of Se? (5.99 ppm) and the sulfhydryl 
proton of Cys2’ (1.3 1 ppm), consistent with the sequential 
assignment obtained so far. Another unusual resonance, 
giving no connections in TOCSY spectra but displaying 
very strong NOES to Tyr7’, was found at 10.1 ppm. The 
possibility for this proton to be bound to a nitrogen was 
excluded by analysis of the “N HSQC experiment (see 
Figs. 1 and 2). The resonance was assigned to the hydrox- 
yl proton of Tyr7’. All side-chain amide groups of aspara- 
gine and glutamine were assigned based on comparison of 
2D TOCSY and NOESY spectra recorded in Hz0 and 
D*O, to distinguish them from aromatic resonances. The 
results were checked against 15N and r3C HSQC spectra. 
All arginine &-resonances were assigned based on a com- 
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Fig. 3. Strips along Fl, taken from a 3D “N NOESY-HSQC experiment. Experimental conditions were as described in Fig. 1. The F2 (j5N) 
coordinate of each strip is given at the bottom, the F3 (‘H) coordinate is given at the top. Intraresidual NOES are indicated by boxes with the 
corresponding labels. Sequential backbone-backbone NOES are indicated by thick lines, sequential side chain-backbone NOES by thin lines. Non- 
sequential, medium- and long-range NOES are labeled explicitly. The figure refers to the antiparallel p-strand formed by strands D (Gln47-Thr5’) 
and E (Lys54-Ile59) and connected by a p-turn (Ly? and Tyrs3). 
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bination of 15N HSQC and 3D “N NOESY-HSQC spec- 
tra. No lysine c group was assigned. 

Peptide bond isomerism for pro&es 
The spin systems of the three prolines were identified 

in TOCSY spectra with 80 ms mixing time, recorded at 
T = 310 K. Only Pro6 could be identified as a trans resi- 
due from the presence of typical NOESY peaks between 
its &protons and the o-proton of Arg5 (Wtithrich, 1986). 
Similar conclusions for the other two prolines could not 
be drawn, due to partial overlap of their spin systems 
with the water (Pro27) or with the resonances of the pre- 
ceding residue (Va128/Proz9). Their conformation could be 
identified conclusively by a 13C HSQC experiment at 
natural abundance. The values obtained for both Pro6 
and Pro29 indicate trans peptide bonds, as their l3- and y- 
carbons resonate below 30 ppm and above 25 ppm, res- 
pectively. In contrast, a p- and a y-carbon at 32 and 23 
ppm, respectively, indicate that Pro27 has a cis peptide 
bond (Wtithrich, 1976). In addition, NOES between the IX- 
protons of Pro*’ and GAUGE were identified in a spectrum 
measured in D20. 

SequentiaI assignments 
Sequential assignment was started using the standard 
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Fig. 4. Selected Fl-F2 (TOCSY) strips from the 3D TOCSY-NOESY. Experimental conditions were as described in Fig. 1. Proton resonances 
ranging from ct to side-chain resonances are aligned along Fl (vertical) in each strip making TOCSY connections to the o-proton in F2. Each 
TOCSY pattern is shown two times: once via a NOE to the intraresidual amide proton in F3 (i,i) and once to the amide proton of the sequentially 
following residue in F3 (i,i+l). The frequency at which each strip was taken in F2 (o-proton) is shown at the bottom; the frequency at which the 
strip was taken in F3 (amide proton) is shown at the top, For some residues no TOCSY pattern is visible for the intraresidual connection (e.g. 
Thrs6 or Glu5*) because of weak intraresidual NOES between LX- and amide protons typical for S-sheets. Sometimes there are more peaks in a trace 
than expected due to overlap. Comparison of two neighbouring strips, however, indicates which peaks are part of the spin systems in question. 
This is emphasized by boxes connecting the ‘correct’ peaks that belong to one spin system, in particular for Gln47 and Thr”. 

