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ABSTRACT: Polypeptide sequences encoding the single exons of human tropoelastin were synthesized and
their conformations were studied in different solvents and at different temperatures by GB BiMR.

The results demonstrated the presence of labile conformations such as poly-proline Il helix (PPIl) and
pB-turns whose stability is strongly dependent on the microenvironment. Stable, periodic structures, such
as a-helices, are only present in the poly-alanine cross-linking domains. These findings give a strong
experimental basis to the understanding of the molecular mechanism of elasticity of elastin. In particular,
they strongly support the description of the native relaxed state of the protein in terms of trans-
conformational equilibria between extended and folded structures as previously proposed [Debelle, L.,
and Tamburro, A. M. (1999nt. J. Biochem. Cell. Biol. 31261-272].

Resilience and elastic recoil are properties conferred on precludes the use of classical spectroscopic techniques. For
all vertebrate elastic tissues by elastic fibetsZ). These these reasons, past studies were confined to the use of soluble
complex extracellular matrix biopolymers are composed of derivatives, such ae-elastin g8) and k-elastin §), and to
two distinct morphological entities. The amorphous compo- short synthetic peptides corresponding to repeating sequences
nent is made up of insoluble elastin, a highly cross-linked (10—13). In some cases, peptides containing polymeric
and hydrophobic protein assembled from a soluble precursorrepeats of variable molecular weight were also studiee-(
protein called tropoelastin. The microfibrillar component of 18). Together, these studies provided evidence for the
elastic fibers is composed of several glycoproteins, of which presence in the elastin molecule@turns (type I, type I,
the best known are the fibrillins (fibrillin-1 and fibrillin-2)  and type VIII), whose stability depends on both sequence
(3, 4). Elastic microfibrils are thought to provide a three- and microenvironment. As a general rule, the turns are
dimensional scaffold for the assembly of elastin during the characterized by having PG, GG, and YG#YL, V) at the
formation of elastic fibers, while it is insoluble elastin that corners. In addition, Tamburro and co-worket$)(found
confers to elastic fibers the property of elastic recoil. The that appreciable amounts of palyproline Il left-handed
elastic properties of elastin have been explained in terms ofhelix (PPII} also contribute to the overall three-dimensional
entropic components, with questions still remaining about architecture of elastin.
whether the basic mechanism is compatible with the classical The recent availability of full-length tropoelastin obtained
theory of rubber elasticity5). A better understanding of by recombinant DNA techniques provides for the first time
structure-function relationships in terms of the protein’s an opportunity to explore domain structure within the intact
elastic properties remains an important goal in elastin protein 0, 21). Limited CD (22) and RamanZ43) spectra
biology. Not only will this provide mechanistic insight into  studies of this molecule have confirmed the presence of
how elastin functions, but may suggest a general mechanismB-turns and show the presenceoshelix (currently attributed
for other elastomeric proteins such as spider silk elastic to the poly-alanine cross-linking regions) and possibly some
proteins, glutenin, abductin, et&)( Furthermore, a complete  beta strands. A more detailed study of the solution structure
elucidation of elastin’s elasticity is essential for the design of tropoelastin, however, will require using multidimensional
of proper biopolymers and biomaterials based on elastomericNMR, but there are several properties of the intact protein
proteins 7). that make this approach difficult. Because tropoelastin is

The unusual physical properties of elastin have precludedenriched in a limited number of hydrophobic amino acids
a thorough analysis of the protein’s three-dimensional (G, P, L, A, V), severe degeneracy of the NMR signal may
structure at atomic resolution. Mature, cross-linked elastin arise. A second concern is the size of the protein: even state-
does not crystallize (as expected for rubber-like material), of-the-art NMR techniques do not allow an easy structural
thereby preventing structural analysis by X-ray diffraction.

Similarly, its extreme insolubility in common solvents 1 Abbreviations: PPII, poly-proline Il left-handed helix; CD,

circular dichroism; NMR, nuclear magnetic resonance; Fmoc, fluorenyl-
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determination for a protein containing approximately 750 acid. 1,2-Ethanedithiol (EDT), phenol, and thioanisol were

amino acid residues. also used in the cleavage mixture when necessary. The
An answer to these technical problems was suggested byPeptides were lyophilized and purified by semipreparative
the unique organization of the tropoelastin ge2.(In all and preparative reversed-phase high-performance liquid

species, the elastin gene exhibits a cassette-like organizatioghromatography. Binary gradient was used and the solvents

with distinct exons encoding for functionally and structurally Wwere RO (0.1% TFA) and CHCN (0.1% TFA). The purity

distinct domains. The basic motif structure is a repeating Of peptides was assessed by either electrospray or MALDI-

unit of cross-linking domains followed by domains encoding TOF mass spectrometry.

polypeptide regions putatively responsible for the elastic  Circular Dichroism SpectroscopgD spectra of 0.1 mg/

properties of the proteir2g). mL solutions of peptides were recorded on a JASCO J600
Studying structural motifs based on individual exons can CD spectropolarimeter using a HAAKE waterbath as tem-

be useful for elastin (and most probably for other elastomeric perature controller using a cell with a 1-mm optical path

proteins) because each exon encodes an independent and selngth. Usually, 16 scans were acquired in the range-190

contained structure. This strategy (tieeluctionistapproach) 250 nm at a temperature of 0, 25, or 40 by taking points

will not apply to other proteins (e.g., globular proteins) where every 0.1 nm, with a 20 nm mid scan rate, an integration

individual exons do not encode autonomously folded struc- time of 2 s, ad a 1 nmbandwidth.

