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ABSTRACT: Polyalanine cross-linking domains encoded by exons 6, 15, 17, 19, 21, 23, 25, 27, 29, 31 of
human tropoelastin were synthesized, and their conformations were studied in different solutions and at
different temperatures by CD and1H NMR. The results demonstrated the presence of poly-proline II
helix (PPII) in aqueous solvent and ofR-helical conformation in TFE. The1H NMR results allowed the
precise localization of the helices along the peptide sequence. These data were further refined by prediction
algorithms in order to take into account the reduced helix stability at the end of the peptides. Furthermore,
the influence of flanking residues was checked by synthesizing and by determining the structure of a
peptide spanning exon 31 coded domain and the first five residues of the following exon 32 coded domain.
These studies, together with those previously published [Tamburro, A. M., Bochicchio, B., and Pepe, A.
(2003)Biochemistry 42, 13147-62], are used to propose a coherent recomposition of the elastin pieces
(domains) in order to give an acceptable solution to the elastin structure-function problem.

Elastin is the protein responsible for the elasticity of
vertebrates’ tissues such as skin, lung, and large blood
vessels, these elastic properties being conferred to it by its
assembly in insoluble fibers (1, 2). The elastic properties of
elastin have been explained in terms of entropic contribution,
and it has also been demonstrated that the basic mechanism
is compatible with the classical theory of rubber elasticity
(1, 3). An additional goal in elastin research is the revealing
of a possible general mechanism of elasticity common to
other elastomeric proteins such as spider silk elastic proteins,
glutenin, abductin, resilin, etc. (4-6). Within this context,
appreciable results have been obtained for the structure-
function relationships of hydrophobic sequences of the
soluble precursor protein called tropoelastin (4). On the
whole, the emerging picture reveals that the conformational
features ascertained for the single exon coded polypeptides
are the same as those suggested when they are inserted in
the entire protein. Therefore, it is possible to use the exon-
by-exon analysis to study the role played by a single domain
because each exon encodes an independent structure. Cir-
cumstantial evidence for that is the finding that some
sequences such as those coded by exons 18, 20, and 24 are
able to coacervate in a manner similar to the intact tropoelas-
tin molecule. Additionally, other peptides such as that
encoded by exons 20 and 30 adopt fibrillar supramolecular
structures typical of elastin. Consequently, it is currently
possible to know which specific sequences in the parent
protein are responsible for specific functions, such as the
self-assembly of tropoelastin, and also their contributions to
the entropic elasticity. As a result, the approach we used,
based on the exon-by-exon synthesis of all polypeptide
sequences of human tropoelastin except those pertaining to

the polyalanine KA cross-linking domains, was shown to
be correct. Nevertheless, further insights are needed for
elucidating the structure-function relationships of the poly-
alanine sequences of elastin and therefore for completing
the structural pattern of the protein.

In these regions typically three or two alanine residues
separate two lysine residues (7-9). The lysine residues are
responsible for the formation of cross-links important for
the elastic mechanical properties. The cross-links are origi-
nated by the enzymic oxidation of some lysineε-amino
groups which formR-aminoadipic acidδ-semialdehyde
(allysine) (10). Then, through either aldol condensation or
Shiff reactions (dehydro)lysinonorleucine, desmosine, and
isodesmosine cross-links are chemically synthesized (11-
16). In order to allow desmosine cross-link formation, the
two lysine residues belonging to the same domain have to
be positioned at the same side. This structural requirement
is perfectly fulfilled in anR-helix structure. Consequently,
R-helix conformation was hypothesized to be the structure
adopted by the clustering of alanine and lysine residues in
the KA domains (15).

More recently, the presence ofR-helical conformation in
elastin was experimentally shown by CD1 (17, 18) and
Raman (19) spectra of tropoelastin and by CD of some well-
defined recombinant polypeptides spanning the region coded
by exons 20 to 24 (20); however, it was only supposed to
be adopted by the polyalanine sequences.

The first experimental data regarding a desmosine cross-
linked peptide isolated from the intact elastin molecule was
constituted by a CD spectrum in aqueous solution charac-
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teristic of an “extended helix” rather than anR-helix (16).
The “extended helix” represents the 31 left-handed polypro-
line II helix (PPII), a conformation highly favored in aqueous
solution. It has to be noted that both PPII andR-helix
conformations allow the lysine residues to lie at a short
distance, necessary for condensation of cross-link intermedi-
ates (21, 22). In agreement with these data was our finding
that a synthetic peptide encoding a KA-type cross-linking
region (exon 19 coded domain) isR-helical in aqueous
solution (4). This was the first case where the results obtained
gave precise and detailed information about the exact
localization of the helix in the protein. In fact, NMR studies
showed the presence of anR-helix spanning the region E6-
A15 along the KA sequence.