strategy (Wtithrich, 1986), i.e., intraresidue peaks in the 
fingerprint region were connected via NOES from the IX- 
proton to the amide proton of the following amino acid. 
The first stretches of sequence identified in the 2D spectra 
were the regions Glu67-Tyr70, as also shown in Fig. 6 in 
Politou et al. (1994b), and Va14’-Ilej9 (see Fig. 3). Other, 
shorter stretches, especially from p-strand regions, could 
also be identified because of the well-resolved low-field 
resonances of their o-protons. Examples are the stretches 
Cys21-Thr23 and Glu*‘-Glux4, as well as loop regions such 
as Arg35-Gly37 or Gly’5-Glu26 (see Fig. 1). Extending these 
fragments was difficult using only 2D spectra, because of 
extensive ambiguity in the connection to the a-proton of 
the previous residue or the amide proton of the following 
residue. Ambiguities were greatly resolved by using 
NOESY spectra acquired at different temperatures and 
3D TOCSY-NOESY and 3D 15N NOESY-HSQC spectra. 
The particular advantage of the 3D TOCSY-NOESY is 
that it enables extraction of sequential information by 
using the transfer to the side-chain protons for dispersion 
in Fl-F2 in case of weak TOCSY o-amide connections 
that render a fingerprint peak essentially invisible. 

However, this experiment resolved only a few amide 
resonance ambiguities, because the WATERGATE left 
only the most high- and low-field shifted TV protons in F3 
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Fig. 5. Exchange of amide protons and secondary chemical shifts. The results from three different experiments are combined. The ratio of peak 
intensities in 15N HSQC experiments with and without presaturation of the water resonance for 1 s is shown in panel A. Saturation of the water 
resonance is transferred to the amide protons via chemical exchange, so that smaller peaks indicate faster exchange. Panel B shows intensities of 
amide proton water NOE/exchange peaks taken from the 3D “N NOESY-HSQC spectrum. The water is completely undisturbed until immediately 
before the start of acquisition (F3), such that NOES from water (in Fl) to amide protons (in F2) are observable. Data are shown only for residues 
that do not display intra- or interresidual NOES to o-protons close to the water resonance. The black bars in panel C indicate amide protons that 
are stable for longer than 30 days (large) or 8 h (small) in DzO solution. Secondary chemical shifts of o-protons at T= 300 K are shown m panel 
D. Values are obtained by subtracting the measured values from the random coil chemical shifts (Wiithrich, 1986). Averages over two consecutive 
values are shown to render the pattern more evident. The presence of B-conformation is clearly indicated by stretches of residues having 
consistently negative values. The position of B-strands according to the characteristic NOE pattern is indicated by black bars at the bottom of 
panel D. 

and these were well resolved anyway. NOES with ambigu- 
ous amide resonances were resolved instead by the 15N 
dispersion in the 3D “N NOESY-HSQC. By combining 
the information provided by the two 3D spectra, the 
sequential assignment became straightforward. 

Examples of Fl-F2 (NOESY) slices in the 3D r5N 
NOESY-HSQC spectrum are shown in Fig. 3 and Fl-F2 
(TOCSY) slices in the 3D TOCSY-NOESY spectrum are 
shown in Fig. 4. Intraresidual NOES in the slices of the 
3D “N NOESY-HSQC spectrum were identified by su- 
perimposing with the corresponding 3D “N TOCSY- 
HSQC spectrum. NOES collected from Fl-F2 slices in the 
3D “N NOESY-HSQC were assigned by analysis of a 
Fl-F2 plane in the 3D TOCSY-NOESY spectrum, taken 
at the same value in F3 as the slice in the 3D 15N 
TOCSY-HSQC. 

