9518 Biochemistry2006,45, 9518-9530
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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 ariti NMR. The results demonstrated the presence of poly-proline I
helix (PPIl) in aqueous solvent and afhelical conformation in TFE. Th&H 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 4213147-62], are used to propose a coherent recomposition of the elastin pieces
(domains) in order to give an acceptable solution to the elastin strucftumetion problem.

Elastin is the protein responsible for the elasticity of the polyalanine KA cross-linking domains, was shown to
vertebrates’ tissues such as skin, lung, and large bloodbe correct. Nevertheless, further insights are needed for
vessels, these elastic properties being conferred to it by itselucidating the structurefunction relationships of the poly-
assembly in insoluble fiberd(2). The elastic properties of  alanine sequences of elastin and therefore for completing
elastin have been explained in terms of entropic contribution, the structural pattern of the protein.
and it has also been demonstrated that the basic mechanism In these regions typically three or two alanine residues
is compatible with the classical theory of rubber elasticity separate two lysine residues«9). The lysine residues are
(1, 3). An additional goal in elastin research is the revealing responsible for the formation of cross-links important for
of a possible general mechanism of elasticity common to the elastic mechanical properties. The cross-links are origi-
other elastomeric proteins such as spider silk elastic proteins,nated by the enzymic oxidation of some lysia@amino
glutenin, abductin, resilin, etc4{6). Within this context, groups which forma-aminoadipic acidd-semialdehyde
appreciable results have been obtained for the strueture (allysine) (L0). Then, through either aldol condensation or
function relationships of hydrophobic sequences of the Shiff reactions (dehydro)lysinonorleucine, desmosine, and
soluble precursor protein called tropoelast#). (On the isodesmosine cross-links are chemically synthesiZde- (
whole, the emerging picture reveals that the conformational 16). In order to allow desmosine cross-link formation, the
features ascertained for the single exon coded polypeptidegwo lysine residues belonging to the same domain have to
are the same as those suggested when they are inserted ibe positioned at the same side. This structural requirement
the entire protein. Therefore, it is possible to use the exon- is perfectly fulfilled in ana-helix structure. Consequently,
by-exon analysis to study the role played by a single domain a-helix conformation was hypothesized to be the structure
because each exon encodes an independent structure. Ciedopted by the clustering of alanine and lysine residues in
cumstantial evidence for that is the finding that some the KA domains 15).
sequences such as those coded by exons 18, 20, and 24 are More recently, the presence afhelical conformation in
able to coacervate in a manner similar to the intact tropoelas-elastin was experimentally shown by €17, 18) and
tin molecule. Additionally, other peptides such as that Raman {9) spectra of tropoelastin and by CD of some well-
encoded by exons 20 and 30 adopt fibrillar supramolecular defined recombinant polypeptides spanning the region coded
structures typical of elastin. Consequently, it is currently by exons 20 to 2420); however, it was only supposed to
possible to know which specific sequences in the parent be adopted by the polyalanine sequences.
protein are responsible for specific functions, such as the The first experimental data regarding a desmosine cross-
self-assembly of tropoelastin, and also their contributions to linked peptide isolated from the intact elastin molecule was
the entropic elasticity. As a result, the approach we used, constituted by a CD spectrum in agueous solution charac-
based on the exon-by-exon synthesis of all polypeptide
sequences of human tropoelastin except those pertaining to 1 Apbreviations: CD, circular dichroism; DCC, dicyclohexyl car-

bodiimide; EX, exon coded peptide; Fmoc, fluorenyl-methoxy-carbonyl;

HOBt, hydroxybenzotriazole; MALDI-TOF, matrix assisted laser
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teristic of an “extended helix” rather than anhelix (16). tion. The studies reported in the present paper appear to be
The “extended helix” represents thel8ft-handed polypro-  fundamental in order to propose a coherent recomposition
line Il helix (PPII), a conformation highly favored in aqueous of the elastin pieces (domains) to give an acceptable solution
solution. It has to be noted that both PPIl aochelix to the elastin structure.