Within this context, it is known that the lysine residues
generally occur in pairs (EX6, EX15, EX21, EX23, EX27,
EX29, EX31), but in two instances three lysine residues are
found (EX19, EX25). This finding suggested that a given
cross-link segment in the formation of a desmosine-
isodesmosine serves to join only two tropoelastin molecules
rather than four molecules as it is theoretically possible (23,
24). Evidence of that is given by cross-links containing
peptides generated by proteolytic digestion of bovine elastin
which were studied in order to investigate the alignment of
elastin molecules in the mature elastic fiber. In one of these
peptides a major cross-linking site in elastin was found. It
was formed by the association of sequences encoded by
exons 10, 19, and 25. The three chains are joined together
by one desmosine and two lysinonorleucine cross-links (22,
25). The authors proposed a structural model where domains
19 and 25 are linked by a desmosine cross-link, while domain
10 (a KP domain) bridges domains 19 and 25 through
lysinonorleucine cross-links (25). Our group has confirmed
this model of interaction. Both a stereochemical mech-
anism and a possible role for KP sequences were proposed
(26).

Further evidence for specific protein domain contacts
between tropoelastin monomers during association by coac-
ervation and then possibly important for cross-linking was
obtained by Weiss and co-workers (27). The homobifunc-
tional cross-linker bis(sulfosuccinimidyl) suberate served as
a rapid reporter of adjacent lysines and preferentially exposed
domains. Intact cross-linked peptide pairs were identified
after protease digestion and high-resolution electrospray mass
spectrometry followed by MS/MS sequencing. Mapping of
the assigned sequences indicated the domains mainly in-
volved in cross-linking. A specificity for particular lysines
allowed for the construction of a model for the first close
contacts between domains (27).

Within this context, we decided to chemically synthesize
exon-by-exon all the KA domains on the reasonable as-
sumption that even in this case the conformations adopted
by the peptides are the same exhibited by the corresponding
sequences in the entire protein. Then NMR, CD data, and
several prediction algorithms were used all together to
localize theR-helix along the polypeptide sequence. Here,
the reductionist approach, previously used for hydrophobic
exons (4), is a priori allowed because theR-helical structure
is strictly sequence dependent and essentially stabilized by
short-range interactions. Furthermore, as emphasized above,
in at least two cases (4, 9) isolated sequences of elastin have
been already demonstrated to maintain the helical conforma-

tion. The studies reported in the present paper appear to be
fundamental in order to propose a coherent recomposition
of the elastin pieces (domains) to give an acceptable solution
to the elastin structure.

MATERIALS AND METHODS

Peptide Synthesis and Purification.The peptides were
synthesized by using an automatic synthesizer APPLIED
BIOSYSTEM model 431 A. Fmoc/DCC/HOBT chemistry
was used. The Fmoc-amino acids were purchased from
NovaBiochem (Laufelfingen, Switzerland) and from Inbios
(Pozzuoli, Italy). The cleavage of peptide from resin was
achieved by using an aqueous mixture of 95% trifluoroacetic
acid. 1,2-Ethanedithiol, phenol, and thioanisole were also
used in the cleavage mixture when necessary. The peptides
were lyophilized and purified by semipreparative and
preparative reversed-phase high-performance liquid chro-
matography. Binary gradient was used, and the solvents were
H2O (0.1% TFA) and CH3CN (0.1% TFA). The purity of
peptides was assessed by either electrospray or MALDI-TOF
mass spectrometry.

Circular Dichroism.CD spectra of 0.1 mg/mL solutions
of peptides were recorded on a Jasco J-600 spectropolarim-
eter using a HAAKE waterbath as temperature controller
using a cell with a path length of 0.1 cm. Usually, 16 scans
were acquired in the range 190-250 nm at a temperature of
0 °C, 25°C, and 60°C by taking points every 0.1 nm, with
a 20 nm min-1 scan rate, an integration time of 2 s, and a 1
nm bandwidth. The data were expressed as the molar
ellipticity in deg cm2 dmol-1.

Prediction Algorithms.The prediction algorithms used for
determining the peptide secondary structure were GOR IV,
NNPREDICT, and SSPro and were applied to the entire
sequence of human tropoelastin in order to account for
possible extension of the helices beyond the limits of the
exon-coded sequences. GOR IV is a secondary structure
prediction method based on information theory and was
developed by J. Garnier, D. Osguthorpe, and B. Robson (28-
30). NNPREDICT is a protein secondary structure prediction
algorithm developed at the University of California at San
Francisco. Computational neural networks have recently been
used to predict the mapping between protein sequence and
secondary structure (31). SSPro is a secondary structure
prediction using bidirectional recurrent neural networks at
University of California (32).

NMR Studies.All peptides were analyzed by1H NMR
spectroscopy in mixed aqueous/organic solution (TFE-d3/
H2O 80/20) at 25°C unless otherwise stated. NMR spectra
in aqueous solution were not carried out because CD spectra
have established that random coil and/or PPII are present
under those conditions. As it is well-known, by NMR it is
not straightforward to discriminate between these two
conformer populations. The resonance assignment of the1H
NMR spectra was made by standard sequential assignment
procedures (33) and completed by a combined analysis of
2D-TOCSY (34) and 2D-NOESY spectra (35) The presence
of a considerable number of contiguous alanine residues in
the peptide’s sequences (up to 10 consecutive alanines, i.e.,
EX17) made the assignment of the resonance to the different
amino acid in the sequence complex. As a result, the narrow
chemical shift dispersion of the alanineR-protons caused
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severe overlap in the spectra. Nevertheless, almost complete
chemical shift assignments and NOE cross-peak analysis was
achieved for almost all peptides.