The search for sequential partners in the 3D spectra 
was guided by the candidate frequencies obtained from 

the 2D spectra. In this way, the assignments of all but 
one strand were completed. Also, some loops could be 
connected to the strands, e.g., residues Arg35-Gly37 were 
connected to the strand Thr30-Leu34 based on NOES from 
the 3D 15N TOCSY-HSQC. The loops Asp@-Se?‘, G~Y’~- 
Pro29, Glu13-Ala’7, the N-terminus and the parallel strand 
Se?-Tyr” were assigned only on the basis of the 3D spec- 
tra. Sequential connectivities from the prohnes to the 
previous residue were obtained from the 3D TOCSY- 
NOESY spectrum, with the exception of Pro29 (see 
above). The connection to the sequentially following 
residues was taken from the 3D 15N NOESY-HSQC for 
all three prolines. The complete sequential assignment is 
shown in Table 1. 

Ident$cation of elements of secondary structure 
Elements of secondary structure are usually identified 

by characteristic chemical shifts of o-protons (Pastore and 
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TABLE 1 
‘H AND 15N ASSIGNMENTS (ppm) FOR THE M5 MODULE OF TITIN 

Residue N HN HZ Hfl Others 

Arg’ 
Ile* 
Let? 
Thr4 
LysS 
Pro6 
Arg’ 
Ser’ 
Met9 
Thr” 
Val” 
Tyr” 
GILlI 
Gly“’ 
Glu” 
Ser” 
Alal 
Arg” 
Phe19 
Se?’ 
cy? 
Aspz2 
Th? 
As~=~ 
Glyz5 
Gluz6 
Pro” 
Val** 
Pro*9 
Thr3’ 
Va13’ 
Th? 
Trp33 
Let? 
Arg3’ 
Ly? 
Gly3’ 
Gln3* 
Va139 
Let?’ 
Ser4’ 
Th? 
Ser43 
Ala4 
Arg45 
Hi? 
Gln4’ 
Va14’ 
Thr@ 
Thr” 
Thr” 
Ly? 
Tyrs3 
Ly? 
Se? 
Thrs6 
Phe5’ 
GAUGE 
Ile59 
SeP 

112.8 8.25 
119.6 8.24 
128.6 8.77 
113.6 7.38 
125.1 8.69 

- 

123.1 
119.6 
118.2 
120.7 
118.5 
119.2 
119.1 
113.2 
119.8 
113.8 
121.9 
121.6 
123.9 
115.0 
118.1 
124.0 
114.9 
115.5 
108.2 
121.9 

8.71 
8.57 
8.46 
8.54 
8.49 
8.63 
8.84 
9.29 
7.78 
8.23 
8.41 
7.21 
9.03 
8.82 
9.09 
7.98 
9.11 
8.37 
7.95 
7.79 

- - 

123.3 8.43 
- - 

114.8 9.03 
123.6 8.51 
124.2 8.77 
129.4 9.49 
122.1 9.27 
117.4 8.36 
129.1 9.45 
103.2 8.48 
119.8 7.78 
123.7 8.39 
130.1 8.91 
115.3 8.25 
119.8 8.62 
124.8 9.43 
121.1 8.65 
121.7 8.09 
114.6 7.52 
120.1 8.97 
127.1 8.51 
123.0 8.99 
125.5 9.18 
122.1 9.05 
124.2 8.74 
118.4 7.91 
120.4 7.80 
117.7 8.74 
121.4 9.09 
126.2 8.39 
126.7 8.61 
124.1 8.52 
112.7 8.19 

4.46 
3.93 
4.21 
4.46 
4.27 
4.92 
4.59 
5.14 
5.01 
5.43 
4.72 
4.73 
3.66 
4.27 I 3.64 
4.46 
4.87 
4.31 
4.49 
4.66 
5.65 
4.91 
5.81 
5.16 
4.64 
4.05 I 3.24 
4.36 
4.66 
3.74 
4.51 
4.31 
4.54 
4.45 
4.86 
5.13 
4.18 
3.67 
4.03 I 3.41 
4.46 
3.91 
4.43 
4.71 
4.47 
4.73 
4.16 
4.36 
5.49 
4.86 
4.89 
4.67 
5.11 
4.51 
3.50 
4.58 
5.38 
5.59 
5.24 
5.06 
4.91 
4.40 
4.23 

