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ABSTRACT: Titin is a 3-MDa protein thought to form a fibrous intracellular system in vertebrate striated 
muscle and to play an important role in sarcomere alignment during muscle contraction. I t  has also been 
implicated as a “molecular ruler”, regulating the assembly and the precise length of the thick filaments 
[Whiting, A. J., Wardale, J., & Trinick, J. (1989) J. Mol. Biol. 205, 163-1691. Partial sequencing of 
titin-encoding cDNAs suggests that the protein is organized in a modular fashion, containing two classes 
of - 100-residue repeats [Labeit, S., Barlow, D. P., Gautel, M., Gibson, T., Holt, J., Hsieh, C. L., Francke, 
U., Leonard, K., Wardale, J., Whiting, A., & Trinick, J. (1990) Nature 345, 273-2761. These motifs, 
referred to as type I and type I1 modules, show sequence homology to the fibronectin I11 and immunoglobulin 
C2 superfamilies, respectively. Since the type I1 modules represent the most widely occurring motifs along 
the titin molecule, we expressed in Escherichia coli three domains of this type spanning different regions 
of the sarcomere (A-band and M-line) and studied their structure and stability. Using circular dichroism, 
nuclear magnetic resonance, and fluorescence spectroscopy, we showed that all the fragments examined 
are independently folded in solution and possess a @-sheet conformation. Furthermore, employing N M R  
analysis, we identified an overall folding pattern present in all modules and related to the Ig fold, as 
previously suggested by theoretical predictions. The stability of the modules over a range of conditions was 
investigated by measuring key thermodynamic parameters for both thermal and chemical denaturation and 
by monitoring amide proton exchange as a function of time. Despite the overall structural similarity, the 
stability of the modules seemed to differ; the motif corresponding to the M-line band was significantly more 
stable than the motifs corresponding to the A-band. Our data provide direct experimental evidence that 
the titin type I1 modules possess a @-sheet conformation and further suggest that similarly folded motifs 
located at  different regions of the titin molecule may have distinct molecular properties and stability. As 
structural analysis of more titin domains is proceeding, these and related observations are expected to 
establish clear cut structure-function relationships and to unveil the exact cellular role of this protein. 

Titin is the largest protein described to date (-3 MDa) 
and one of the few proteins specific to vertebrate striated 
muscle (Maruyama et al., 1984; Wang, 1985; Kurzban & 
Wang, 1988; Furst et al., 1988). Related giant proteins are 
found in invertebrates (Benian et al., 1989; Ayme-Southgate 
et al., 1991). In the mature myofibril, titin is the third most 
abundant component of the sarcomere, after actin and myosin, 
comprising about 10% of its mass. Single titin molecules are 
“string-like” particles, over 1 pm in length, which span half 
the sarcomere, i.e., from M- to Z-line (Furst et al., 1988; 
Nave et al., 1989). The part of the titin molecule located in 
the I-band appears to make elastic connections with the thick 
filaments and the Z-disk (Furst et al., 1988; Horowits et al., 
1989; Funatsu et al., 1990, 1993); the A-band region of titin 
contains a multiplicity of binding sites for myosin and C-protein 
(Labeit et al., 1992; Furst et al., 1992); finally, in intimate 
association with other proteins, titin forms an integral part of 
the M-line (Vinkemeyer et al., 1993; Gautel et al., 1993). 
Because of these multiple interactions, titin is thought to play 
an important role in providing sarcomere alignment during 
muscle contraction and in regulating the assembly and the 
precise length of the thick filaments during myofibrillogenesis 
(Trinick et al., 1984; Whiting et al., 1989; Fulton & Isaacs, 
1991; Isaacs et al., 1992; Gautel et al., 1993; Wang et al., 
1993). 
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A detailed structural characterization of the titin molecule 
had until recently been precluded by its large size. However, 
the cloning and sequencing of cDNAs coding for an appreciable 
part of titin showed that this protein is organized in a typically 
modular fashion and that it contains two classes of repeated 
-100-residue motifs (Labeit et al., 1990, 1992; Gautel et al., 
1993). These modules, referred to as type I and type 11, show 
sequence homology to the fibronectin I11 and immunoglobulin 
C2 superfamilies, respectively (Benian et al., 1989). The 
arrangement of the repeated sequences along the titin molecule 
shows considerable variation. In the elastic I-band region of 
the sarcomere there is an irregular alternation of type I and 
type I1 motifs including long stretches of exclusively class I1 
motifs ( S .  Labeit, unpublished results). In the A-band region 
the two types of motifs form a very regular 11 domain super- 
repeat pattern (-II-I-I-II-1-I-I-II-I-I-I-) (Figure 1A). Finally, 
within the M-line, Le., C-terminally, class I1 motifs are 
separated by nonrepetitive “linker” sequences (Figure 1B). 