conformations allow the lysine residues to lie at a short

distance, necessary for condensation of cross-link intermedi-MATERIALS AND METHODS

ates R1, 22). In agreement with these data was our finding
that a synthetic peptide encoding a KA-type cross-linking
region (exon 19 coded domain) s-helical in aqueous
solution @). 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 arhelix 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 possiB& ( beptides was assessed by either electrospray or MALDI-TOF
24). Evidence of that is given by cross-links containing mas.s spectrf)met-ry. ,
peptides generated by proteolytic digestion of bovine elastin _Circular Dichroism.CD spectra of 0.1 mg/mL solutions
which were studied in order to investigate the alignment of Of peptides were recorded on a Jasco J-600 spectropolarim-
elastin molecules in the mature elastic fiber. In one of these eter using a HAAKE waterbath as temperature controller
peptides a major cross-linking site in elastin was found. It Using & cell with a path length of 0.1 cm. Usually, 16 scans
was formed by the association of sequences encoded byVere acquired in the range 19@50 nm at a temperature of
exons 10, 19, and 25. The three chains are joined togethe “C. 25°C, and 60°C by taking points every 0.1 nm, with
by one desmosine and two lysinonorleucine cross-ligigs (@ 20 hm min* scan rate, an integration time of 2's, and a 1
25). The authors proposed a structural model where domains"™M bandwidth. The data were expressed as the molar
19 and 25 are linked by a desmosine cross-link, while domain ellipticity in deg cn¥ dmol™.

10 (a KP domain) bridges domains 19 and 25 through Prediction AlgorithmsThe prediction algorithms used for

lysinonorleucine cross-linkg). Our group has confirmed ~ determining the peptide secondary structure were GOR 1V,
this model of interaction. Both a stereochemical mech- NNPREDICT, and SSPro and were applied to the entire
anism and a possible role for KP sequences were proposedequence of human tropoelastin in order to account for
(26). possible extension of the helices beyond the limits of the

Further evidence for specific protein domain contacts €xon-coded sequences. GOR IV is a secondary structure
between tropoelastin monomers during association by coac-prediction method based on information theory and was
ervation and then possibly important for cross-linking was developed by J. Garnier, D. Osguthorpe, and B. Rob8n (
obtained by Weiss and co-workerd7|. The homobifunc- 30). NNPREDICT is a protein secondary structure prediction
tional cross-linker bis(sulfosuccinimidyl) suberate served as algorithm developed at the University of California at San
a rapid reporter of adjacent lysines and preferentially exposedFranCiSCO. Computational neural networks have recently been
domains. Intact cross-linked peptide pairs were identified used to predict the mapping between protein sequence and
after protease digestion and high-resolution electrospray massecondary structure3f). SSPro is a secondary structure
spectrometry followed by MS/MS sequencing. Mapping of prediction using bidirectional recurrent neural networks at
the assigned sequences indicated the domains mainly in-University of California 82).
volved in cross-linking. A specificity for particular lysines NMR StudiesAll peptides were analyzed biH NMR
allowed for the construction of a model for the first close spectroscopy in mixed aqueous/organic solution (TEE-
contacts between domain27j. H,0 80/20) at 25°C unless otherwise stated. NMR spectra

Within this context, we decided to chemically synthesize in aqueous solution were not carried out because CD spectra
exon-by-exon all the KA domains on the reasonable as- have established that random coil and/or PPIl are present
sumption that even in this case the conformations adoptedunder those conditions. As it is well-known, by NMR it is
by the peptides are the same exhibited by the correspondingnot straightforward to discriminate between these two
sequences in the entire protein. Then NMR, CD data, and conformer populations. The resonance assignment dtthe
several prediction algorithms were used all together to NMR spectra was made by standard sequential assignment
localize theo-helix along the polypeptide sequence. Here, procedures33) and completed by a combined analysis of
the reductionist approach, previously used for hydrophobic 2D-TOCSY @4) and 2D-NOESY spectré86) The presence
exons @), is a priori allowed because tlehelical structure of a considerable number of contiguous alanine residues in
is strictly sequence dependent and essentially stabilized bythe peptide’s sequences (up to 10 consecutive alanines, i.e.,
short-range interactions. Furthermore, as emphasized abovel=X17) made the assignment of the resonance to the different
in at least two casegl(9) isolated sequences of elastin have amino acid in the sequence complex. As a result, the narrow
been already demonstrated to maintain the helical conforma-chemical shift dispersion of the alanimeprotons caused