1.60 
1.51 
1.47 Il.34 
3.97 
1.94 
0.94 
1.95 
4.25 13.87 
1.96 I 1.91 
3.81 
2.41 
2.59 13.06 
2.02 I 1.97 
- 

2.04 12.14 
3.76 13.69 
1.05 
2.05 I 1.80 
2.45 
3.72 
2.71 12.51 
2.87 12.57 
3.88 
2.56 12.32 
- 

1.97 12.04 
1.95 
1.17 
2.04 
4.14 
1.82 
3.74 
2.68 12.57 
1.58 
1.58 I I.46 
1.34 
- 

2.30 12.23 
1.89 
1.71 
3.88 
4.20 
4.17 
1.42 
1.90 
3.28 13.10 
1.98 
1.99 
4.00 
4.05 
4.22 
1.78 Il.67 
3.93 12.80 
1.79 
3.83 13.73 
3.93 
0.75 
I.67 I I.73 
I.50 
3.16 13.69 

HY 0.64; H’ 2.76; HE 7.22; NE 96.2 
HY’ 1.44; Hr’ 0.67; H&r 0.80 
HY 1.16; H’ 0.75, 0.69 
HT 1.19 
HT 1.70; H’ 1.09; HE 3.07 
Hr 1.76 I 1.69; Hs 3.41 
Hr 1.78; H’ 3.26; HE 7.24; NE 96.7 
- 

HY 2.42 I 2.32 
Hr 0.91 
HY 0.79 IO.58 
H’ 7.22; H’ 7.22 
Hr 2.27 12.16 
- 

HY 2.25 
- 
- 

HY 1.26; Hs 3.00; Hz 7.10; N’ 96.2 
H* 6.83; H’ 7.03; Hc 6.98 

HT 1.33 
- 

HY 0.94 
- 
- 

Hr 2.16 
HY 1.84; H’ 3.76 I 3.62 
HY 0.85, 0.58 
H”’ 1.86; H6 3.58 
HY 1.01 
HY 0.76 I 0.25 
HY 1.19 
Hc’ 7.06; HE3 7.35; H*’ 7.19; Hc3 6.50; II”* 6.38; HE’ 10.4 
Hr 0.97; Hs 0.58 I 0.49 
HY 0.96; H* 3.13; H’ 7.20; N’ 97.4 
HY 1.96; H’ 1.65; H’ 2.90 
- 

HY 2.43; H’ 7.14 16.82; W 112.2 
HY 0.96 IO.63 
Hy 1.49; H’ 0.61 IO.29 
- 

HY 1.40 
- 
- 

HT 1.55; H’ 3.02; HE 7.23; NE 95.7 
Hs 8.27; HE 7.09 
HT 2.26; H’ 7.25 I 6.61; NE 110.9 
HY 1.01 I 0.74 
HT 1.14 
HY 1.27 
Hr 1.18 
Hr 1.18; H’ 0.98; H’ 2.89 
H’ 7.24; H= 6.96 
Hy 1.47; H’ 1.17; H’ 2.92 
HY 5.97 
HT 1.05 
H’ 6.44; HF 6.11; Hc 6.57 
HY I .94 



TABLE 1 
(continued) 

Residue N HN HW HP Others 

Ser6’ 115.4 8.08 3.91 
ValG2 124.4 8.77 3.87 
Gln6’ 125.5 9.46 4.88 
Ma6 1X9 9.02 4.67 
Ser6’ 109.4 8.17 4.79 
Asp@ 119.2 8.42 4.64 
GllP 120.0 7.56 4.04 
Gly6’ 111.7 9.29 4.63 13.83 
AsnG’ 117.7 8.14 5.01 
Tyr” 123.4 8.87 4.61 
Se?’ 112.1 8.86 5.38 
VaY’ 118.3 8.79 4.91 
Va173 125.6 8.90 4.57 
VaY4 128.7 8.92 5.04 
GILI~~ 124.9 8.51 5.15 
Asn7’ 120.1 8.41 4.56 
Ser” 115.6 6.97 4.06 
Glu7* 117.2 7.42 4.42 
Gly79 107.2 7.98 4.04 14.51 
LysEO 118.9 8.45 5.39 
GllP 121.5 8.92 4.61 
GIL? 121.8 8.SO 5.50 
Alas3 124.0 8.72 4.79 
Glue4 121.4 8.55 5.14 
Phe” 118.8 8.55 4.86 
Th? 112.5 9.15 5.22 
Let?’ 125.3 8.93 5.42 
Thr” 124.4 8.93 4.86 
Ile*’ 125.8 8.83 4.96 
Glr? 128.9 8.49 4.14 
Lys9’ 121.8 7.99 4.32 