Structure Calculation.Experimental NOE intensities were
converted into proton-proton distance constraints classified
into three ranges: 1.8-2.7 Å, 1.8-3.3 Å, and 1.8-5.0 Å
corresponding, respectively, to strong, medium, and weak
NOEs. Pseudoatoms were introduced when no stereospecific
assignment was determined, and interproton distances were
corrected accordingly (36). Structure calculations were run
using experimental NOE data collected from NOESY spectra
in TFE. The structures were calculated with the CYANA
2.1 program (37) using a standard simulated annealing
protocol. From an initial ensemble of 100 structures the best
15, in terms of target function values and residual distance
restraint violations, were chosen to represent the conforma-
tions of the peptides. The resulting structures were analyzed
with the MOLMOL graphics program (38), which was also
used to produce all the molecular plots.

RESULTS

Sequence Analysis.Mainly alanine residues, responsible
for R-helical conformation, and lysine residues, responsible

for the cross-linking among the polypeptide chains, constitute
the KA cross-linking domains. A classification of the ten
KA domains present in human tropoelastin sequence is
possible considering the number of lysine residues and the
spacing between the lysine residues. Two domains (EX19
and EX25) show three lysine residues (K3), and the others
show only two lysines, spaced by two (EX6, EX17, EX21,
EX27, EX31) (KA2K) or three alanines (EX15, EX23, EX29)
(KA3K) (Table 1).

Prediction Algorithms.The entire sequence of human
tropoelastin (39) was submitted to three different secondary
structure prediction algorithms: GOR IV, SSpro, and
NNpredict. The results were very similar. As a matter of
fact, only few differences were found located at the termini
of the helices.

The results obtained with the different algorithms were
from time to time kept as final results by searching for the
best agreement between the different outcomes and are
reported in Table 2.

CD Spectroscopy. General Results.The microenvironment
that induces the conformation of an amino acid sequence is
not known a priori and can be different from the bulk
macroscopic solution conditions (i.e., physiological condi-
tions). Predicting the functional solvent environment for
insoluble elastin is particularly difficult even if the protein’s
hydrophobicity and its highly cross-linked nature suggest a
less polar internal environment than the surrounding solvent.
For this reason, the CD experiments in this study were
performed in both water and 2,2,2-trifluoroethanol (TFE) (4).
TFE is a significantly less polar solvent than water and is
usually considered a structure-inducing solvent because it
favors intramolecular hydrogen bonding, thus promoting
folded conformations such as helices andâ-turns (4, 40-
42). However, are the structures seen under these high
concentrations of TFE representative of those in the native
protein? It has been shown that “tropoelastin and polypep-

Table 1: Sequences of the Cross-Linking Domains of Human
Tropoelastin

peptide sequence
MW
(Da) type

EX6 GLGAFPAVTFPGALVPGGVADAAAAYKAAKA 2830.2 KA2K
EX15 GVGPQAAAAAAAKAAA KF 1570.8 KA3K
EX17 GVGTPAAAAAAAAAA KAAKY 1701.9 KA2K
EX19 GVVSPEAAAKAAA KAAKY 1702.9 K3

EX21 PEAQAAAAAKAAKY 1360.5 KA2K
EX23 GVGTPAAAAAKAAA KAAQF 1671.9 KA3K
EX25 GPGGVAAAAKSAAKVAA KAQL 1837.1 K3

EX27 PGALAAAKAAKY 1230.4 KA2K
EX29 GAGPAAAAAAAKAAA KAAQF 1684.9 KA3K
EX31 GIPPAAAAKAAKY 1228.4 KA2K
EX31-32 GIPPAAAAKAAKYGAAGL 1597.8 KA2K

Table 2: Results of Secondary Structure Prediction Algorithms Compared to NMR Resultsa

a h, helix; t, turn.
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tides derived from tropoelastin sequences give rise to an
organized self-assembly that aligns lysine residues for cross-
linking into polymeric structures having the properties of
native elastin. This organized self-assembly appears to
require a process of hydrophobically driven, temperature-
induced phase separation or coacervation, during which a
polypeptide rich second phase separates from the bulk
solution on elevation of the solution temperature” (20). Then,
during the coacervation process the microenvironment is
highly hydrophobic. Therefore, we suggest that paradoxically
TFE mimics better than water the “in vivo” process because
it is less polar than water. Furthermore, the use of TFE is a
well-established approach to the revealing ofR-helical
propensity of short peptides. As a matter of fact, they are
usually notR-helical in aqueous environment (presumably

because of strong hydrogen-bonding interactions with wa-
ters), nevertheless expressing their full propensity toward
R-helical structure in TFE. The first (but not only one),
however still impressive example, is represented by the
S-peptide of RNase. This 20 amino acid peptide was found
to be essentially unordered in water and 50% helical in TFE
(43, 44), a helical percentage identical to that found by X-ray
(45) in the entire protein. Finally, in order to detect possible
temperature-induced conformational transitions, useful for
understanding the complexity of conformer population, the
peptides were monitored by CD spectroscopy at different
temperatures. The results obtained for all the KA sequences
can be summarized as follows:

(i) In water the sequences mainly adopt flexible conforma-
tions such as PPII helix and the so-called random coil.