Peptide Synthesis and Purificatiomhe 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, ltaly). 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
H.O (0.1% TFA) and CHCN (0.1% TFA). The purity of



9520 Biochemistry, Vol. 45, No. 31, 2006 Tamburro et al.

Table 1. Sequences of the Cross-Linking Domains of Human for the cross-linking among the polypeptide chains, constitute

Tropoelastin the KA cross-linking domains. A classification of the ten
MW KA domains present in human tropoelastin sequence is
peptide sequence (Da) type possible considering the number of lysine residues and the
EX6 GLGAFPAVTFPGALVPGGVADAAAAYK AAKA 2830.2 KAK spacing between the lysine residues. Two domains (EX19
Eﬁ? 8§g$§m:AMK::£§:KY 1175;;)-;3 Eﬁzﬁ and EX25) show three lysine residues (K3), and the others
EX19  GVVSPEAAAKAAAKAAKY 1702.9 K, show only two lysines, spaced by two (EX6, EX17, EX21,
EX21  PEAQAAAAAKAAKY 1360.5 KAK EX27, EX31) (KAK) or three alanines (EX15, EX23, EX29)
EX23  GVGTPAAAAAKAAAKAAQF 1671.9 KAK (KA3K) (Table 1).
EX25 GPGGVAAAAK SAAKVAAKAQL 1837.1 K L i i
EX27  PGALAAAKAAKY 1230.4 KAK Prediction Algorithms.The entire sequence of human
EX29  GAGPAAAAAAAKAAAKAAQF 1684.9 KAK tropoelastin 89) was submitted to three different secondary
EX31 GIPPAAAAKAAKY 1228.4 KAK t t dicti | ith - GOR IV. SS d
EX31-32 GIPPAAAAKAAK YGAAGL 1597.8 KAK structure prediction algorithms. » O9pro, an

NNpredict. The results were very similar. As a matter of

severe overlap in the spectra. Nevertheless, almost completdact, only few differences were found located at the termini

chemical shift assignments and NOE cross-peak analysis wadf the helices.

achieved for almost all peptides. The results obtained with the different algorithms were
Structure CalculationExperimental NOE intensities were  from time to time kept as final results by searching for the

converted into protonproton distance constraints classified best agreement between the different outcomes and are

into three ranges: 1:82.7 A, 1.8-3.3 A, and 1.8-5.0 A reported in Table 2.

corresponding, respectively, to strong, medium, and weak cp spectroscopy. General Resulfse microenvironment
NOEs. Pseudoatoms were introduced when no stereospecifighat induces the conformation of an amino acid sequence is
assignment was determined, and interproton distances were,qt known a priori and can be different from the bulk

corrected accordingly3g). Structure calculations were run  macroscopic solution conditions (i.e., physiological condi-
using experimental NOE data collected from NOESY spectra tjons). Predicting the functional solvent environment for

in TFE. The structures were calculated with the CYANA ihsoluple elastin is particularly difficult even if the protein’s
2.1 program §7) using a standard simulated annealing nhyqrophobicity and its highly cross-linked nature suggest a
protocol. From an initial ensemble of 100 structures the best |gsg polar internal environment than the surrounding solvent.
15, in terms of target function values and residual distance g, this reason, the CD experiments in this study were
restraint violations, were chosen to represent the Conforma'performed in both water and 2,2,2-trifluoroethanol (TF&) (
tic_ms of the peptides. The_ resulting structure_s were analyzedTeE is a significantly less polar solvent than water and is
with the MOLMOL graphics programBg), which was also  ysyally considered a structure-inducing solvent because it
used to produce all the molecular plots. favors intramolecular hydrogen bonding, thus promoting
folded conformations such as helices ghturns @, 40—
42). However, are the structures seen under these high
Sequence Analysidlainly alanine residues, responsible concentrations of TFE representative of those in the native
for a-helical conformation, and lysine residues, responsible protein? It has been shown that “tropoelastin and polypep-