3.67 13.51 
2.00 
1.96 
i.44 
3.75 
3.03 I 2.82 
2.16 
- 
2.12 12.50 
2.13 I 2.45 
3.74 13.63 
1.17 
1.70 
1.72 
2.02 
3.22 12.71 
3.78 13.73 
2.01 
- 
1.46 
1.89 I I.75 
1.88 Il.80 
1.39 
2.05 I 1.94 
3.05 12.86 
4.01 
2.25 
4.18 
1.75 
1.84 
1.68 

- 
Hr 0.83 IO.93 
Hr 2.31 / 2.24; H’ 7.40 I 6.80; h" It 1.7 
- 
- 
- 
HY 2.72 I 2.39 
- 

Hs 7.45 I 6.81; N’ 112.7 
H* 6.75; HE 6.65; Hq 10.08 
- 
HY 0.46 l-O.42 
HY 0.72 
Hr 0.75 
Hr 2.23 
Hs 7.49 I N' 6.84; 112.4 
- 
Hr 2.29 

Hr 1.18; Hs 1.42; Hz 2.91 
Hy2.41; H’ 7.61 / 6.94; NE 111.6 
HY 2.06 
- 
Hr 2.26 
H’ 6.85; HE 6.54 
Hr 1.14 
HY 1.42; H’ 0.91 / 0.6s 
HY 1.23 
HY’ 1.60; Hy’ 0.73; H” 0.62 
Hr 1.41; H’ 7.28 / 6.67; NE 112.2 
Hr 1.84; H* 1.41; HE 3.02 

“N resonance frequencies are given for main-chain as well as for side-chain nitrogens, with the exception of lysme c nitrogens, Experimental 
conditions: T = 30; K, 20 mM deuterated acetate, pH 4.8. 

Saudek, 1990; Wishart et al., 1991) protection of amide 
protons from chemical exchange and, most important, by 
the detection of specific patterns of short-, medium- and 
long-range NOES (Wtithrich, 1986). The secondary chemi- 
cal shifts of the c+protons are shown in Fig. 5. It is LOSS- 
ible to distinguish seven regions with consistently negative 
secondary chemical shifts (typical of p-sheet structures) of 
at least -0.15 ppm, ranging between residues 3-12, 16-24, 
29-33, 44-50, 50-59, 68-77 and 78-89. The maximum 
values reached in all these minima are around -0.6 ppm, 
with the exception of region 29-33, which reaches only 
values of slightly more than -0.2. 

The protection of amide protons was measured by 
exchange in DZO, solvent saturation transfer and by semi- 
quantitative analysis of exchange/NOE intensities in the 
3D 15N NOESY-HSQC experiment. These experiments 
are mostly complementary. While DZO exchange and the 
NOE/exchange experiments give more appreciable vari- 
ations than the saturation transfer experiment, they may 
present limitations for residues with a-protons that reson- 
ate too close to the water signal. Currently, this problent 