tural modules. Furthermore, elastin has been demonstrated Nyclear Magnetic Resonance Spectroscaylly*H NMR

to be a fractal protein26), which means that the protein is  experiments were performed on a Varian Unity INOVA 500
characterized by the property of statistical self-similarity. pHz spectrometer equipped with a 5-mm triple-resonance
Accordingly, even very short sequences show molecular andprope and z-axial gradients. The purified peptides were
supramolecular features very similar to those of the whole dissolved in 70QuL of H,0/D,0 (90/10) or TFEds/H,0 (70/
protein 7—29). This finding is most likely related to the 30), containing 0.1 mM of 3-(trimethyl-sily1)-1-propane
abundance of repeating sequences of elastin, the repetitionsyfonic acid (DSS) as internal reference standard at 0 ppm.
being found at different scales along the entire sequence OstuaIIy 1-3 mM peptide solutions were used. All spectra
the molecule :60, 27) Previous results showed that other were collected at 2§C, unless otherwise stated. One-
biological properties of the molecule, such as chemotaxis gimensionalH spectra were acquired with 32K datapoints
(31-33), vasodilatatory activity 34), and upregulation of  and a sweep width of 6000 Hz. TOCS$7) spectra were
metalloproteinase expressiod are also confined to the  collected using 256 t1 increments and a spectral width of
sequences coded by particular exons. Accordingly, one canggoo Hz in both dimensions. Relaxation delays were set to
reasonably suggest that studies of isolated domains corre- 5 s and spinlock (MLEV-17) mixing time was 80 ms.
sponding to the exons of tropoelastin should give useful ghifted sine bell squared weighting and zero filling to 2K
insights into both the mechanical as well as biological 2k was applied before Fourier transformation. ROESS)(
properties of the protein. Of course, some inherent limitations 3nd NOESY data were collected essentially in the same
of this approach are present; for instance, possible inter-manner as for TOCSY data, with mixing times ranging from
actions between hydrophobic regions cannot be revealed.150 to 250 ms. The residual HDO signal was suppressed by
However, we are confident that this type of reductionist presaturation for TOCSY; WATERGATE was used for
approach to the structurectivity problem of elastin based ROESY and NOESY experiments39). Amide proton
upon functional units may provide insight into the biologi- temperature coefficients were usually measured fromHD
cally relevant features of its structure and may lead to the NvR spectra recorded in 5C increments from 20 to 45
discovery of new biological activities. °C, with the exception of EX26 peptide, for which a series
In this report, we describe the exon-by-exon synthesis of of TOCSY were recorded to measure the amide temperature
all polypeptide sequences of human tropoelastin except thosecoefficients. Spectra were processed and analyzed by vnmr
pertaining to the polyalanine KA cross-linking domains. The Ver. 6.1C software (Varian, Palo Alto, CA).
KA domains containing poly-alanine tracts separating two  rasonance Assignments of Elastin Peptidé® EX3,
or three lysines have been shov@é)to assume an-helical EX4, EX5, EX9, EX11, EX13and EX19 peptides were
conformation stereochemically required for the correct analg/zed lSylH NMR spéctroscopy in water ¢&/D,0 90/
juxtaposition of the lysine side chains for desmosine and 10) and mixed aqueous/organic solution (TE&H,0 70/
isodesmosine cross-link formation. Accordingly, only one 30) at 25°C, while EX26 peptide was analyzed only in the
of these domains, the exon 19 coded peptide, was studieder solution. The resonance assignment of tHeNMR
as model of the KA. cross-linking domains. CD ar!d NMR. pectra was made by standard sequential assignment pro-
data for the synthesized sequences are reported, with detailedg y ;res 40) and accomplished by a combined analysis of
structural information for the domains selected to be the mOStZD-TOCSY, 2D-ROESY, and 2D-NOESY spectra. TOCSY
representative. spectra were used to identify spin systems, while ROESY
and NOESY spectra permitted the assignment of resonance
to individual amino acids through sequential NOE connec-

Peptide Synthesis and Purificatiofhe peptides were  tVities.
synthesized by using an automatic synthesizer APPLIED The presence of unique amino acid residues in several
BIOSYSTEM model 431 A. Fmoc/DCC/HOBT chemistry peptides (A2, V13 in EX4; Y8, A16 in EX9; V2, F6, 19,
was used. The Fmoc-amminoacids were purchased fromP10 in EX11; K11 in EX13; S4, P5, E6, Y18 in EX19; R1,
Nova Biochem (Laufelfingen, Switzerland) and from Inbios 110, and F40 in EX26) helped for the resonance assignments,
(Pozzuoli, Italy). The cleavage of peptide from resin was as their resonances were used as starting points in sequential
achieved by using an aqueous mixture of 95% trifluoroacetic NOE connectivity search.

MATERIALS AND METHODS
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|_EJ__—| Gly-rich Hydrophobic Domain
Pro-rich Hydrophobic Domain
IE KA Crosslinking Domain
KP Crosslinking Domain

Ficure 1: Schematic representation of human tropoelastin gene organization. The squares indicate hydrophobic domains, while the circles
indicate KP domains. The KA domains are represented by ellipses. The first exon codes for the signal peptide, S, while the last exon 36
codes for a hydrophilic peptide (triangle).

EX2 GVPGAIPGGVPGGVFYP

EX3 GAGLGALGG

EX4 GALGPGGKPLKPV

EXS PGGLAGAGLGA

EX7 GAGLGGVPGVGGLGVSA

EX8 GAVVPOQPGAGVKPGKVP

EX9 GVGLPGVYPGGVLPGA

EX10 RFPGVGVLPGVPTGAGVKPKAP

EX11 GVGGAFAGIP

EX12 GVGPFGGPQPGVPLGYPIKAPKLP

EX13 GGYGLPYTTGKLPY

EX14 GYGPGGVAGAAGKAGYPTGT

EX16 GAGAAGVLPGVGGAGVPGVPGAIPGIGGIA

EX18 GAAAGLVPGGPGFGPGVVGVPGAGVPGVGVPGAGIPVVPGAGIPGAAVP
EX19 GVVSPEAAAKAAAKAAKY

EX20 GARPGVGVGGIPTYGVGAGGFPGFGVGVGGIPGVAGVPSVGGVPGVGGVPGVGIS
EX22 GAAGAGVLGGLVPGPQAAVPGVPGTGGVP

EX24 GLVPGVGVAPGVGVAPGVGVAPGVGLAPGVGVAPGVGVAPGVGVAPGI
EX26 RAAAGLGAGIPGLGVGVGVPGLGVGAGVPGLGVGAGVPGFGA

EX28 GAAVPGVLGGLGALGGVGIPGGVV

EX30 GLVGAAGLGGLGVGGLGVPGVGGLG

EX32 GAAGLGGVLGGAGQFPLG

EX33 GVAARPGFGLSPIFP

EX36 GGACLGKACGRKRK

Ficure 2: The amino acid sequences of the exon-coded peptides synthesized and analyzed. The underlined sequences are KP cross-linking
domains, where the K and P amino acids are in bold. The sequence in italics is the EX19-coded domain, pertaining to the KA cross-linking
domains.