RESULTS

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

Ex6 Ex15
Sequence GLGAFPAVTFPGALVPGGVADAAAAYKAAKA GVGPQAAAAAAAKAAAKF
CONSENSUS ~  « vt enineiinnneennnn hhhhhhhhhhhh .. .hhhhhhhhhhhhhhh
NMR ttttthhhhhhhhhh. . .. .hhhhhhhhhhhhh. .
Ex17 Ex19
Sequence GVGTPAAAAAAAAAAKAAKY GVVSPEAAAKAAAKAAKY
consensus ... .hhhhhhhhhhhhhhhh . ...hhhhhhhhhhhhh.
NMR ttttthhhhhhhhhhhhh. . ...tthhhhhhhhhhh. .
Ex21 Ex23
Sequence PEAQAAARAKAAKY GVGTPAAAAAKAAAKAAQF
consensus hhhhhhhhhhhhhh ... .hhhhhhhhhhhhhh.
NMR . .hhhhhhhhhh. . ttttthhhhhhhhhhh. ..
Ex25 Ex27
Sequence GPGGVAAAAKSAAKVAAKAAQL VPGALAAAKAAKY
consensus ... .hhhhhhhhhhhhhhhhhh . .hhhhhhhhhhh
NMR ttttthhhhhhhhhhhhhh. .. .. .hhhhhhhh. .
Ex29 Ex31
Sequence GAGPAAAAAAAKAAAKAAQF GIPPAAAAKAAKY.....
consensus .. .hhhhhhhhhhhhhhhhh ...hhhhhhhhhh.....
NMR .. .hhhhhhhhhhhhhh. . . hhhhhhh.......
Ex31-32
Sequence GIPPAAAAKAAKYGAAGL
consensus .. .hhhhhhhhhh. ...
NMR ....hhhhhhhhh.....

ah, helix; t, turn.
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Ficure 1: CSiI of Ho 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 to-helical residues.

tides derived from tropoelastin sequences give rise to anbecause of strong hydrogen-bonding interactions with wa-
organized self-assembly that aligns lysine residues for cross-ters), nevertheless expressing their full propensity toward
linking into polymeric structures having the properties of o-helical structure in TFE. The first (but not only one),
native elastin. This organized self-assembly appears tohowever still impressive example, is represented by the
require a process of hydrophobically driven, temperature- S-peptide of RNase. This 20 amino acid peptide was found
induced phase separation or coacervation, during which ato be essentially unordered in water and 50% helical in TFE
polypeptide rich second phase separates from the bulk(43, 44), a helical percentage identical to that found by X-ray
solution on elevation of the solution temperatur20)( Then, (45) in the entire protein. Finally, in order to detect possible
during the coacervation process the microenvironment is temperature-induced conformational transitions, useful for
highly hydrophobic. Therefore, we suggest that paradoxically understanding the complexity of conformer population, the
TFE mimics better than water the “in vivo” process because peptides were monitored by CD spectroscopy at different
it is less polar than water. Furthermore, the use of TFE is a temperatures. The results obtained for all the KA sequences
well-established approach to the revealing @helical can be summarized as follows:

propensity of short peptides. As a matter of fact, they are (i) In water the sequences mainly adopt flexible conforma-
usually nota-helical in agueous environment (presumably tions such as PPII helix and the so-called random coil.
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Ficure 2: Amide region of NOESY spectra of (a) EX23, (b) EX25, (c) EX27, and (d) EX& recorded in TFEL/H,O (80/20) at 25
°C. Sequential and medium-randgy NOEs are labeled by residue numbers.