can be circumvented only by using doubly i5N/‘%Z-labeled 
samples (Grzesiek and Bax, 1993). The saturation transfer 
experiment does not suffer from this problem. In addi- 
tion, only two 2D experiments are needed that profit 
from the usually good dispersion in the j5N HSQC experi- 
ment, so that values for essentially all residues were ob- 
tained. The results of all three experiments performed on 
M5 are in perfect agreement (Fig. 5), as is most evident 
for residues 70-S I. The existence of p-strands is immedi- 
ately obvious by the alternating pattern of protected and 
unprotected amide protons. Residues Met9 and Val” are 
protected, while residues Se?, Thr’* and Tyr12 are unpro- 
tected, suggesting a l3-strand facing its partner strand with 
the amides of Met9 and Val”. Similar results are observed 
for residues 15-21, 31-35 and 80-86. All of these regions 
are external strands. Two regions with continuous 
stretches of protected amides between 55-58 and 70-75 
are more indicative of internal strands, buried in the core 
of the p-sheet. 

The NOES indicative of b-sheets are displayed in Fig. 
6. By analysis of 2D (see Fig. 1) and 3D spectra (see Fig. 
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3) a complete set of NOES was collected, defining a total 
of eight p-strands. With the aid of interstrand NOES, 
these can be grouped into two p-sheets, each containing 
four strands. All strands are antiparallel, with the excep- 
tion of the pair G-A’. A closer view on the general top- 
ology is obtained by analyzing the list of NOES, including 
also side-chain protons, as shown in Fig. 7. The regions 
of parallel and antiparallel sheets are clearly evident. 
Three other distinct elements of secondary structure were 
identified besides the o-strands, i.e., two type I b-turns 
connecting strands E and D as well as strands G and F 
according to specific short-range NOES (Wtithrich et al., 
1984) and a p-bulge (Richardson et al., 1978) near the N- 
terminus, characterised by a strong sequential amide- 
amide NOE between Leu3 and Thr4 and the ‘inversion’ of 
the pattern of interstrand NOES between Leu3 and Thr4. 

The definition of the p-strands by the NOES accounts 
almost perfectly for the secondary chemical shifts, as well 
as for the protected amide protons. The only exception is 
the B-strand Thr3’-Arg3’ that displays much weaker sec- 
ondary chemical shifts than all other strands. However, 
Trp33 may compensate for the low-field shift expected for 
the o-protons in a B-sheet. Among the protected amide 

protons are some that are not part of a B-strand, as de- 
fined by the NOES. Glu15 and Alal follow the alternating 
pattern of protected amides that continues with Phe19 and 
Cys2’ and the weaker protected Thr’3, without exhibiting 
the typical NOES. The protection should be caused by the 
amides pointing into the core of the molecule, thus being 
almost unaccessible from the outside. This assumption is 
confirmed by the fact that Ile59, being the last residue on 
the opposite strand, still shows the characteristic NOES 
but has its amide proton pointing to the outside of the 
molecule. The same holds for the following residues 
(Ser60-Va162) in this strand, which exhibit consistently fast 
exchange of their amide protons in all three experiments. 
All amide protons that are presumably involved in hydro- 
gen bonds between strands A and B exchange relatively 
fast in D20 experiments (see Fig. 5). This is not observed 
for the other external strands (C, D and A’). However, we 
expect a higher flexibility of the N-terminus, so that the 
A strand may be formed for most of the time but with a 
high rate of ‘opening and closing’. This hypothesis is 
supported by stability data, showing that the M5 domain 
is stabilized when N-terminally extended by six residues 
(Politou et al., 1994a) (the melting temperature increases 

C 

F 

G 

A’ 

D 

E 

B 

A 

Fig, 6. Definition of the p-strands according to interstrand backbone-backbone NOES. NOES that are indicative of secondary structure are labeled 
by thin lines. Amide protons stable for more than 30 days in D20 are labeled with thick circles; amide protons stable for more than 8 h are labeled 
with thin circles. The rest of the amide protons exchange within less than 8 h. A p-bulge is clearly defined for residues 2 to 4. Two type II p-turns 
were identified, connecting strands E and D as well as F and G. Nomenclature conventions were taken from Harpaz and Chothia (1994). 
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residue number 