For EX4, EX9, EX11, EX13, EX19, and EX26 peptides, protein and are rich in glycine, particularly in the N-terminal
the presence of proline in the sequence interrupts ¢hé,d and C-terminal regions of the protein, and in proline,
i+1) NOE pathway. In this case, the sequentigi(Ero-1, predominantly in the larger exons localized in the central
Pro) NOEs for trans conformation og{Pro-1, Pro) NOEs part of the molecule. The cross-linking domains, alternating
for cis conformations were used to identify the resonanceswith the hydrophobic domains, consist of those rich in
of the proline residues. In case of proline containing peptides, alanine (KA domains, central, and C-terminal region), and
cis/trans isomerization can occur, as the energy barrierthose containing proline (KP domains, confined principally
between the cisef = 0°) and trans ¢ = 18C°) isomers is to first third of the molecule). Three other regions of the
usually 13-21 kcal/mol @1, 42); nevertheless, we identified  protein have unique compositions and functions: exon 1,
in all the peptides one major conformationd0%) with all which encodes a 26-amino acid signal peptide for extracel-
trans proline conformers. Thus, the conformational analysis |ular transportation; exon 26A, a hydrophilic exon that is a
has been carried out only for the major all-trans peptide rarely expressed whose function is unknown, and exon 36,
molecules. which encodes a sequence responsible for interaction with

other elastic fiber proteinstf).
RESULTS

All of elastin’s hydrophobic domains, the KP domains and
Figure 1 is a schematic representation of the domain one example of KA domain (EX19) were synthesized and
structure of human tropoelastin demonstrating the cassette-analyzed. The sequences are presented in Figure 2. CD
like organization of the gene, where the exons code spectra were recorded at 0, 25, and—60 °C to get
alternatively for hydrophobic and cross-linking domains. The conformational trends toward the most ordered structures (0
hydrophobic domains are responsible for the elasticity of the °C) and the most unordered ones {6 °C). A brief
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Table 1: Secondary Structure Information Determined for the Hydrophobic Domain Peptides by CD Spectroscapind kh TFE at
Different Temperatures

pept HO TFE pept HO TFE
EX2 0°C U+ Pl B2+ U+B1 EX20 0°C U+ PPII U+ B2
25°C u+Pll B2+ U+B1 25°C U+ PPII U+ B2
70°C U 70°C U+ PPII U+ B2
EX3 0°C PPII B2+ U EX22 0°C U B2+ U
25°C PPII+ U B2+ U 25°C U B2+ U
70°C U U 70°C U B2+ U
EX5 0°C PPII U+ B1/B2 EX24 0°C U+ PPII U+ B2
25°C PPII+ U U + B1/B2 25°C U+ PPII U+ B2
70°C u U+ B1/B2 70°C U
EX7 0°C U U+ B2 EX26 0°C U+ PPII U+ B2
25°C U U+ B2 25°C U U+ B2
EX9 0°C U+ PPII B1+B2+ U EX28 0°C U+ PPII Bl1+U
25°C U+ PPII B1+B2+U 25°C U+ PPII Bl1+U
EX11 0°C U+ ARc ARc EX30 0°C PPII B2+ U
25°C U+ ARc ARc 25°C BS+ PPII B2+ U
70°C U+ ARc 70°C U
EX14 0°C ARc+ U B2+ U EX32 0°C PPII B1/B2+ U
25°C ARc+ U B2+ U 25°C PPII+ U B1/B2+ U
70°C B2+ U 70°C U B1/B2+ U
EX16 0°C PPIHU B2+ U EX33 0°C PPII U+ B1/B2
25°C u B2+ U 25°C U U+ B1/B2
70°C u B2+ U 70°C U U+ B1/B2
EX18 0°C U+ PPII U+ B2 EX36r 25°C U B1+U
25°C U+ PPII U+ B2 EX36 0 25°C U+B1 U+ B1

ay, unordered; B1, type B-turn; B2, type 1l 3-turn; PPII, poly-proline Il helix; BSS-strand; ARc, aromatic contributionsr, cysteine in
reduced form; o, with intramolecular disulfide bridge