The modularity implied from the sequence data makes titin 
an ideal object for NMRl studies as the size of the motifs is 
well within reach of multidimensional NMR spectroscopy. 
Therefore, a structural study of the individual titin modules 

~ ~~~ 

Abbreviations: NMR, nuclear magnetic resonance; PCR, polymerase 
chain reaction; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel 
electrophoresis; CD, circular dichroism; TOCSY, total correlation 
spectroscopy; TPPI, time-proportional phase incrementation; NOESY, 
nuclear Overhauser enhancement spectroscopy; DQF-COSY, double 
quantum filter correlated spectroscopy; HMQC, heteronuclear multiple 
quantum coherence; HSQC, heteronuclear single quantum coherence; 
AG, Gibbs free energychange; AS, entropychange; AH, enthalpychange; 
Tmr melting temperature; MLCK, myosin light chain kinase; NOE, nuclear 
Overhauser enhancement; UV, ultraviolet. 
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FIGURE I :  Arrangement of modules in the A-band (A) and in the 
M-line (9) part of the titin molecule. Black boxes indicate the type 
I1  and white ones the type I modules. Shaded boxes represent 
nonrepetitive “linker” sequences separating the type I I  modules in 
the M-line. Also indicated are the positions ofthe modules expressed 
and studied in the present work. 

is both meaningful and feasible because it could eventually 
address important aspects of the function of titin, such as its 
elasticity, at the molecular level. Such an approach has been 
successfullyapplied toseveral modular proteins and is by now 
wellestablished (Baronetal., 1990;Driscolletal., 1991;Main 
et al., 1992). 

We have undertaken a longterm structural analysis of 
representative titin modules in solution using a variety of 
techniques and mainly NMR spectroscopy. Thegeneral scope 
of this type of analysis and the initial data obtained with 
selected motifs made it obvious that a detailed study of the 
stability and conformational properties of individual domains 
is an absolute prerequisite before any rigorous 3D structure 
determination is attempted. At the present time we have 
concentrated on the structural analysis of type I1 modules, 
mainly for two reasons. First, these modules are present in 
all regions of the molecule in various combinations with 
modules of the same class or of class I or with nonrepetitive 
“linker” sequences. Second, they belong to the Ig superfamily, 
a diverse structural class which now includes intra- as well as 
extracellular proteins. The structures of these proteins have 
been extensively studied, allowing comparison among a large 
family of evolutionarily related proteins; however, the number 
of stability studies is rather limited (Buchner et al., 1991). 

In this study, we provide experimental evidence showing 
that individual titin modules possess a predominantly &sheet 
secondary structure. We also report the results of a stability 
survey for selected titin modules of class I1 from the A-band 
and the M-line which represents, to the best of our knowledge, 
the first of this type for single, isolated Ig modules. 

EXPERIMENTALPROCEDURES 

Protein Expression and Purification. cDNAs coding for 
various titin type I1 domains from the A-band and M-line 
regions of the molecule were isolated by PCR (Saiki et al., 
1985) using the rabbit CE12 and human CH11 (Labeit et al., 
1992) and humanAB5 (Gauteletal., 1993)clonesastemplates 
(Ab2 EMBL data library AC X64698, bp 847-1 137; MII: 
ACX69490,bp 11365-11637;Abl: ACX64696,bp14404- 
14685). The DNA fragments obtained were subcloned into 
tbepET8cvector (Studieret al., 1990) and fusedN-terminally 
with an oligonucleotide linker encoding a Hiss tag sequence, 
introducing an additional two serine residues in the linker. 
After induction of transformed BL21 [DE31 pLysE cells 
(Studier & Moffat, 1991) with 0.3 mM IPTG for 4 h, the 
harvested cell pellet was treated with lysozyme at 20 pg/mL 
and sonicated in 50 mM sodium phosphate, pH 8.0, 150 mM 
NaCI, and O.I%Triton X-100. After centrifugationat 25000g 
and washing, the insoluble inclusion bodies were dissolved in 
8 M urea, 50 mM potassium phosphate, pH 8.0, and 20 mM 
8-mercaptoethanol. The urea extract was clarified by 
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centrifugation a t  25000g and the soluble supernatant frac- 
tionated by metal chelate affinity chromatography on Ni2+- 
NTA agarose (Qiagen) essentially as described (LeGrice & 
Grueninger-Leitch. 1990). Pure fractions from imidazole 
gradients were pooled, diluted a t  100 pg/mL, and dialyzed 
against several buffer changes of 20 mM Tris/acetate, pH 
8.0, 1 mM EDTA, and 0.5 mM PMSF. Insoluble protein 
afterdialysiswas pelletedat 25000gand the supernatant passed 
over 50 mL of DEAE-Sephacel equilibrated in the dialysis 
buffer. Unbound fractions contained pure titin domains as 
judged by SDS-PAGE (Laemmli, 1970) and mass spec- 
trometry and were concentrated by vacuum dialysis against 
the appropriate assay buffers. 