Fig. 7. Left: NOES extracted from a NOESY spectrum with a mixing time of 100 ms, measured at T= 300 K. Crosses indicate distances < 3.0 A, 
circles indicate distances > 3.0 A. Right: distances calculated from the structure of telokin (Brookhaven entry ltlk) using XPLOR by averaging 
over all atoms of every residue with a cutoff of 9 A. Only the part that is homologous to the M5 domain is shown. Matrix plots were generated 
with MATHEMATICA. 

from 50.5 to 59.3 ‘C; the free energy of folding goes from 
3.61 to 5.47 kcal mall’). The improved stability against 
thermally and urea-induced unfolding is not restricted to 
the M5 module, but appears to be a general property of 
titin type II modules. The additional residues could stabil- 
ize the interface of the A and B strands by making inter- 
actions to the G strand as well as to the loop connecting 
strands B and C. More direct support for additional 
flexibility of the A strand comes from variations in the 
three experiments, performed to analyze amide proton 
exchange. Although vanished within less than 8 h in D*O, 
the amides of Leu’ and Thr4 show rather high intensities 
in the solvent transfer experiment and weak or no NOE/ 
exchange peaks to water in the 3D i5N NOESY-HSQC 
experiment. A similar behaviour is observed for the resi- 
dues in strand B: Asp22 and AspZ4 exchange fast in D20, 
but have a higher degree of protection in the other two 
experiments. 

Conclusions 

Essentially complete sequential assignment was ob- 
tained for the immunoglobulin-like module M5 from titin 
by the combined use of homo- and 15N heteronuclear 2D 
and 3D spectra. Analysis of amide proton chemical ex- 
change data, using a combination of three independent 
methods together with secondary chemical shifts and 
medium- and long-range NOES, established a well-defined 
secondary structure. The protein contains p-strands, con- 
nected by turns and bulges. The whole structure is di- 
vided into two l3-sheets, forming the B-sandwich that is 
well established for the structure of immunoglobulins. 
Each B-sheet contains four strands. The sheet comprising 

strands A, B, E and D is arranged in an antiparallel 
fashion (see Fig. 6). The other sheet, containing strands 
A‘, G, F and C, is antiparallel with the exception of the 
C-terminal part of strand G, which is arranged in a 
fashion parallel to strand A’. The strands F and G, as 
well as D and E are connected by type II b-turns. The 
central part of strand A forms a p-bulge. 

From the overall fold as defined above, it can be con- 
cluded that the M5 module is a member of the immuno- 
globulin superfamily, as previously predicted on the basis 
of sequence alignments. This family has been the subject 
of numerous investigations concerning sequence-structure 
relationships. The ever increasing amount of sequences 
and structures from extra- and more recently also intra- 
cellular proteins has resulted in the classification of sub- 
families (Bork et al., 1994; Harpaz and Chothia, 1994). 
The only other structure solved so far for an intracellular 
immunoglobulin-like protein from eukaryotes, telokin 
(Holden et al., 1992), was assumed to be an intermediate 
between the well-established V and C subfamilies. For 
this reason, a new subfamily called the I-set was proposed 
(Harpaz and Chothia, 1994). Although the sequence 
identity of the M5 module to telokin is rather low, i.e. 
25%, the positions of the p-strands determined from 
NMR parameters in M5 match very well. This is evident 
when comparing the list of NOES for M5 with a matrix 
of distances from the structure of telokin in Fig. 7. Both 
patterns match veiy well when the different lengths of the 
N-termini of the two proteins are taken into account. It 
should be noted in addition that most of the residues 
assumed to be determinants for the folding of the core 
are well conserved in the sequences among the titin type 
II modules and telokin. The most appreciable difference 
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is the lack of any data confirming the existence of strand 
C’ in M5. The sequence alignment, however, shows an 
extremely low homology in this region between M5 and 
telokin, but also among all the type II domains of titin. 
It seems therefore unlikely that the C’ strand is a key 
feature of the I-set. To derive more conclusive arguments, 
the structure determinations of M5 and other domains 
from different regions of the molecule have to be awaited. 
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