overview will be presented below. We also provide a detailed betweeno-helix and unordered conformation was found in
CD and NMR analysis of the most representative se- TFE.
quences: exon 3 (EX3), exon 5 (EX5), and exon 11 (EX11)-  CD deconvolution programs were not useful in establishing
as models of glycine-rich hydrophobic domains; exon 9 realistic values for the conformation of elastin peptides. Table
(EX9) and exon 26 (EX26) as representative of proline-rich 3, for example, shows the results of EX5 peptide CD curve
hydrophobic domains; and exon 4 (EX4) and exorfE813) analysis at 0, 25, and 70C in water analyzed using the
as models of KP cross-linking domains, and exon 19 (EX19) CDPro software package (available at http://lamar.colostate.
as example of KA cross-linking domains. edu~sreeram/CDPro/main.htmB7). This program package
Secondary Structure AnalysiBhe microenvironment that  provides three different deconvolution methods: Selcon, the
determines the conformation of an amino acid sequence isself-consistent method48); ContinLL, a variant of the
not known a priori and can be different from the bulk CONTIN method 49); and CDsstr, a method developed by
macroscopic solution conditions (i.e., physiological condi- Johnson%0) using the single value decomposition algorithm.
tions). Predicting the functional solvent environment for The reference databases consist predominately of CD spectra
insoluble elastin is particularly difficult because the protein’s of globular proteins of known secondary structure.
hydrophobicity and highly cross-linked nature suggest aless What emerged from the CDPro analysis of our peptides
polar internal environment than the surrounding solvent. For was that the CD spectra of elastin peptides are not well
this reason, the experiments in this study were performed inrepresented in the reference proteins, so these programs are
both water and 2,2,2-trifluoroethanol (TFE). TFE is a not suited for CD analysis of the hydrophobic and flexible
significantly less polar solvent than water and is usually peptides present in elastin sequence. For this reason, CD
considered a structure-inducing solvent because it favorsspectra of the different sequences were analyzed by compar-
intramolecular hydrogen bonding, thus promoting folded ing the curves with CD spectra of peptides with known
conformations such as helices ghidurns @4—46). While secondary structures or with peptides that adopt a mixture
the real local solution conditions for insoluble elastin are of known structures&1).
unknown, it is likely to be intermediate between the two  Several general conclusions can be made from the
solvent extremes of water and TFE. complete CD analysis of the sequences: (i) in water, the
Tables 1 and 2 contain a summary of the CD data for all elastin sequences show a predilection for the flexible PPII
24 sequences that were analyzed. To detect temperatureeonformation; (ii) in less polar conditions, folded conforma-
induced conformational transitions, the peptides were moni- tions, especially type | and typefkturns, are present. These
tored by CD spectroscopy at different temperatures. For someconformations are quite stable as an increase of temperature
peptides, isoelliptic points were evident, indicative of the produces only minor changes in the CD spectra. (iii) Peptides
presence of an equilibrium between two conformations with with aromatic residues give poor secondary structure infor-
one being more stable at low temperature and the other,mation when the degree of freedom of the aromatic residue
usually the unordered conformation, more prevalent at higheris reduced by the folded conformation. (iv) The conforma-
temperature. In particular, isoelliptic points were observed tions adopted by KP cross-linking domains are similar to
for EX2, EX5, EX10, EX14, EX24, EX26, and EX30 hydrophobic domains, with a preference for PPII in water
peptides in water, where conformational equilibria between and folded conformations in TFE. (v) The KA cross-linking
PPII and unordered conformations are proposed. The samalomain has a great propensity to adophelical structure
was observed for EX19 peptide where an equilibrium that increases in TFE solution.
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Ficure 3: CD spectra of EX3 peptide in water (a) and in TFE (b) recorded at different temperatteat °C, (—— —— —) at 25°C,
(---)at 70°C.
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Ficure 4: CD spectra of EX5 peptide in water (a) and in TFE (b) recorded at different temperatteat {°C, (—— —— —) at 25°C,
(---)at 70°C.

Table 2: Secondary Structure Information Determined for the KP Table 3: CDPro Deconvolution Results for EX5 Peptide CD
Cross-Linking Domain Peptides and the KA Cross-Linking Domain  Spectra in Water at Different Temperatures
Peptide (EX19) by CD Spectroscopy in® and in TFE at

Different Temperatures a-helix p-sheet  turn PPII Unrd RMSD
: SELCON
peptide HO TFE 0°C  0.006 0183 0.068 0.055 0.755  0.449
EX4 0°C Ua B1+U 25°C  0.122 0561 0.117 0.038 0.243 0.181
25°C U B1+ U 70°C no solutions
79, °C u ContinLL
EX8 0°C U+ PPII B1/B2+ U 0°C  0.041 0286 0.116 0.124 0.433 0.115
25°C U+ PPII B1/B2+ U 25°C  0.042 0276 0.127 0.112 0.443 0.072
70°C U+ PPIl B1/B2+ U 70°C 0010 0277 0.111 0.121 0.481  0.060
EX10 0°C U+ PPII B1+U
25°C U+ PPII B1+U . CDsstr
70°C U+ PPII B1+4 U 0°C 0 0.301 0.136 0.115 0.439 0.204
EX12 0°C U+ PPII B1/B2+ U 25°C 0 0.305 0.136 0.117 0.428 0.139
25°C U+ PPII B1/B2+ U 70°C no solutions
70°C U+ PPII B1/B2+ U a : :
EX13 0°C ARC BL/B2+ U +ARC Fraction of secondary structure in the molecule.
25°C ARc B1/B2+ U +ARc
EX19 SS(EC ﬂi B E ‘U EX3, 5 out of 11 residues for EX5, and 4 out of 10 residues
70°C U+H H+U for EX11) and are expected to exhibit a high degree of chain
2 U, unordered, B1, type f-turn, B2, type Il g-turn, PPII, poly- flexibility with no particular tendency to form regular
Proline Il helix, ARc, aromatic contributions, H-helix. secondary structures such as heliggsheets, o3-turns.

EX3 peptide contains only three types of amino acid residues,

To assess whether the elastin peptides have a preferredlanine, glycine, and leucine, while EX5 peptide includes
backbone conformation under the different solution condi- an N-terminal proline residue. EX11 peptide contains the
tions, detailed CD and NMR analysis of peptides EX3, EX4, f-branched amino acids valine (V2) and isoleucine (19),
EX5, EX9, EX11, EX13, EX19, and EX26 were conducted. together with an aromatic residue (F6).

Glycine-Rich Hydrophobic Domains: EX3, EX5, and  The CD spectra, recorded in water (Figure 3a and Figure
EX11. Peptides EX3, EX5and EX11 have sequences 4a), for EX3 and EX5 peptides at @C show a strong
particularly rich in glycine residues (5 out of 9 residues for negative band around 194 nm and a weak positive band at
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~216 nm. As the temperature is increased from 0 t6G0 A)
the strong negative band is slightly red-shifted and reduced o
in intensity, while the positive band disappears. Furthermore,
for EX5 peptide an isoelliptic point is evident, suggesting NG| GG N
the presence of only two conformations in solution. doN(i,i) - B, HEB
[ —

G1 A2 G3 14 G5 A6 L7 GB G9

The strongly negative—s* band at~194 nm is usually NN i+1)
attributed either to unordered or PPII conformations, but its
reduction in intensity with increasing temperature, a property
typical of the PPII conformatiorbQ) leads us to attribute it~ A8aT - 6 68 # -6 64 # 69 -59
to the latter conformation. The positive, essentiathyr*
band at~216 nm is another typical feature of PPIl structure B)
(53—-56). Together, these properties of the spectra &C0 X3’ G Az G3 4 G5 AB L7 G8 o9
represent, with good approximation, a classical PPl spectrum
of peptides lacking proline. For peptides rich in proline or
hydroxy-proline, the positive band is shifted 225 nm doN(i)
due to the presence of tertiary amide chromophos&k ( dNN(ii+1)