Labeling. Uniformly I5N-labeled samples were obtained 
from bacteria grown in M9 medium with ISNH4CI as the sole 
nitrogensource. For the”C1abeling.a mixtureof IT-labeled 
saccharides and peptides from an acid hydrolysate was used. 

Circular Dichroism-Thermal Unfolding. Circular dichrc- 
ism (CD) spectra in the far ultraviolet were recorded on a 
Jasco 5-710 spectropolarimeter, fitted with a thermostated 
cell holder and interfaced with a Neslab RTE-1 IO water bath. 
Theinstrument wascalibrated with a O.IO%aqueoussolution 
of dto-camphorsulfonic acid. Quartz, thermostated cuvettes 
with 1-01 0.2-mm path lengths wereused (Hellma). Spectra 
were typically recorded in IO mM acetate buffer, pH 4.2, and 
werebaselinecorrected by subtractionoftheappropriate buffer 
spectra. Thecombinedabsorbanceofcell,sample,andsolvent 
was kept less than 1 over the measured range. Thermal 
denaturation curves were obtained at a heating rate of 20 
T / h .  Thermal denaturation curves of at least two different 
preparations were recorded for each module. 

Fluorescence Spectroscopy-Urea Denaturation Studies. 
Urea denaturation of the titin domains was monitored by 
measuring the intrinsic fluorescence intensity of solutions 
containing typically0.070 mg/mLof protein in IO mM acetate 
buffer, pH 4.2, and urea in the concentration range of 0-8 M. 
At least two different samples of each module were used. 
Urea stock solutions (10 M) were prepared with ‘ultrapure” 
urea purchased from Schwarz/Mann Biotech and were used 
within 24 h. Fluorescence measurements were made in 1.0- 
cm quartz cuvettes thermostatted at 25 =& 0.1 “C either with 
an SLM-Aminco Bowman Series 2 or with an SLM 8000 
spectrofluorimeter operating in ratio mode. The slit widths 
were4nmforbothexcitationandemission. Foranexcitation 
wavelength of 293 nm, the maximal change in fluorescence 
intensity between the folded and the unfolded form was 
obtained at emission wavelengths of 312 nm for Abl,  314 nm 
for Ab2, and 315 nm for MI1. The solutions were incubated 
at 25 “C for 10-12 h before the measurement. After the 
fluorescence measurements, the pH of four solutions near the 
midpoint of the transition was recorded on a PHM93 
Radiometer pH meter after a double buffer adjustment, and 
the average was considered as the pH of denaturation. The 
resulting urea denaturation curves were analyzed, and the 
free energy of folding was determined by the linear extrapola- 
tion method (Pace et al., 1989) assuming a two-state 
mechanism of unfolding and by nonlinear regression analysis. 

Nuclear Magnetic Resonance. The samples for NMR 
measurements typically contained 1-1.5 mM protein in 90% 
Hz0/10% DzO and 10 mM deuterated acetate buffer, pH 
4.2. Samples for the hydrogen exchange experiments were 
obtained by first lyophilizing the protein from its aqueous 
solutions and then redissolving it in 99.5% D20. All 2D NMR 
spectra were acquired on Bruker AMX-500 and AMX-600 
spectrometers in the phase-sensitive mode (TPPI) either with 
preirradiation of the water resonance or with selective 
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FIGURE 2 Alignment of all three titin modules against telokin. 

excitation (WATERGATE pulsesequence; Piottoetal., 1992). 
Clean-TOCSY spectra (Griesinger et al., 1988) weremeasured 
using the MLEV-I7 composite pulse cycle (Bax & Davis, 
1985) and an optimized "cleaning" delay approximately 1.5 
times longer than the low-power 90' pulse. Mixing times 
used were in the range 3&75 ms for theTOCSY and 5&200 
ms for the NOESY spectra. Homonuclear 2D DQF-COSY, 
clean-TOCSY, and- NOESY and heteronuclear 'H-ISN 
HSOC. IH-lsN HSOC-TOCSY. and IH-ISN HSOC- 

and 1H-'3C HMQC-TOCSY ,&&a (Bodenhausen & Ruben; 
1980; Bax et al., 1990; N o r w d  et al., 1990) were recorded 
at 17,27, and 35 "C, with 2048 data points in the acquisition 
domain and 512 data points in tl. Data were processed on a 
Bruker X-32 data station using UXNMR software. Prior to 
Fourier transformation, thedata werezero filled to 2048 points 
in the f I  dimension and weighted with a Gaussian window in 
t2  and a cosine window in rl. A baseline correction was 
performed in both dimensions using a polynomial. 