FIGURE 1: CSI of HR protons of the KA cross-linking domains: (a) EX6; (b) EX15; (c) EX17; (d) EX21; (e) EX23; (f) EX25; (g) EX27;
(h) EX29; (i) EX31; (j) EX31-32. Bars in gray refer toR-helical residues.
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However, the presence ofR-helical structures was observed
at low temperature for EX17 and in minor amounts for EX15
and EX29, even in the aqueous medium.

(ii) In TFE all the KA sequences take upR-helical
conformations shown to be sufficiently stable even at high
temperatures (see the following results).

To save space, we are reporting in detail only the CD
spectra of some representative sequences, that is, those of
EX21, EX23, EX25, EX27, and EX31.

NMR Spectroscopy. CSI Analysis.Proton HR chemical
shifts are sensitive to peptide backbone conformation, and
the deviation of the chemical shifts from random coil values
has been extensively used to deduce secondary structure in
peptides and in proteins. The CSI (chemical shift index)
analysis (46) allowed proposal of the presence ofR-helix
for all peptides, the chemical shift values of some HR protons
being upfield shifted with respect to the random coil values
(Figure 1). The localization of theR-helix along the peptide
sequences through CSI analysis evidenced a certain hetero-
geneity, due to the size of the peptides and the length of the
helix stretch.

NOE Analysis and Structure Calculation.Regular second-
ary structure elements are derived mainly from a qualitative
interpretation of NOEs and3JRH-NH coupling constants. For
all the KA peptides, the NOESY spectra revealed various
features consistent with the presence of helical structure, such

as more intense intraresiduedRN(i,i) NOEs as compared to
sequentialdRN(i,i+1).

A systematic search of all the NOE cross peaks typical of
helix structure was performed for all the peptides. Figure 2
shows the NOESY amide regions of some representative
peptides (EX23) (a), EX25 (b), EX27 (c), EX31-32 (d). In
this figure the intense sequentialdNN NOEs are indicated,
as well as somedNN(i,i+2) NOEs typical for helix structures.
Other characteristic NOEs for helical structures are thedRâ-
(i,i+3) NOEs and thedRΝ(i,i+3) present in the NOESY
spectra.

A detailed conformational analysis (CD and NMR spec-
troscopy) will be presented for some representative peptides,
that is EX21 and EX27 (KA2K-type), EX23 (KA3K-type),
and EX25 (K3-type). Furthermore, the possible end-effect
on the stability and localization of the helix has been
evaluated by analyzing EX31 and a C-terminal elongated
peptide (EX31-32).

EX21. EX21 peptide belongs to the KA2K-type and is
constituted by 14 amino acid residues.

The CD spectra of EX21 in aqueous solution are shown
in Figure 3. The spectrum at 0°C is characterized by a small
positive band at about 217 nm and by a strong negative one
at about 195 nm. This spectrum is diagnostic of an extended
PPII helix (47). The presence of PPII is confirmed by the
gradual lowering of the band centered at 217 nm and by the

FIGURE 2: Amide region of NOESY spectra of (a) EX23, (b) EX25, (c) EX27, and (d) EX31-32 recorded in TFE-d3/H2O (80/20) at 25
°C. Sequential and medium-rangedNN NOEs are labeled by residue numbers.
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diminishing of the negative one on increasing the temperature
to 25 °C and to 60°C progressively. The conformational
features change completely in fluorinated alcohol solution
(Figure 3).

In particular, the spectrum at 0°C shows two small
negative bands at 221 nm and at 206 nm and a large positive
band at 190 nm, thus suggesting the presence of anR-helix
conformation strongly favored by TFE solutions. It is well-
known that the band at 222 nm is originated by the n-π*
electronic transition and the others at 206 and 190 nm by
theπ-π* electronic components parallel and perpendicular
to the helix axis, respectively (48). The increasing of the
temperature to 25°C and 60°C induces small conformational
changes such as the progressive decrease of the bands.
However, the whole picture is that of a substantial stability
of the helix.

NMR spectra recorded in TFE-d3/H2O at 25°C confirm
the presence ofR-helix. Preliminary, the CSI analysis
suggests a helix structure from residue A3 to residue A12

(Figure 1d). SomeJ3
HN-HR of nonoverlapping peaks were

measured from the 1D1H NMR spectrum. They showed for
residues A3, Q4, A6, and A7 values<5 Hz compatible with
R-helix. For residues K13 and Y14 values are typical of
random coil.