The presence of a high content of PPII conformation in vz
these peptides (EX3 and EX5) is not surprising when the -
amino acid composition and properties of the basic sequences _’ e’ - 87 B0 70 M9 78 85 B2 ©O
are considered: (i) the high glycine content of the peptides asaT - 50 53 -50 -56 -57 -41 -39 -42
and the intrinsic propensity of glycine residues to adopt a
PPII conformation, as poly-glycine can adopt the PGII left- ©)
handed 3helix structure §8) similar to PPIl as characterized gxs+ | Pt 62 63 14 A5 G6 A7 G8 L9 GO Af
in the solid state by X-ray diffractiorb@); (ii) the relative

o - 60 20 #' 20 61 # R0 N7

doaN(i,i+1)

|
|
1

high intrinsic propensity of alanine, glycine, and leucine to | N
adopt a PPII conformation, as pointed out by kagiest daN(iD) —_— s ...
studies 60) and by Molecular Dynamics simulation§1( dNIN(ii+1) —i
62); (iii) the presence of -LG- units in the sequences. This &, - . 18 # 69 # 118 65 # 73 125 68
dipeptide has a tendency to adopt PPIlI conformation as —

AFAT - -58 # 68 -60 -62 -54 # -66 -66 -58

determined by X-ray diffraction studie$§3).

The NMR analysis of EX3 (Figure 5 A) and EX5 (Figure
5C) peptides in aqueous solution were characterized by the
absence of medium or long range NOEs of the backbone EX5° | P1 G2 G3 L4 A5 G6 A7 G8 L9 GO AN

protons. This finding clearly indicates the absence of any deN(ii+)| [ sl I
helix orﬁ-sh_eet structure. Chemical shift index (CSl) analysis 4 — e — .
(the analysis of the deviation of ddchemical shift from y

random coil values)ad) confirms these structural predictions ~ ™N0*" — NN -

as all the Kt chemical shifts are inside the random coil range.  daN(ii+2)

Furthermore, the temperature coefficients of EX3 and EX5 ;. - - N7 116 68 58 M4 61 B4 70 £ 70

peptide .amlde resonances are h|9_‘|5(2 x 1072 Ppm K_l)’ AFAT - 48 -56 -589 -53 -37 -34 -50 -40 -48 -42
suggesting that the backbone amide groups are not involved
in either intramolecular or intermolecular H-bonding, but are  "spectrarecorded inH,0/D,0 80/10 at 298K
exposed to the solvent. b spectrarecorded in TFE-4,/H,0 70/30 at 298K
Analysis of the*Jnu-a coupling constants, related t0 the  cy 5 e for iy residues are the sumof J ay and J oy, *# (not determined)
torsion anglep by the Karplus equatior6g), indicated that Fioure 5. Summary of NMR parameters of EX3 peptide: (A) in
the presence of extendegetstrand conformation can be water and (B) TFEdy/H,0 70/30: EX5 peptide: (C) in water and
excluded, as the values aré—7 Hz, below the 9 Hz value  p) in TFE-dyH,0 70/30. The summary includes sequential and
typical of #-strand conformation. However, the interpretation medium range NOEs, tHd coupling constants (Hz), and temper-
of coupling constants in terms of specific conformations ature coefficientsAd/AT, ppb/K). The NOE intensities are reflected
should always be done cautiously, especially when there isby the thickness of the lines. When an unambiguous assignment
extensive conformational averaging. This is because theWas ?ot possible due to peak overlap, the NOEs are drawn with
coupling constants are the least sensitive parameters fordray fInes.
structure detection6g). has no unique NMR signature that allows unambiguous
In our case, for instance a value of 6.5 Hz could be due structure determinatiorbf). Furthermore, the presence of
either to an unordered conformation that populates different both conformations in equilibrium cannot be excluded. There
¢ angle conformations, or to a single conformation with a  are indications, however, that distinguish between a totally
angle value of-78 as related by Karplus equation. random conformation and a quasi-extended left-handed PPII
Nevertheless, by excluding-strand andx-helix confor- helix. The most important property of PPII conformation is
mations, only two possibilities need to be considered for the the absence of either sequential or long-range NOE,
EX3 and EX5 peptides structures in water: unordered because the distance of two sequential amide protons in a
structure or PPII conformation as suggested by CD spec-regular PPIl helix is greater than 4.6 A. As a result, the
troscopy. To distinguish between these two possibilities by intensity ratio between sequentighdi,i+1) and din(i, i+1)
NMR, however, is not straightforward, as the PPII structure NOEs is very high, as expected for an extended conformation
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FicurRe 6: CD spectra of EX11 peptide in water (a) and in TFE (b) recorded at different temperatuest °C, (—— —— —) at 25°C,
(---)at 70°C.

(67), which is distinctly different from the same ratio in the solvent mixture (TFEds/H,O 70/30) showed evidence for a
case of random structures. Using a population weighted type Il g-turn between G5 and G8 (Figure 5B). A reduced
random coil model, the intensity ratio between these two temperature coefficient for the G8 amide protetB(9 ppb/
NOEs was predicted to be 1.88), very different from the K) and typicals-turn NOEs are also evident. Supporting the
PPII conformation where it is evaluated a85. Analyzing p-turn structure is the presence of medium range NQE d
EX3 peptide in water we noted the absence @f(d i+1) (i,i+2), which is the most striking indication of the presence
NOEs for the sequences G624 and A6-G8 whereas the  of a reverse turn conformation. The absence gf NOE,
dnn sequential NOEs (L4G5, G5-A6, G8—G9) were of together with a strong.g sequential NOE between residue
reduced intensity (Figure 5A). This suggests that the residuesi+1 and i+2 of the turn further established the presence of
of the peptide mostly populate the upper left region of the a type Il 5-turn.
Ramachandran map where PPII is located. Also, for EX5 EX5 peptide has a sequence similar to EX3, containing a
peptide, the reduced intensity of they@,i+1) NOEs points common hexapeptide unit GAGLGA. Its behavior in TFE,
to the presence of significant PPII conformation in water however, is different, as no positive band at 216 nm is evident
(Figure 5C). Together with the CD spectra, all of the NMR  (Figure 4b). At 0°C, the CD spectrum is attributed to a
data confirm the presence of PPII helix in water for the mixture of unordered and typeSiturn conformations, while
peptides EX3 and EXS5. at 25 and 70°C the content off-turn is significantly