RESULTS 

Selection of Module Boundaries. The precise boundaries 
of the modules were selected on the basis of an extensive 
sequence alignment of all type I and type I1 modules present 
in the A-band and M-line (70% of the whole titin sequence) 
(Higginset al., 1994). TheN-terminusofthe A-banddomains 
was selected around the well conserved proline. With the 
M-line domain two slightly different alignments of the 
N-terminus are possible, because of the lack of the starting 
proline common to most of the others. We chose the one that 
aligns the first hydrophobic residue (ne) to the first Phe of 
telokin. The choice of the C-terminus was in all cases 
unambiguous, as it had to include the well conserved 
Hydrophobic-X-Hydrophobic (Figure 2). 

Secondary Structure Deduced by Circular Dichroism. CD 
spectra of all three titin domains a t  room temperature (25 
"C)  are characteristic of a predominantly @-sheet secondary 
structure (Figure 3). Use of the method described by Chen 
et al. (1974) toestimate thesecondarystructuregaveidentical 
results for the three modules (52% in &sheet and 48% in 
secondary structuresother than 8-sheetand helix). However, 
the error associated with the fitting process is large, so that 
the resulting percentages are only qualitatively significant. 

CD spectra recorded in the pH range of 4-7 show the same 
features, indicating that there is no pH-dependent confor- 
mational change. A pH of 4.2 which is more favorable for 
NMR experiments was chosen for our further work, so that 
similar conditions could be used in all our studies. 

Urea Denaturation. Fluorescence spectroscopy is ideally 
suited for monitoring of the unfolding, because in all three 
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FIGURE 3 CD spectra of Ab1 (dotted line), Ab2 (solid line), and 
MI1 (dashed line) at 25 OC, pH 4.2, in IO mM acetate buffer. 

cases the emission spectra of the denatured material differ 
significantly from theones of the native protein both in intensity 
and in the maximum emission wavelength (21-, 28-, and 30- 
nm shift upon unfolding of MU, Abl,  and Ab2, respectively). 
The latter is highly indicative of a tryptophan well buried in 
the hydrophobiccoreoftheprotein(318 nmfor Ab1 and323 
nm for Ah2 and MI1 in their native forms). 

The denaturation curves obtained by monitoring the intrinsic 
fluorescence of the modules a t  312 nm for Abl,  314 nm for 
Ab2, and 315 nm for the MI1 domain are all characterized 
by thesamesigmoidalshape(seeFigure4Afora representative 
curve). They can be divided into three regions: (a) the 
pretransition region that shows the effect of increasing urea 
concentration on the fluorescence intensity for the folded 
protein; (b) the transition region, which shows how the same 
property varies upon progression of unfolding; (c) the 
posttransition region, which shows the dependence of the 
fluorescence intensity on the denaturant concentration for 
the unfolded protein. An appreciable increase in the fluo- 
rescence intensity relative to the native state was observed a t  
very low urea concentrations (<0.25 M) only in the case of 
the Ab1 module; a similar effect has been previously reported 
with other proteinsand mainly in casesofguanidinium-induced 
unfolding (Paceet al., 1990). These points were not included 
in our analysis of the curve. There is also a slight linear 
dependence of fluorescence on urea concentration for urea 
concentrations higher than 7.5 M, in agreement with previous 
observations (Schmid et al., 1989; Pace et al., 1992). 

A two-state folding mechanism was postulated to analyze 
the curves. Such an assumption is supported by the single- 
step shape of the unfolding curve (Figure 4A) and by its 
subsequent analysis (Figure 4B). On that basis AG can be 



Fold and Stability of Titin Modules Biochemistry, Vol. 33, No. 15, 1994 4733 
~ 

Table 1 :  Thermodynamic Parameters Characterizing the Stability 
of the Three Titin Modules 

Urea concentration / M 
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FIGURE 4: (A) Urea unfolding curve for the Ab1 module at pH 4.2, 
in 10 mM acetate buffer, 25 O C .  The intrinsic fluorescence intensity 
was measured at 312 nm after excitation at 293 nm. The curve of 
best fit obtained from the nonlinear regression analysis is also shown. 
(B) AG as a function of the urea concentration for the transition 
region. AG was calculated from the data in panel A using eq 1 (points) 
and linearly extrapolated to zero according to eq 2 (solid line). 