A continuous stretch of strong sequentialdNN NOEs from
residue 3 to 12 data confirmed this localization. Also few
dRâ(i,i+3) anddRN(i,i+3) were identified. Nevertheless, the
high overlap of the HR and Hâ protons of the consecutive
alanine residues limited the number of unambiguous NOE
connectivities extracted from the NOESY spectrum. As a
matter of fact, the distance constraints were not sufficient
for structure calculations.

EX23. EX23 peptide belongs to the KA3K-type domains,
and is constituted by 19 residues.

The CD spectra of EX23 in aqueous solution are reported
in Figure 4. At 0°C, a strong negative band below 200 nm
and a small negative one at about 225 nm appear. Moreover,
a peak at about 215 nm is present, suggesting a trend toward
a positive band typical of PPII structure. The increase of
the temperature induces a significant decrease of the strong
negative band. This behavior is typical of a random coil in
equilibrium with PPII conformation, the equilibrium being
strongly suggested by the presence of an isoelliptic point.
In TFE (Figure 4), the spectrum at 0°C is very similar to
that discussed for EX21. The presence of two small negative
bands at about 222 and 206 nm and a positive one at 195
nm are indicative of the occurrence of anR-helix conforma-
tion. Also in this case the increase of the temperature induces
some decrease of the bands, especially the positive one.

The presence and localization of theR-helix is demon-
strated by NMR data, through CSI analysis (Figure 1e) and
NOE analysis (Figure 5). The CSI analysis localized the helix
in the region A6-A16. NOE data analysis further refined the
localization. Sequential and medium-range NOE connectivi-
ties typical of R-helical conformations were found in the
region P5-A16. Strong sequentialdNN NOEs are present from
A6 to A16, as well as somedRâ(i,i+3) anddRâ(i,i+3) NOEs.
The involvement of P5 in the medium-range NOEs, typical
of helix structure, suggests that this residue represent the
starting point of the helix. The sequence, G1VGT4, preceding
the helical stretch is involved in aâ-turn as evidenced by
strong dNN between G3 and T4, a weakdRN(i,i+2) NOE
between V2 and T4 and by the low-temperature coefficient
determined for T4 amide proton (∆δ/∆T ) -2.9 ppb/K).
These features are all compatible with a turn structure. EX23
did not show any long-range NOE (more than five residues

FIGURE 3: CD spectra of EX21 in aqueous solution (empty
symbols) and in TFE (filled symbols) recorded at different
temperatures: (squares) 0°C, (triangles) 25°C, and (circles)
60 °C.

FIGURE 4: CD spectra of EX23 in aqueous solution (empty
symbols) and in TFE (filled symbols) recorded at different
temperatures: (squares) 0°C, (triangles) 25°C, and (circles)
60 °C.
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apart). The NOE connectivities together with the chemical
shift index obtained for EX23 provided a preliminary
localization of theR-helix structure in the region P5-A16.
The NOEs collected in TFE were used as input in CYANA
calculations. The 15 best conformers in terms of target
function values are shown in Figure 5.

EX25.EX25 peptide belongs to the K3-type domains and
is constituted by 21 residues. At variance with other KA
domains, no aromatic residues are present.

The CD spectra of EX25 peptide in aqueous solution
(Figure 6) at 0°C shows a strong negative band below 200
nm, and a small positive one at about 215 nm appears, thus
suggesting the presence of PPII structure. The rising of the
temperature induces a concomitant decrease of the negative
band, a behavior typical of a random coil in equilibrium with

PPII conformation, as confirmed by the presence of an
isoelliptic point. The spectrum of EX25 in TFE at 0°C shows
a spectral pattern typical of theR-helix conformation (Figure
6) whose amount is decreased by increasing the temperature
to 25 °C and to 60°C.

According to the CSI analysis the helix was localized in
the segment V5-K18 (Figure 1f) and also confirmed by NOE
data showing series of strong sequentialdNN NOEs in the
same region.. The observation of some medium-rangedRâ-
(i,i+3) NOEs (G4/A7, S11/K14, A12/V15, V15/K18), together
with somedRN(i,i+3) (G4/A7, A6/A9,S11/K14, V15/K18) further
confirmed the presence of theR-helix (Figure 7). The NOEs
collected in TFE were used as input in CYANA calculations.
The 15 best conformers of EX25, in terms of target function
values, satisfy well the NOE distance constraints. Figure 7
superimposes the backbone atoms, best fitting residues
5-18, of these 15 best structures of peptide. The peptide
presents anR-helical structure from residue 6 to 18, preceded
by two type IV â-turns in the region GPGG and GGVA.

EX27. Ex27 belongs to the KA2K-type cross-link domain
and comprises 13 amino acids.

The CD curves (Figure 8) in water clearly indicate the
presence of a temperature-dependent PPII structure: on
increasing the temperature there is a progressive disappearing
of the small positive band at about 217 nm (diagnostic of
the PPII structure) and the decreasing of the negative band
below 200 nm. Note the presence of an isoelliptic point
around 207 nm, demonstrating an equilibrium PPII/
unfolded.