However, the presence afhelical structures was observed as more intense intraresiddgy(i,i) NOEs as compared to
at low temperature for EX17 and in minor amounts for EX15 sequentialy(i,i+1).

and EX29, even in the aqueous medium. A systematic search of all the NOE cross peaks typical of
(i) In TFE all the KA sequences take up-helical helix structure was performed for all the peptides. Figure 2

conformations shown to be sufficiently stable even at high shows the NOESY amide regions of some representative

temperatures (see the following results). peptides (EX23) (a), EX25 (b), EX27 (c), EX3B2 (d). In

To save space, we are reporting in detail only the CD this figure the intense sequentidiy NOEs are indicated,
spectra of some representative sequences, that is, those ads well as soméyn(i,i+2) NOESs typical for helix structures.
EX21, EX23, EX25, EX27, and EX31. Other characteristic NOEs for helical structures aredifpe

NMR Spectroscopy. CSI AnalysRroton Hx chemical (i,i+3) NOEs and thead,(i,i+3) present in the NOESY
shifts are sensitive to peptide backbone conformation, andspectra.
the deviation of the chemical shifts from random coil values A detailed conformational analysis (CD and NMR spec-
has been extensively used to deduce secondary structure itroscopy) will be presented for some representative peptides,
peptides and in proteins. The CSI (chemical shift index) that is EX21 and EX27 (KAK-type), EX23 (KAgK-type),
analysis 46) allowed proposal of the presence @fhelix and EX25 Ks-type). Furthermore, the possible end-effect
for all peptides, the chemical shift values of sone fpiotons on the stability and localization of the helix has been
being upfield shifted with respect to the random coil values evaluated by analyzing EX31 and a C-terminal elongated
(Figure 1). The localization of the-helix along the peptide  peptide (EX3132).
sequences through CSI analysis evidenced a certain hetero- EX21 EX21 peptide belongs to the KK-type and is
geneity, due to the size of the peptides and the length of theconstituted by 14 amino acid residues.
helix stretch. The CD spectra of EX21 in aqueous solution are shown

NOE Analysis and Structure CalculatidRegular second-  in Figure 3. The spectrum at°C is characterized by a small
ary structure elements are derived mainly from a qualitative positive band at about 217 nm and by a strong negative one
interpretation of NOEs antJ,4—nn cOupling constants. For  at about 195 nm. This spectrum is diagnostic of an extended
all the KA peptides, the NOESY spectra revealed various PPII helix @7). The presence of PPIl is confirmed by the
features consistent with the presence of helical structure, suchgradual lowering of the band centered at 217 nm and by the
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Ficure 3: CD spectra of EX21 in aqueous solution (empty
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In particular, the spectrum at @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-haelix
conformation strongly favored by TFE solutions. It is well-
known that the band at 222 nm is originated by thenf
electronic transition and the others at 206 and 190 nm by
ther—s* electronic components parallel and perpendicular
to the helix axis, respectivelydg). The increasing of the
temperature to 25C 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 TFEy/H,0 at 25°C confirm
the presence ofx-helix. Preliminary, the CSI analysis
suggests a helix structure from residué t& residue A?
(Figure 1d). SomelPyn-ne Of Nnonoverlapping peaks were
measured from the 1EH NMR spectrum. They showed for
residues A Q% A%, and A’ values<5 Hz compatible with
a-helix. For residues K and Y* values are typical of
random coil.

A continuous stretch of strong sequentiah NOEs from
residue 3 to 12 data confirmed this localization. Also few
dap(i,i+3) anddun(ii+3) were identified. Nevertheless, the
high overlap of the ¢ and H3 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 KK-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°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 arhelix 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 thehelix 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 A—A1®. NOE data analysis further refined the
localization. Sequential and medium-range NOE connectivi-
ties typical ofa-helical conformations were found in the
region P—A8, Strong sequentialy NOEs are present from
ASto A6, as well as somég(i,i+3) anddqg(i,i+3) NOEs.