calculated as a function of urea concentration from the points 
in the transition region using 

where R is the gas constant [1.987 calories/(deg.mol)], T i s  
the absolute temperature, K is the equilibrium constant, ff 
andf, represent the fraction of protein present in the folded 
and unfolded conformation, respectively, y is the observed 
fluorescence intensity at  the selected wavelength, and yf and 
yu are the values of the fluorescence intensities characteristic 
of the folded and unfolded conformation, respectively (Pace 
et al., 1989). Values of yf and yu were obtained by extra- 
polation of the pre- and posttransition baselines. A least- 
squares analysis was used to determine the equations for f, 
andff in the transition region. In all three cases AG was 
found to vary linearly with urea concentration. Assuming 
that this linear dependence continues to zero concentration, 
the data were then fit to 

AG = AG(H20)  - m[urea] (2) 

where AG(H20) is the value of AG at 25 OC in the absence 
of the denaturant, known as conformational stability, and m 
is a measure of the steepness of the unfolding curves. 

In all three cases, a very good fit was found between values 
of AG derived from the experimentally measured fluorescence 
intensity and those obtained by extrapolation in the transition 
region (Figure 4B). This lent additional support to our initial 
assumption of an one-step mechanism of unfolding. 

It has been argued before (Santoro & Bolen, 1989) that 
this method of analysis underestimates the final error in the 
parameters determined (AG and rn) because no error is 

[VI 1/2b mb AG(H20)b*c A H m d  
module Tma (M) (cal mol-' M-I) (kcal mol-') (kcal mol-') 

Ab1 43.9 (0.1) 2.06 1608 (38) 3 .31  (0.15) 45.6 (1.6) 

Ab2 45.6 (0.3) 3.17 1313 (130) 4.18 (0.13) 61.3 (4.7) 

MI1 52.5 (0.2) 4.37 985 (69) 4.31 (0.13) 68.5 (6.7) 

2.03 1547 (78) 3.15 (0.21) 

3.22 1463 (248) 4.71 (0.83) 

4.03 1445 (235) 5.80 (0.95) 
Calculated from plots of AG vs Tat AG = 0. For each module, the 

top line gives the results of a least-square analysis of plots of AG vs [urea] 
(eq 2), and the second line gives the results of the nonlinear regression 
analysis of the entire unfolding curve (eq 3) .  Errors are given in 
parentheses. Conformational stability, at 25 O C ,  pH 4.2. Obtained 
from the slope of AG vs T plots, AS,,,, and Tm (= TmaSm). 

assumed for the pre- and posttransition baselines. The use of 
a nonlinear regression analysis was suggested to fit the entire 
unfolding curve, such as that shown in Figure 4A, to 

Y = KYf + mf[Ul) + cv" + m,[UI)(exp[-(AG(H,O))/RT- 
rnW1 /RT) I IN  + exp[-(AG(H,O)/RT - m[Ul/RT)II 

(3) 

where mf and mu are the the slopes of the pre- and the 
posttransition lines, respectively, and [VI is the urea con- 
centration. Using the nonlinear regression analysis program 
Kaleidagraph (Synergy Software, PCS Inc.), all six para- 
meters of eq 3 were obtained with their standard errors. 

The results of the urea denaturation study are summarized 
in Table 1 and clearly show that the M11 module is the most 
stable of the three titin domains examined. For comparison, 
the results of both the linear least-squares fit and the nonlinear 
regression analysis are shown. 

It should be emphasized at  this point that more relevant in 
the present study is the relative stability of the modules and 
not the absolute values of AG(H20).  As there is no single 
parameter to characterize (and no single method to calculate) 
differences in conformational stability between structurally 
related proteins, all relevant parameters are included in the 
table: (i) The midpoint of urea unfolding curve, [urea] 112, is 
the most "objective" parameter, in the sense that it can be 
determined quite accurately and reproducibly and is almost 
independent of the unfolding mechanism and the method of 
analysis used. (ii) m is not directly measured, and its value 
depends on the unfolding mechanism and the method of 
analysis; it is nevertheless useful as the only direct measure 
of the steepness of the unfolding curve. (iii) The values of 
AG(H20) per se also depend on the method of analysis used 
and include the error associated with m to an even larger 
extent, but they give an overall estimate of the stability of the 
protein and, as such, are quite useful. 

The low values of the conformational stability could be 
partly due to the method of analysis used which is known to 
yield the lowest estimates of AG(Hz0) (Pace et al., 1989), 
but they could also reflect the nature of the proteins studied. 
It is reasonable to expect that modules cannot be as stable as 
an intact protein. 