In contrast to peptides EX3 and EX5, the CD spectra of decreased.
EX11 suggest little PPII structure in water, where a negative  Strong aromatic contributions dominate the CD spectra
band at 195 nm and the absence of the positive band at 216f EX11 (Figure 6b) in TFE. These side chain contributions,
nm indicate a predominant unordered conformation (Figure more evident at °C than at 25°C, suggest a reduced
6a). It is likely that the presence Bfbranched amino acids conformational freedom of the aromatic ring most likely the
in this peptide destabilizes the PPII conformation by decreas-consequence of a folded conformatiof2,(73).
ing the stabilizing solvation effect of wate6@, 69). The NMR data confirmed the presence offeturn spanning
absence of any preferred conformation was confirmed by the sequence A5GS8, thus positioning the F6 at the corner
NMR data (NOE, coupling constants), although a very low of the -turn (Figure 7B).
temperature coefficient for residue G8 could suggest the  proline-Rich Hydrophobic Domains: EX9 and EXEEX9
presence of one H-bond (Figure 7A). As no typical NOEs and EX26 peptides contain three and four proline residues,
for folded conformations have been found, however, the respectively, positioned uniformly throughout a sequence of
unusually low-temperature coefficient has to be attributed 16 and 42 residues and serve as a model for the proline rich
to the interaction of the aromatic ring of F6 with the peptide’s domains of elastin. Even though the EX9 pept|de contains
backbone. This would reduce the exposure of the NH amide both types of beta turn promoting sequences (_PG_ and -GG-
proton of G8 to the solvent, as suggested by studies with) CD analysis of the peptide in water showed the presence
other peptides?0). of PPII conformation. As shown in Figure 8a, at@a strong

In the hydrogen bond promoting solvent TFE, the CD negativer—=* band is evident around 200 nm together with
spectra of EX3 peptide are similar to spectra obtained with a small positive band at longer wavelengths. With increasing
aqueous solution at different temperatures (Figure 3b). In temperature, the ellipticity at short wavelengths becomes less
particular, a positive band at 216 nm is still evident at 25 negative, while at longer wavelengths it becomes more
°C. This behavior is unusual because the PPIl content isnegative. This behavior is usually attributed to a conforma-
typically higher in water than in organic solvents because tional equilibrium between PPII and other conformations
the water molecules stabilize this structure by a hydrogen- (52). The absence of isoelliptic points in the spectra suggest
bonded network involving the backbone polypeptidé 61) the presence of complex equilibria with more than two
This raises the possibility that the positive band~&16 conformations, probably a mixture of PPIl, unordered and
nm is due to the presence of typeAiturn together with S-turn conformations. The NMR data were not able to resolve
unordered conformation rather than to PPII structures alone.the presence of preferred conformations for this peptide in
Indeed, NMR analysis of the EX3 peptide in the less polar water, thus suggesting very flexible structures (Figure 7C).
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Ficure 7: Summary of NMR parameters of EX11 peptide: (A) in water and (B) in T§B-0 70/30; EX9 peptide: (C) in water and (D)

in TFE-c/H,O 70/30. The summary includes sequential and medium range NOE3 capling constants (Hz), and temperature coefficients
(AO/AT, ppb/K). The NOE intensities are reflected by the thickness of the lines. When an unambiguous assignment was not possible due
to peak overlap, the NOEs are drawn with gray lines.

The CD spectra of EX9 in TFE, as shown in Figure 8b,  NMR analysis of EX9 in TFEds/H,O (70/30) confirmed
showed the presence of a positive band-@05 nm and a  the presence of both type | and typesturns (Figure 7D).
negative band at~220 nm that is slightly red-shifted and The type II3-turns were located in the regions £¥7 and
reduced in intensity with increasing temperature. The curve L13—A16 and contained in both cases -PG- units at the
at 0°C resembles the CD spectra described by Perczel et al.corners. The type B-turn, situated in the region P9/12,
containing contributions from 60% typeftturn, 20% type  had the flexible -GG- sequences at the corners. The occur-
| f-turn, and 20% unordered conformatioreL) rence of rather low-temperature coefficients4(0 ppb/K)

The positive band at 205 nm is probably due to type 1l for the amide protons (V7, V12, and A16), usually attributed
S-turn, whereas the negative band could be due dominantlyto hydrogen bonding of the amide proton to the peptide
to type 15-turn. The intensity of the negative band is reduced backbone, is one element for the assessment of reverse turns
with increasing temperature, suggesting a reduced stabilityin peptides. In the case of turns, the lowered temperature
of type | S-turn. coefficient is due to the presence of a hydrogen bond between
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Ficure 8: CD spectra of EX9 peptide in water (a) and in TFE (b) recorded at different temperatteat {°C, (—— —— —) at 25°C,
(---)at70°C.
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FiGurRe 9: CD spectra of EX26 peptide in water (a) and in TFE (b) recorded at different temperatufest (°C, (—— —— —) at 25°C,
(- - -) at 70°C.
the NH of residue+3 of the turn with the CO of residue i. The presence of a repeated unit, (PGLGVGX&Wjth

One of the most important diagnostic features of a reverseX = V, A, in the sequence slightly facilitated the NMR
turn conformation is the close approach ofi léf residue studies of the 42-residue-long EX26 peptide in Td#H,0
i+1 with the NH of residue+3 of the turn. The NOE effect  (70/30). Indeed, even if the complete assignment of all the
arising from this interaction is usually weak, because the glycine residues was not possible because of severe overlap
distance involved is-3.4 A. However, the existence of this  (Figure 10 B), almost all nonglycine residues were assigned,
typical medium range NOE is a good indication of a allowing one to highlight some interesting results. In
significant population of turn conformation present in solu- particular, the TOCSY spectra showed that some residues
tion (70). of the repeated unit have equivalent chemical shifts in the
Different NOEs patterns also provide a way to distinguish three repeats; as a consequence, it was possible to identify
between different turns, as pointed out previously. Indeed, only one type of proline residue for all four prolines,
a type I5-turn shows strong sequential\dNOEs for residue ~ suggesting that all the proline residues have a homogeneous
i+1, i+2 and for residue-2, i+3 of the turn. A type I microenvironment; also for the leucine residues only two
fS-turn shows a strong sequential NOExdi+1, i+2) of types were recognized, one of reduced intensity assigned to
the turn together with an intensqndi+2, i+3) NOE. In the the L6 and the other assigned to L13, L22, and L31 inside
case of the EX9 peptide, we can detect the presence of typicathe nonapeptide repeat. A similar behavior was found for
medium range NOEs: (f(i, i+2) P5/V7, G10/V12, and P14/  the valine residues, where three different types were revealed.
Al6, together with the usual pattern of sequential NOEs for On the contrary, for the alanine as well as for the glycine
type | B-turn for the sequence P/12, and for type Il residues very different amide chemical shift were found
B-turns for the sequence L4-V7 and L13-A16 (Figure 7D). (Figure 10B). The temperature dependence of not overlap-