The involvement of Pin the medium-range NOEs, typical

of helix structure, suggests that this residue represent the
starting point of the helix. The sequencéVGT?, preceding

the helical stretch is involved in @-turn as evidenced by
strong dyn between @G and T, a weakdu(i,i+2) NOE

diminishing of the negative one on increasing the temperaturebetween ¥ and T and by the low-temperature coefficient

to 25°C and to 60°C progressively. The conformational

determined for T amide proton AS/AT = —2.9 ppb/K).

features change completely in fluorinated alcohol solution These features are all compatible with a turn structure. EX23

(Figure 3).

did not show any long-range NOE (more than five residues
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Ficure 5: NOE summary and calculated structures. (left to right) Summary of intraresidue, sequential, and medium-range NOEs observed

for EX23 in 80% TFEd; 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 residues46 (RMSD: 0.57+ 0.37 A on backbone atoms; 1.190.36 A on heavy atoms); ribbon representation

of the mean structure of the bundle.
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Ficure 6: CD spectra of EX25 in aqueous solution (empty
symbols) and in TFE (filled symbols) recorded at different

temperatures: (squares) €, (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 thea-helix structure in the regionP-A?S,
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 thesKype 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

PPIl conformation, as confirmed by the presence of an
isoelliptic point. The spectrum of EX25 in TFE afG shows

a spectral pattern typical of tleehelix 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 ¥-K*8 (Figure 1f) and also confirmed by NOE
data showing series of strong sequentigi NOEs in the
same region.The observation of some medium-rangjg-
(i,i+3) NOEs (G/A7, StYK4, A3V15 VISK18), together
with somedn(i,i+3) (GYA7, A%AS,SHYK4, V1K 18) further
confirmed the presence of thehelix (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 an-helical structure from residue 6 to 18, preceded
by two type IV s-turns in the region GPGG and GGVA.

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

The CD curves (Figure 8) in water clearly indicate the
presence of a temperature-dependent PPIl 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 PPH
unfolded.

In TFE (Figure 8) the CD spectra are typical of a rather
stablea-helix with also a possible type-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 thew-helix. The turn was ascertained in the
region PGALS, as pointed out by reduced temperature
coefficient of L> amide proton A6/AT = —2.5 ppb/K) and
dun (i,i+2) NOE connectivity between residue® @nd L.

The CSI analysis suggests that the helix spans the sequence

nm, and a small positive one at about 215 nm appears, thusA* to A (Figure 1g). The NOESY spectrum shows the
suggesting the presence of PPII structure. The rising of the presence of a continuous stretch of straRg NOEs for the
temperature induces a concomitant decrease of the negativeesidues Gto A% Further evidence of the helix structure

band, a behavior typical of a random coil in equilibrium with

was given by somel(i,i+3) for GYAS, L5A8, ASKS, A7/
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Ficure 7: NOE summary and calculated structures. (left to right) Summary of intraresidue, sequential, and medium-range NOEs observed
for EX25 in 80% TFE at 25C (the thickness of lines is related to the intensity of NOES); superposition of the 15 best structures of EX25,
best-fitted on residues-518 (RMSD: 1.04+ 0.38 A on backbone atoms; 1.66 0.39 A on heavy atoms); ribbon representation of the

mean structure of the bundle.

15 - 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 residues49). 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 80 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 arhelix 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
——r 7777 band at 222 nm most probably caused by the positive
180 200 210 220 230 240 250 ellipticity characteristic of the PPII in that region.

Wavelength (nm) By CSI, the helix is spanning the sequence tA A
FIGURE 8: CD spectra of EX27 in aqueous solution (a) and in TFE (Figure 1i). The NOE analysis shows strong sequeigl

(b) recorded at different temperatures: (square¥J O(triangles) NOEs; also adwn(i,i+2) between A and A is evident
25°C, and (circles) 60C. (Figure 11A).