Thermal Denaturation Monitored by CD. Thermal de- 
naturation of the three domains was monitored by following 
the change in the far-UV CD spectrum with increasing 
temperature. Since the maximal change in ellipticity between 
the folded and the unfolded conformation was obtained at  
201-204 nm, this range of wavelengths was selected to monitor 
the thermal denaturation of the proteins. With increasing 
temperature there was a loss of the &sheet CD pattern 
occurring at  a different temperature for each domain (Table 
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FIGURE 5:  Thermal denaturation curve of Ab1 in 10 mM acetate 
buffer, pH 4.2, monitored by circular dichroism at 203 nm. 
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FIGURE 6: Fingerprint regions of NOESY spectra of M11 (top) and 
Ab1 (bottom) acquired under identical conditions (300 K, pH 4.2 
in acetate buffer, mixing time = 120 ms). The sequential assignment 
pathways for a stretch of well-conserved residues are also shown. 

1). Thermal denaturation curves (Figure 5 )  were analyzed 
in the standard manner, using a two-state approximation 
(Becktel & Schellman, 1987). Equations 1 and 2 cor- 
responding to thermal denaturation were used to calculate 
the dependence of AG on temperature in the transition region, 
and subsequently the midpoint of thermal transition, Tm (where 
AG = 0), and the enthalpy change, AH, ( A H m  = TmASm, 
where ASm is the slope of AG vs T), were determined. 
Calculation of AHm values from the slope of van't Hoff plots 
yielded the same results. Data depicted in Table 1, which 
includes the Tm and AHm values, show that the three titin 
domains differ in their thermal stability and that Ab1 is 
unstable relative to the other modules. 

5 0  

5 5  

10.00 9.00 8.00 

6 (PPm) 
FIGURE 7: Part of the fingerprint region of a NOESY spectrum 
(mixing time = 120 ms) for Ab1 in acetate buffer, pH 4.2, recorded 
at 27 OC. The locations of the intraresidual amide proton-a-proton 
TOCSY cross-peaks are indicated with rectangular frames and the 
sequential assignment pathway with straight lines. 

NMR Assignments. TheNMRspectra of the three domains 
have a striking similarity and are all characteristic of a 
predominantly &sheet protein (Figure 6). However, they 
differ markedly in the overall dispersion. M11 gives the best 
resolved spectra, while the N M R  spectra of the Ab1 domain, 
although in general of a good quality, are characterized by 
regions of adequate dispersion mixed with regions of extensive 
overlap which make sequential assignment very difficult. For 
historical reasons, the NMR data presented here are those 
derived from the spectra of Abl.  

Initial spin system assignments were obtained from 2D 
homonuclear TOCSY and DQF-COSY spectra. Additional 
spin systems were identified in the 2D lH-l5N HSQC-TOCSY 
spectrum. Heteronuclear W-based experiments proved 
invaluable; by using them the ambiguity in the aromatic region 
of the spectrum was completely resolved, and the previous 
assignments were confirmed. 

Sequential assignment of the backbone lH and 15N 
resonances (for the parts of the sequence assigned) was done 
in the conventional manner (Wiithrich, 1986) using mainly 
2D 'H-lH NOESY, lH-15N HSQC-NOESY, and lH-W 
HMQC-NOESY spectra to identify short-range through- 
space connectivities between the previously assigned spin 
systems. An example is given in Figure 7. 

Use of any type of 3D experiment that could resolve the 
majority of the remaining ambiguities was precluded for the 
Ab1 module, because of degradation of the protein in the time 
required for the acquisition of a 3D spectrum. Therefore, we 
can presently be confident only about the assignment of 60% 
of the residues in Abl.  N M R  work on the M11 domain, which 
shows better spectroscopic behavior, is in progress. A full 
account of this work will be published elsewhere. 

NMR Secondary Structure. It has been widely accepted 
that secondary shifts, i.e., deviations of the N M R  chemical 
shifts from their random coil values, contain valuable 
information regarding protein secondary structure (Pastore 
& Saudek, 1990; Spera & Bax, 1991; Wishart et al., 1991; 
Ikura et al., 1991). The 'Ha and 13Ca secondary shifts are 
believed to give the best correlation to the secondary structure 
(Wishart et al., 1991). Helices are characterized by positive 
13Ca and negative * H a  secondary shifts; the opposite is true 
for @-sheets. The magnitude of thedeviations from the random 
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FIGURE 8: NMR secondary shifts and amide proton exchange. Plot of I3Ca (black bars) and IH, (shaded bars) secondary shifts vs residue 
number for the assigned part of Abl. Stretches of negative I3C, (or positive IH,) shifts indicate the location of ,%strands. Qualitative amide 
proton4euterium exchange data are also shown: (a) fast exchanging protons (open circles), Le., those with lifetime less than 4 h; (b) medium 
(half-filled circles) with lifetime between 4 and 10 h; (c) slow exchanging protons (filled circles), Le., those with lifetime between 10 and 26 
h. No amide protons remained unexchanged after 26 h in DzO. The putative location of the &strands for the model used are also indicated 
and marked by the arrows on the top of the drawing. The residues for which no data are shown are the ones not assigned. 