In TFE (Figure 8) the CD spectra are typical of a rather
stableR-helix with also a possible type Iâ-turn (bands at
220, 205, and 193 nm) which are only slightly sensitive to
the temperature.

NMR data indicate also for this peptide the presence of a
turn preceding theR-helix. The turn was ascertained in the
region P2GAL5, as pointed out by reduced temperature
coefficient of L5 amide proton (∆δ/∆T ) -2.5 ppb/K) and
dRN (i,i+2) NOE connectivity between residue G3 and L5.

The CSI analysis suggests that the helix spans the sequence
A4 to A11 (Figure 1g). The NOESY spectrum shows the
presence of a continuous stretch of strongdNN NOEs for the
residues G3 to A11. Further evidence of the helix structure
was given by somedRâ(i,i+3) for G3/A6, L5/A8, A6/K9, A7/

FIGURE 5: NOE summary and calculated structures. (left to right) Summary of intraresidue, sequential, and medium-range NOEs observed
for EX23 in 80% TFE-d3 at 25 °C (the thickness of lines is related to the intensity of NOEs); superposition of the 15 best structures of
EX23, best-fitted on residues 2-16 (RMSD: 0.57( 0.37 Å on backbone atoms; 1.10( 0.36 Å on heavy atoms); ribbon representation
of the mean structure of the bundle.

FIGURE 6: CD spectra of EX25 in aqueous solution (empty
symbols) and in TFE (filled symbols) recorded at different
temperatures: (squares) 0°C, (triangles) 25°C, and (circles)
60 °C.
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A10, and A8/A11, and fewdRN(i,i+3) NOEs between G3/A6,
A6/K9, and A8/A11 (Figure 9).

One hundred structures were calculated, and the best 15
conformers in terms of target function values were analyzed
by MOLMOL software. The peptide shows a well-defined
helical structure from residue 5 to residue 11. The helix is
preceded by two turns: a type IVâ-turn in the sequence
PGAL and a type Iâ-turn in the region GALA. The Figure
9 superimposes the backbone atoms, best fitting residues
3-11, of these 15 best structures of EX27 peptide.

EX31.EX31 peptide belongs to the KA2K-type and shows
a unique PP sequence preceding the alanine rich region.

The CD spectra of EX31 in aqueous solution are reported
in Figure 10. At 0°C, one strong negative band below 200
nm and a small positive one at about 220 nm appear, thus
suggesting the presence of PPII structure. A positive band
diagnostic of PPII conformation is usually found at 215 nm
which is shifted to 220 nm for peptide sequences rich of
proline residues (49). The rising of the temperature to 25
°C induces a significant decrease of the negative band
although the positive one remains substantially unchanged.
This behavior is compatible with the presence of the PPII
conformation stable even at room temperature. Only a further
increase of the temperature to 60°C causes the definitive
loss of the positive band thus indicating a substantial
destabilization of the PPII helix. In TFE the CD spectrum
(Figure 10) at 0°C shows a shoulder at about 222 nm. It
also contains a negative band at 204 nm and a positive one
at 192 nm at a 1:1 ratio. These conformational features are
coherent with the presence of anR-helix coexisting, possibly
in equilibrium, in view of the presence of a quasi-isoelliptic
point, with an unordered or PPII conformation. The presence
of the PPII structure is the preferred interpretation of the
spectra because of the noticeable decrease of the negative
band at 222 nm most probably caused by the positive
ellipticity characteristic of the PPII in that region.

By CSI, the helix is spanning the sequence A5 to A11

(Figure 1i). The NOE analysis shows strong sequentialdNN

NOEs; also adNN(i,i+2) between A8 and A10 is evident
(Figure 11A).

The structural analysis of the 15 best structures in terms
of target function values shows some interesting features.
The presence of the two consecutive proline residues confers
to the N-terminus an extended PPII-like conformation. The
R-helix spans the sequence A5 to K12, even if in the region
A10 to A12 it has a somewhat irregular form and therefore
was not recognized as such by the software that identifies
secondary structure implemented in MOLMOL (Figure 11A).

In order to get further support for our approach, to be
added to the data previously obtained for the hydrophobic
EX5 (50), we decided to extend the sequence of EX31 to 5
amino acid residues on the N-terminus of EX32. The obvious
aim was to ascertain whether the helix remains of constant

FIGURE 7: NOE summary and calculated structures. (left to right) Summary of intraresidue, sequential, and medium-range NOEs observed
for EX25 in 80% TFE at 25°C (the thickness of lines is related to the intensity of NOEs); superposition of the 15 best structures of EX25,
best-fitted on residues 5-18 (RMSD: 1.04( 0.38 Å on backbone atoms; 1.66( 0.39 Å on heavy atoms); ribbon representation of the
mean structure of the bundle.