104

-5

-10

[6] x 10 (deg cm? dmol™)

-15 4

-20

AL and A/AM, and fewdu(ii+3) NOES between @AS, The structurgl analysis of the 15 best_ structures in terms
6/ 9 1 of target function values shows some interesting features.

A8/K®, and A/A™! (Figure 9). ) : .
The presence of the two consecutive proline residues confers

One hundred structures were calculated, and the best 15¢ the N-terminus an extended PPII-like conformation. The
conformers in terms of target function values were analyzed g-helix spans the sequencé o K*2, even if in the region

by MOLMOL software. The peptide shows a well-defined A0t A2 jt has a somewhat irregular form and therefore
helical structure from residue 5 to residue 11. The helix is was not recognized as such by the software that identifies
preceded by two turns: a type I¥-turn in the sequence  secondary structure implemented in MOLMOL (Figure 11A).

PGAL and a type j-turn in the region GALA. The Figure In order to get further support for our approach, to be
9 superimposes the backbone atoms, best fitting residuesqged to the data previously obtained for the hydrophobic
3—11, of these 15 best structures of EX27 peptide. EX5 (50), we decided to extend the sequence of EX31 to 5

EX31.EX31 peptide belongs to the KK-type and shows  amino acid residues on the N-terminus of EX32. The obvious
a unique PP sequence preceding the alanine rich region. aim was to ascertain whether the helix remains of constant
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Ficure 9: NOE summary and calculated structures. (left to right) Summary of intraresidue, sequential, and medium-range NOEs observed
for EX27 in 80% TFE at 25C (the thickness of lines is related to the intensity of NOES); superposition of the 15 best structures of EX25,
best-fitted on residues—3L1 (RMSD: 0.44+ 0.26 A on backbone atoms; 0.94.0.25 A on heavy atoms); ribbon representation of the

mean structure of the bundle.

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
5] and EX3%-32 mean structures clearly shows that the helices’
extent is comparable in the two peptides (Figure 11C). The
C-terminal region of EX3132 peptide, constituted by the

5 residues belonging to exon 32 coded domain, was
essentially unordered.

Helix Stability and Helix Propensitysinally, 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 P]2z,, a parameter well-known for its
sensitivity to thea-helical conformer population. Further-
more, the propensity for assuminghelical 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 thehelical conformation for peptides
with longer helix stretches.

10 H

o

[6] x 10 (deg cm” dmol™)
&
1

-104

-15 4

190 200 210 220 230 240 250
Wavelength (nm)

Ficure 10: CD spectra of EX31 in agqueous solution (empty D|ISCUSSION
symbols) and in TFE (filled symbols) recorded at different
temperatures: (squares) €, (triangles) 25°C, and (circles) In this Discussion the assumption is made that the helices
60 °C. found by NMR in TFE are essentially those present in the
size or it may extend itself to additional residues. As a matter protein under physiological conditions. The rationale is that
of fact, the corresponding peptide GIPPAAAAKAAKYGA-  cross-linking only occurs with coacervation and coacervation
AGL (EX31—32) was studied by NMR. rejects water. Parenthetically, this would also promote

NMR data of EX31+32 show that the addition of 5 desmosine condensation because of spatial proximity as
residues to the C-terminus leaves substantially unchangedlready stated in the introductio(; 26). Thus theo-helical
the helix observed in EX31. In fact, as demonstrated by CSlI, structure, which might only form upon coacervation, should
the helix is essentially spanning the same number of residuesaccordingly be a motif present in mature cross-linked elastin.
(Figure 1i,j). In fact K2 of EX31 exhibits a negative value  Furthermore, the application of prediction algorithms to the
of CSI even if the classical limit figure of-0.1 is not entire protein reveals the presencenefielical structures in
reached, while the same residue in EX®P shows a CSI  almost the same regions of the protein (Table 2). These
value more negative. This is most probably due to the findings strength the hypothesis that thelices found by
presence of the terminal negative charge close to that residueys are physiologically relevant.
Some NOE connectivities found for peptide EX332 Now, what can we learn from the localizationathelices
suggest that also¥ could be helical: in any case, the helix in human tropoelastin?
increases its size of only 1 residue, always remaining in the (i) First of all, the helices appear to be rather stable against
region belonging to EX31 domain. Because of better temperature, and the amount of periodic structures depends
chemical shift dispersion of the amide protons of the on the number of consecutive alanine residues (EX17, ten
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Ficure 11: NOE summary and calculated structures. (A) (left to right) Summary of intraresidue, sequential, and medium-range NOEs
observed for EX31 in 80% TFHz at 25 °C (the thickness of lines is related to the intensity of NOES%E superposition of the 15 best
structures of EX31, best-fitted on residuesi® (RMSD: 0.41+ 0.21 A on backbone atoms; 0.99 0.26 A 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% TFEel; at 25°C (the thickness of lines is related to the intensity of NOESs); superposition of the 15 best structures