Also EX26 peptide comprises four beta turn promoting ping residues was determined by recording TOCSY spectra
sequences -PG-: accordingly, the CD spectra of the peptideat different temperatures. The amide protons of L13, L22,
in TFE indicate at OC the presence of a weak positive band and L31 show a reduced temperature coefficient (3.4 ppb/
at about 205 nm and a negative one at 226 nm, possibly dueK), suggesting the involvement of these residues in hydrogen
to type Il 5-turn together with open conformations (Figure bond formation (Figure 10A). From these data together with
9 b). Increasing the temperature induces the reduction of thetypical NOEs we concluded that -PG- moieties also in EX26
positive band due to the instability of the turn. peptide favor the formation g¥-turns.
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Ficure 10: (A) In the first row the sequence of EX26 is shown. Proposed turn positions are indicated by arrows; in the second row the
temperature coefficients of not overlapping residues are repattee 4.0 ppb/K;®, <4.0 ppb/K). (B) A section of the TOCSY spectrum
of EX26 in TFEdy/H,O (70/30) at 25°C, with indication of residue assignments.

The CD spectra of EX26 peptide in water are completely however, shows a decrease in intensity of the 194 nm
different (Figure 9a). At OC, a strong negative band below negative band, suggesting a reduction in unordered confor-
200 nm and a small one at about 228 nm appear. Moreover,mation content. An increase in the negative band at 225 nm
a peak at about 215 nm is present, suggesting a trend towarguggests the presence of typg-turn (Figure 11b).

a positive band typical of PPII structure. The rising of the ~ NMR studies in TFEdz/H,0 (70/30) localized the turn to
temperature induces a significant decrease of the negativeP5—-K8, where a very stable typestturn is evident (Figure
band. This behavior is typical of a random coil in equilibrium 12B). It is important to note the very low-temperature
with PPII conformation, as strongly suggested by the coefficient of K8 (-0.3 x 1072 ppm K™), indicating a strong
presence of an isoelliptic point. hydrogen bond. It was not possible to identify the typical

KP Cross-Linking Domains: EX4 and EXIhe putative medium range NOE of turns,,d(i+1, i+2), because of
KP cross-linking domains typically contain two lysine overlap of the signals, but the presence of strong sequential
residues separated by one or two amino acids, of which onedyy NOESs suggests a high population of turn conformation.
is a proline. The presence of proline hinders the formation Interestingly, only K8 is involved in this folded structure,
of a-helix, which is the typical conformation for the KA  while the K11 is localized in a highly flexible region.
cross-linking domains. KP domains most likely do not Probably, these different structural conformations suggest a
participate in the formation of the quaternary cross-links different susceptibility of these two lysines to lysyl oxidase
desmosine or isodesmosine, but, as suggested by MechanfLOX). This suggestion seems quite reasonable, if we
and co-workers for exon1(8), are thought to contribute  compare the dihedral angles of the typg-turn, involved
lysine side chains to the binary cross-links lysinonorleucine often in nascent helix folding (residug-1: ¢ = —60,y =
or allysine aldol. For this reason, it is of particular interest —30; residue+2: ¢ = —90,y = 0), with those of a regular
to identify the conformation adopted by these domains and a—helix (¢ = —57; v = —47), the common substrate
to discern the spatial conformation of the lysine side chains. conformation for LOX in elastin. These findings are compat-
The CD spectra of EX4 in water suggest a fully random coil ible with a proposal implying that K8 could be involved in
conformation, which was also confirmed by NMR studies allysine aldol cross-links while K11 contributes to a lysi-
(Figure 12A). The CD spectrum of the peptide in TFE, nonorleucine cross-link through itsammino group.
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Ficure 11: CD spectra of EX4 peptide in water (a) and in TFE (b) recorded at different temperatuest (°C, (—— —— —) at 25°C,
(---)at 70°C.

The exon 13 coded peptide exhibits only one lysine residue by a very low-temperature coefficient (2.4 ppb/K) of A7 and
in the sequence, but it is considered a KP cross-linking by the presence of medium range NOEs involving éf
domain through analogy with bovine tropoelastin sequence V2 and Hx of P5 and H of V3 and Ho of E6, which is
where two lysines are present. It should, however, be possible only in the case of a turning back of the polypeptide
considered an atypical cross-link domain. The CD spectra chain.
of peptide EX13 in water as well as in TFE were difficult to In agueous solution, some NOEs typical of tlaéelix
interpret (Figure 13). It is likely that the aromatic contribu- were still present, even though of reduced intensity, sug-
tions of the three tyrosines (Y3, Y7, Y14) in the peptide gesting a less stable structure, as confirmed als@iy nq
sequence dominate over peptide transitions. The 230 nm banaoupling constants of 5:66.5 Hz. Also, the CSI analysis
is clearly assigned to tyrosine side chains, but tyrosine is suggests that the helix size is reduced to the region A7
also known to contribute to the 19@00 nm region. These  K10. Theg-turn in the region SPEA was no longer present
aromatic contributions make it difficult to extrapolate any as confirmed by the higher temperature coefficient of A7
secondary structure information from CD spectra. Thus, for (4.8 ppb/K) and by the absence of typical NOEs. It is
this peptide, only the NMR data were informative. NMR important to note that the presence of significant amounts
analysis of EX13 in TFE suggested the presence of a typeof a-helix even in aqueous solution can be attributed to a
Il p-turn in the region GZL5, positioning the aromatic  stabilizing electrostatic interaction between E6 and K10 side
residue (Y3) at the corner of the turn, thus clarifying the chains which are positioned in the helix at suitable distance
high aromatic contribution to the CD spectra (Figure 12D). (i, i+4) for salt-bridge formation. In fact, CD and NMR
Few indications for folded conformations are present in the analyses on a synthetic peptide lacking the N-terminal
region where the lysine is positioned. sequence GVVSPE evidenced the loss.dfelical structure