FIGURE 8: CD spectra of EX27 in aqueous solution (a) and in TFE
(b) recorded at different temperatures: (squares) 0°C, (triangles)
25 °C, and (circles) 60°C.
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size or it may extend itself to additional residues. As a matter
of fact, the corresponding peptide GIPPAAAAKAAKYGA-
AGL (EX31-32) was studied by NMR.

NMR data of EX31-32 show that the addition of 5
residues to the C-terminus leaves substantially unchanged
the helix observed in EX31. In fact, as demonstrated by CSI,
the helix is essentially spanning the same number of residues
(Figure 1i,j). In fact K12 of EX31 exhibits a negative value
of CSI even if the classical limit figure of-0.1 is not
reached, while the same residue in EX31-32 shows a CSI
value more negative. This is most probably due to the
presence of the terminal negative charge close to that residue.
Some NOE connectivities found for peptide EX31-32
suggest that also Y13 could be helical: in any case, the helix
increases its size of only 1 residue, always remaining in the
region belonging to EX31 domain. Because of better
chemical shift dispersion of the amide protons of the

C-terminal region, a higher number of NOE derived con-
straints were extracted from the NOESY spectra (Figure
11B). As a consequence the 15 best conformers of the 100
calculated structures show a minor RMSD in the helical
region (Figure 11B). Nevertheless, superposition of the EX31
and EX31-32 mean structures clearly shows that the helices’
extent is comparable in the two peptides (Figure 11C). The
C-terminal region of EX31-32 peptide, constituted by the
5 residues belonging to exon 32 coded domain, was
essentially unordered.

Helix Stability and Helix Propensity.Finally, as compre-
hensive results, we show in Figure 12a the stability of the
helices in TFE as a function of temperature for all studied
peptides. The stability of the helix was monitored by the
ellipticity at 222 nm [θ]222, a parameter well-known for its
sensitivity to theR-helical conformer population. Further-
more, the propensity for assumingR-helical structures for
all the sequences studied was determined as a function of
TFE percentage (Figure 12b). While the structural stability
against temperature is essentially invariant, the propensities
are different and in a general sense strongly depend on the
number of alanine residues. Lower concentrations of TFE
are enough to induce theR-helical conformation for peptides
with longer helix stretches.

DISCUSSION

In this Discussion the assumption is made that the helices
found by NMR in TFE are essentially those present in the
protein under physiological conditions. The rationale is that
cross-linking only occurs with coacervation and coacervation
rejects water. Parenthetically, this would also promote
desmosine condensation because of spatial proximity as
already stated in the introduction (20, 26). Thus theR-helical
structure, which might only form upon coacervation, should
accordingly be a motif present in mature cross-linked elastin.
Furthermore, the application of prediction algorithms to the
entire protein reveals the presence ofR-helical structures in
almost the same regions of the protein (Table 2). These
findings strength the hypothesis that theR-helices found by
us are physiologically relevant.

Now, what can we learn from the localization ofR-helices
in human tropoelastin?

(i) First of all, the helices appear to be rather stable against
temperature, and the amount of periodic structures depends
on the number of consecutive alanine residues (EX17, ten

FIGURE 9: NOE summary and calculated structures. (left to right) Summary of intraresidue, sequential, and medium-range NOEs observed
for EX27 in 80% TFE at 25°C (the thickness of lines is related to the intensity of NOEs); superposition of the 15 best structures of EX25,
best-fitted on residues 3-11 (RMSD: 0.44( 0.26 Å on backbone atoms; 0.91( 0.25 Å on heavy atoms); ribbon representation of the
mean structure of the bundle.

FIGURE 10: CD spectra of EX31 in aqueous solution (empty
symbols) and in TFE (filled symbols) recorded at different
temperatures: (squares) 0°C, (triangles) 25°C, and (circles)
60 °C.
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alanine residues, and EX15 and EX29, seven alanine
residues). In particular, EX29 and EX17 show the presence
of R-helix even in aqueous solution at 0°C. It is assumed
that the propensity is inversely proportional to the percentage
of TFE necessary to induce the formation ofR-helices in
mixed solvent. Less propensity is shown by EX6 and EX31
with only four consecutive alanines and by EX21 with five.

(ii) When present (seven out of ten) after the poly-alanine
sequence the aromatic residue (Y or F) represents a C-
terminal stop signal for the helix. More generally, one can
say that no helices appear after the aromatic residues. In fact,
when EX31 was prolonged until L5 residue of the exon 32

coded domain, the helix stopped anyway at the tyrosyl
residue. Quite interestingly, there is an almost perfect
coherence between the end of the exon-coded sequence and
the end of the helix; in all cases, perhaps but one, the prolyl
residue represents the N-terminal starting signal for the helix,
sometimes being included in an N-terminalâ-turn. In
particular, at the N-terminus, in seven cases but ten, there
are one or twoâ-turns as stop signals for theR-helices. Quite
interestingly, in Exon 19 theâ-turn spans the sequence SPEA
almost identical to theâ-turn SPEL already found in the
rarely expressed exon 26A coded domain of human tro-
poelastin. Also in this case the turn is contiguous to a short