of EX31—32, best-fitted on residues-23 (RMSD: 0.14+ 0.10 A on backbone atoms; 0.710.22 A on heavy atoms); ribbon representation

of the mean structure of the bundles. (C) Superposition of the mean structures of EX31 and®X%&3bws that the extent of the helices

is comparable for the two peptides.

alanine residues, and EX15 and EX29, seven alaninecoded domain, the helix stopped anyway at the tyrosyl
residues). In particular, EX29 and EX17 show the presenceresidue. Quite interestingly, there is an almost perfect
of a-helix even in aqueous solution at°C. It is assumed  coherence between the end of the exon-coded sequence and
that the propensity is inversely proportional to the percentagethe end of the helix; in all cases, perhaps but one, the prolyl
of TFE necessary to induce the formation whelices in residue represents the N-terminal starting signal for the helix,
mixed solvent. Less propensity is shown by EX6 and EX31 sometimes being included in an N-termingiturn. In
with only four consecutive alanines and by EX21 with five. particular, at the N-terminus, in seven cases but ten, there
(i) When present (seven out of ten) after the poly-alanine are one or twg-turns as stop signals for thehelices. Quite
sequence the aromatic residue (Y or F) represents a C-interestingly, in Exon 19 thg-turn spans the sequence SPEA
terminal stop signal for the helix. More generally, one can almost identical to thgs-turn SPEL already found in the
say that no helices appear after the aromatic residues. In factrarely expressed exon 26A coded domain of human tro-
when EX31 was prolonged untilPlresidue of the exon 32  poelastin. Also in this case the turn is contiguous to a short
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® the peculiar structure of disulphide containing exon 36 (55)

Ficure 13: An idealized model for human tropoelastin structure.
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stretch ofo-helix (VRRSL), although on the C-terminal side considered as dominated loyhelices, but as an idealized,
(51). nevertheless comprehensive, model of the elastin structure.
(iif) The prediction algorithms, extended to the entire  As far as the mechanism of elastin elasticity is concerned,
protein, showed the helices to be generally about the samethe picture would be the following: when the stretching force
as found by NMR. The only relevant difference appears to is applied, alignment of the chains occurs together with a
be an extension of the helices by some (one, two, or three,shift of the conformational equilibria toward the extended
respectively) residues at the C-terminus. This apparent slightstructures with a significant decrease of both Boltzmann and
disagreement is easily explained by the disordering effect (dynamic) Kolmogorov entropies. Quasi-periodic, solitonic
due to the C-terminal charge. motions are characteristic of this stretched stht&2). After
Taken together with previous result, 6, 52—55) the removal of the stretching force, an entropic elastic recoil
findings of the present paper give a complete picture of the should occur according to the classical theory of elasticity
main conformational features of human tropoelastin. We (56).
would like to emphasize that the process we accomplished
of dissection and the reassembly, at both molecular andSUPPORTING INFORMATION AVAILABLE
supramolecular levels, of the elastin macromolecule (“re-
ductionist approach”) has been based on the following:
(i) The gene structure of tropoelastin, a “cassette-like
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cross-linking and non-cross-linking exons, clearly argues in
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