coil values is less pronounced for residues in &sheets than for 
a-helix. However, these deviations are still characteristic of 
the secondary structure, and they can reliably be used for this 
purpose. In fact, there is evidence that this method of analysis 
can result, in certain cases, in a clearer definition of the 
secondary structure elements, such as ends of helices, than 
the pattern of sequential and medium-range NOEs considered 
alone (Shirakawa et al., 1993). In deducing the secondary 
shifts, we used the “coil” values given by Wishart et al. (1 99 l ) ,  
which represent averagevalues from secondary structures other 
than &sheets and a-helices (including random coil). Figure 
6 shows secondary shifts for the ‘Ha and 13Ca of the Ab1 
residues assigned. There are clearly present stretches of 
secondary shifts of the same sign which identify the residues 
involved in &strands (55% of the assigned residues). 

Amide Proton Exchange. The Ab1 domain was lyophilized 
once from H2O and then dissolved in D2O. 2D TOCSY spectra 
were acquired at  17 OC starting immediately after dissolution; 
the acquisition time for each spectrum was 4 h. The majority 
of the cross-peaks for the amide protons (85%) were absent 
from the spectrum acquired 4 h following dissolution, while 
26 h later there was none detectable. These data are 
summarized in Figure 8 and clearly show that exchange of 
most of the amide protons of Ab1 is rather rapid. This was 
not the case with M11; an appreciable number of amide protons 
(12%) had not exchanged even after 1 month in D2O. 

Modeling of the Tertiary Structure. The structure of type 
I1 modules was modeled after telokin according to the 
alignment shown in Figure 2 and suggested by Y. Harpaz and 
C. Chothia (personal communication). Telokin is the only 
member with known 3D structure (Holden et al., 1992) of the 
intracellular Ig subfamily, and it represents the C-terminal 
domain of M L C K  for this reason it is the most suitable one 
for the modeling of titin, despite the relatively low sequence 
homology. The pairwise identity between telokin and Abl,  

Ab2, and M11 is 2676, 25%, and 28%, respectively, while, if 
amino acid similarity is also considered, these numbers become 
42%, 40%, and 4576, respectively. The overall fold of telokin 
is that of a &sandwich of antiparallel @-sheets (Holden et al., 
1992). In Figure 8 the regions where the &strands are 
expected on the basis of this model are shown and compared 
with the experimentally determined locations of the 0-strands. 
In the telokin structure 60% of the residues are located in 
@-strands, while roughly 55% of the Ab1 residues assigned 
showed secondary shifts characteristic for amino acids involved 
in @-strands. 

In addition, a network of NH-NH and Ha-Ha NOE 
connectivities between nonsequential residues that could be 
confidently determined from our NMR data was compared 
with the corresponding interstrand contacts expected from 
the model. This is illustrated in Figure 9. NOE connectivities 
can de detected by NMR between protons that are less than 
4 A apart in space. Most of the expected NOEs that have 
not been experimentally detected correspond to residues for 
which the NMR assignment is not available. 

The IH, 13C, and lSN chemical shifts of the N-terminally 
attached His6 sequence show in all three cases no appreciable 
dispersion and have values characteristic for random coil 
conformation. We can confidently conclude, therefore, that 
the His6 tag does not participate in any way in the formation 
of secondary or tertiary structure. 

DISCUSSION 
The Ig fold, a stable &sheet sandwich, has been elegantly 

described as “a stable platform upon which a diversity of 
sequences are displayed by varying the amino acids that are 
exposed on the external faces of the B sheets or on the loops 
of sequence connecting the B strands” (Williams et al., 1989). 
The wealth of sequences published in recent years has 
introduced even more variety in the family by including 
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FIGURE 9: Distance plot (A) derived from the model used and the 
experimentally determined connectivities (B) for the Ab1 module. 
In panel A all the interstrand NH-NH and Ha-H, contacts for the 
model constructed after telokin are shown. In panel B the NH-NH 
and Ha-H, NOE connectivities detected by NMR are indicated. 

modules from intracellular proteins and forcing “the aban- 
donment of conserved disulphide bond as the last invariant 
characteristic of an immunoglobulin-type domain” (Williams, 
1987). 

Secondary structure predictions and homology searches 
suggested that type I1 titin modules belong to the Ig 
superfamily (Labeit et al., 1990). The fluorescence, CD, and 
NMR spectra collected in this work provide direct experi- 
mental evidence in support of this hypothesis. 