FIGURE 11: NOE summary and calculated structures. (A) (left to right) Summary of intraresidue, sequential, and medium-range NOEs
observed for EX31 in 80% TFE-d3 at 25 °C (the thickness of lines is related to the intensity of NOEs); superposition of the 15 best
structures of EX31, best-fitted on residues 3-12 (RMSD: 0.41( 0.21 Å on backbone atoms; 0.99( 0.26 Å on heavy atoms); ribbon
representation of the mean structure of the bundles. (B) (left to right) Summary of intraresidue, sequential, and medium-range NOEs observed
for EX31-32 in 80% TFE-d3 at 25°C (the thickness of lines is related to the intensity of NOEs); superposition of the 15 best structures
of EX31-32, best-fitted on residues 3-13 (RMSD: 0.14( 0.10 Å on backbone atoms; 0.71( 0.22 Å on heavy atoms); ribbon representation
of the mean structure of the bundles. (C) Superposition of the mean structures of EX31 and EX31-32 shows that the extent of the helices
is comparable for the two peptides.
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FIGURE 12: Plots reporting the stability ofR-helices. [θ]222 as a function of temperature (a) and of TFE percentage (b).

FIGURE 13: An idealized model for human tropoelastin structure.
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stretch ofR-helix (VRRSL), although on the C-terminal side
(51).

(iii) The prediction algorithms, extended to the entire
protein, showed the helices to be generally about the same
as found by NMR. The only relevant difference appears to
be an extension of the helices by some (one, two, or three,
respectively) residues at the C-terminus. This apparent slight
disagreement is easily explained by the disordering effect
due to the C-terminal charge.

Taken together with previous results (4, 26, 52-55) the
findings of the present paper give a complete picture of the
main conformational features of human tropoelastin. We
would like to emphasize that the process we accomplished
of dissection and the reassembly, at both molecular and
supramolecular levels, of the elastin macromolecule (“re-
ductionist approach”) has been based on the following:

(i) The gene structure of tropoelastin, a “cassette-like”
organization exhibiting an almost perfect alternance between
cross-linking and non-cross-linking exons, clearly argues in
favor of autonomous function, and then also autonomous
structures of the exons.

(ii) The extensive amount of repeating sequences present
in elastin are obviously responsible for repeating structural
patterns. Accordingly, even simple “monomers” or “dimers”
of longer stretches (i.e., the repeating “polymers”) are quite
significant in terms of the overall structure.

As a matter of fact, one can envisage the whole structure
of human tropoelastin as composed of 10 rather stable and
essentially rigid structures, spanning a minimum of 7 and a
maximum of 17 residues (see Table 2) originating the
R-helical domains. These sequences are represented as
helices in Figure 13. In addition, there are 5 KP domains,
more flexible than the previous ones because of the presence
in equilibrium of extended (PPII) and folded (type I and type
II â-turns) structures (4). These domains comprise 90
residues and are also involved in cross-link formation mainly
of the lysinonorleucine type (25, 27). Therefore, flexibility
should probably be specific to tropoelastin because it should
significantly decrease in mature elastin after the cross-link
formation.

Accordingly, 113 to 139 residues (according to either
NMR or prediction algorithms) belonging to theR-helices
of KA exons plus 90 belonging to KP exons of human elastin
are functionally dedicated to the maintenance of the integrity
of the elastomeric protein when a force is applied. The
remaining residues, coded by 18 exons and comprising 483
almost hydrophobic residues plus the ones coded by cross-
linking exons, but not involved inR-helices (spanning 48 to
74 residues), are responsible for the elasticity of elastin. They
are characterized by multiple extended-folded equilibria in
the high entropy relaxed state (4, 26) whose motions have
been carefully determined as chaotic, fractionary Brownian
motions (52). A peculiar sequence is that encoded by EX36
which contains the RKRK motif, hydrophilic and highly
conserved, and the two cysteine residues present in the
protein which give rise to a disulfide bridge. The structure
of EX36 was previously studied (55), and the assessed
conformation is reported as a zoom image of a sky blue
spheroid in Figure 13.

It has to be underlined that the size and the dimensional
ratios of the figure elements (helices and spheroids) are not
the real ones. Therefore, the figure has not at all to be

considered as dominated byR-helices, but as an idealized,
nevertheless comprehensive, model of the elastin structure.

As far as the mechanism of elastin elasticity is concerned,
the picture would be the following: when the stretching force
is applied, alignment of the chains occurs together with a
shift of the conformational equilibria toward the extended
structures with a significant decrease of both Boltzmann and
(dynamic) Kolmogorov entropies. Quasi-periodic, solitonic
motions are characteristic of this stretched state (1, 52). After
removal of the stretching force, an entropic elastic recoil
should occur according to the classical theory of elasticity
(56).

SUPPORTING INFORMATION AVAILABLE

Tables of NMR data. This material is available free of
charge via the Internet at http://pubs.acs.org.
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