The wavelength of the fluorescence maximum shows that 
the unique tryptophan, the most conserved residue in all titin 
modules and in all members of the immunoglobulin super- 
family (Lesk & Chothia, 1982; Williams & Barklay, 1988; 
Hsu & Steiner, 1992), is well buried in all three domains. 
This is consistent with the topology predicted. 

The CD patterns obtained are typical of the so-called 
immunoglobulin fold, rich in @-sheets and in perfect agreement 

with those reported in the literature for “classical” immu- 
noglobulins [VREI fragment (Brahms & Brahms, 1980); F, 
receptor (Gastinel et al., 1992); F,fragmentsof IgG molecules 
(Hobbs et al., 1992); VH and VI, Ab regions (Ito et al., 1992); 
mouse IgG (Perczel et al., 1992)] as well as for recent members 
of the family (single CD2 adhesion domain; Recny et al., 
1990). This similarity is very meaningful, given that CD 
spectra of proteins of high @-pleated content, unlike those of 
the helical ones, show a large variation in shape and intensity 
(Perczel et al., 1992). CD spectra of the whole titin molecule 
have been reported in the past (Maruyama et al., 1986). The 
differences between those and the ones obtained in the present 
study could be attributed mainly to the different size of the 
fragments and the varying contribution of unfolded sequence 
stretches, as well as nonmodule sequences, in the different 
preparations of titin. 

The NMR-derived plot of I3Ca and Ha secondary shifts vs 
residue number for Ab1 (Figure 8) also indicates the presence 
of @-sheet secondary structure and identifies the residues 
involved. There is a good agreement with the predicted 
location of @-strands in the sequence. Moreover, long-range 
connectivities (included in the contact map shown in Figure 
9), representing interstrand backbone contacts, are identified 
in the NOESY spectra between protons from residues that 
are not found in the immediate proximity of each other along 
the primary sequence. These connectivities are characteristic 
of a @-sheet folding and agree very well with the fold expected 
on the basis of the modeling after the telokin structure. 

Therefore, we can safely conclude that the three domains 
studied share a high degree of structural similarity, despite 
their overall low sequence homology. On the other hand, we 
should point out the difference in stability, as evidenced by 
the thermodynamic parameters shown in Table 1 and by the 
NMR-related spectroscopic behavior: while two modules 
appear to be quite stable and rigid, the other one, Abl ,  was 
found much less stable and prone to degradation at high 
temperatures. The higher stability of the M-line domain 
relative to the others could perhaps be attributed to its position 
in the titin molecule. Within the M-line, class I1 motifs are 
separated by nonrepetitive “linker” sequences, so they could 
be structurally more “autonomous” than the ones in the 
A-band, where they are always closely flanked by type I 
domains (Figure 1). The M-line as a rigid anchoring plane 
for the thick filaments may also require a higher degree of 
stability of its constituting modules than along the myosin 
filaments, where a certain intrinsic elasticity has been 
demonstrated (Higuchi et al., 1992). 

At this point, a word of caution should be added on the 
potential influence of the boundaries on the stability of isolated 
modules. Even in extracellular Ig domains, where the intron- 
exon boundaries are known, domains can be unstable when 
expressed singly. In the case of intracellular proteins, like 
titin, the situation is even less clear and that is the reason why 
our selection of boundaries was based on multiple alignment 
criteria (as described in detail under Results). We should 
add that the M-line domain, the one with the least defined 
boundaries and the shortest length, is the most stable, a fact 
that could further indicate thestabilizing effect of interdomain 
interactions. 

Could the difference in stability derive from a different 
functional role? This question can only be answered by a 
detailed structural and biochemical analysis of motifs spanning 
a representative range of locations along the whole titin 
molecule; this analysis is included in the scope of our ongoing 
work. This type of work is complementary to investigations 
aiming at the characterization of the whole titin molecule. In 
a recent publication (Soteriou et al., 1993), CD and fluo- 
rescence data collected for the denaturation of the intact titin 
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molecule indicate a two-step mechanism of unfolding, with 
Gu-Cl midpoints at  0.1 M and 1.3 M Gu-C1. The first 
transition has been interpreted as due to weak interactions 
between domains, while the second one indicates complete 
unfolding of titin. The average free energy of unfolding for 
each domain has subsequently been estimated at  - 10 kcal/ 
mol. While our data cannot, at this stage, lead to conclusions 
about domain interactions, they can yield a more direct 
estimate of thermodynamic parameters of isolated domains. 
Furthermore, large, filamentous molecules, such as titin, may 
collapse in solution producing a series of nonspecific interac- 
tions which might lead to artifactual estimates of their stability. 

When the whole sequence of the titin molecule becomes 
available, a more extensive comparison between the structure 
and stability of modules from different regions will be possible 
and could explain important properties, such as the elasticity, 
at the molecular level. 
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