KA Cross-Linking Domains: EX19he exon 19 (EX19)  in agueous solution (data not shown).
coded peptide corresponds to a sequence highly representa-
tive of those domains involved mainly in the formation of ‘Discussion
desmosine and isodesmosine cross-links. This domain, The results described in this paper give precise and detailed
together with exon 25 (KA domain) and exon 10 (KP information about the most significant structures populating
domain) coded domains, was suggested to be important forthe elastin molecule. On the whole, the conformational
nucleating the assembly process of tropoelaséig). (Its features found for the single exon coded polypeptides are
sequence comprises three lysine residues, two of which arethe same as those previously suggested for the entire protein,
involved in desmosine/isodesmosine cross-link formation, even though they were not yet associated with specific
v_vhiIe the third one is implicated in lysinonorleucine cross- sequences. A key aspect of the elastin molecule that makes
links. an exon-by-exon analysis practical is that each exon encodes

As expected, the CD spectra (Figure 14) recorded in wateran independent and self-contained structure. Confirmation
and TFE are typical of dominantky-helical structures. Of  that this approach can be successful is our finding that a
course, the amount of-helix is higher in TFE than in water  synthetic peptide encoding a KA-type cross-linking region
as judged by the higher ellipticities at about 220, 207, and (exon 19) isa-helical in aqueous solution, in agreement with
190 nm. experimental findings for a KA-type cross-link containing

The NMR studies in TFEL/H,O 70/30 (Figure 15) peptide isolated from the intact elastin molec8é)( Thus,
showed a very stable secondary structure, constituted by arthe structure of exon 19 does not require flanking sequences
a-helix spanning the region EGA15, preceded by a type |  from adjacent exons to assume a correct conformation.

pB-turn involving S4-A7. The presence of the-helix is Indirect evidence that the exonic sequences are structurally
demonstrated by typical short and medium range NOEs correct is the finding that some, such as 18, 20, 24, are able
(strongdnn (i,i+1); mediumdnn (i,i+2); strongdqs(i, i+3)), to coacervate (at high concentration and in the presence of

as well as by Jyn—no coupling constants of 4-:04.5 Hz and NaCl) in a manner similar to the intact tropoelastin molecule.
by chemical shifts of the & below the tabulated random Other peptides, such as that encoded by exon 30, adopt
coil values (CSI< 0). The presence of the turn is indicated fibrillar supramolecular structures typical of elastin (unpub-
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Ficure 12: Summary of NMR parameters of EX4 peptide: (A) in water and (B) in T¢B,0 70/30; EX13 peptide: (C) in water and

(D) in TFE-ds/H,O 70/30. The summary includes sequential and medium range NOE%] doeipling constants (Hz), and temperature
coefficients AJ/AT, ppb/K). The NOE intensities are reflected by the thickness of the lines. When an unambiguous assignment was not
possible due to peak overlap, the NOEs are drawn with gray lines.

lished data). Furthermore, some of them exhibit the samerationalized within the framework of the propos&B{-55,
fractal organization previously found for elasti32]. Con- 74), that PPII is a significant contributor to the conforma-
sequently, it is possible to know which specific sequences tional ensemble in flexible, unordered polypeptides. In fact,
in the parent protein are responsible for specific functions, recently a new picture of unordered conformations emerged
such as self-assembly of tropoelastin, and also their contribu-from the analysis of unfolded proteins and unordered peptides
tions to the entropic elasticity. Accordingly, the reductionist that points to more restricted conformational sampling in the
approach we used in the present paper is a posterioriunordered state with a limited range of accessible conforma-
validated. tions. Many spectroscopic studies (CD, VCD, ROA) and
Of particular interest, as far as the mechanism of elasticity molecular dynamics simulations propose that short stretches
of elastin is concerned, is the finding that in aqueous solution of 2—5 residues in PPIl are the most favored conformation
the dominant conformation is apparently the PPII often in in solution for unordered and unfolded peptides. Furthermore,
equilibrium with the so-called “unordered” state. It can be the unordered form is constituted not only by PPII-helical
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Ficure 14: CD spectra of EX19 peptide in water (a) and in TFE (b) recorded at different temperattjeat Q°C, (—— —— —) at 25
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stretches with three or more residues but also by conformerstions around the energy minimum of isolatgeturns and
in which individual residues are in PPU;, or S-regions of also equilibria such as type<# type I, well-known in the
the Ramachandran map, rapidly interconverting. There is literature. These latter structures have been proposed as a
some evidence indicating that PPII is at the global energy common structure in elastin/%), and are central to the
minimum for peptides in watei5@ and refs therein). “sliding p-turns” model proposed by Tamburro as an
In TFE, in contrast, folded conformations, such as type | explanation for elastin elasticityL 4, 76). Furthermore, PPII
and type Il g-turns are found together with unordered is an ubiquitous structure in elastomeric proteins, such as
conformations. Because the polarity of the microenviroment gluten proteins {7, 78), titin, and abductin 6, and refer-
might be intermediate between water and TFE, we can ences therein). As a native, relaxed state at high entropy is
suggest a conformational equilibrium for elastin, comprising essential for the expression of elasticity according to the
PPIl, p-turns, and unordered conformations. classical theory of rubber elasticity, a pivotal role in this
context is played by the PPII flexibility. In fact, the main
¢ peculiarity of PPII lies in its high flexibility undoubtedly
PPl — A Turns due to the absence of intrachain hydrogen bonds. Accord-
o ingly, the possibility that PPII is involved, as suggested
N C . . . e
above, in multiconformational equilibria such as PPIl/
\\ / / unordereds-turns, should conceivably increase the entropy
¢ of the relaxed state and therefore allow the expression of
elasticity.
The results reported in this paper strongly support the
general equilibrium: extendeg: folded, considered in the
Each of the three terms at the equilibrium should comprise, Tamburro model to be the source of the high entropy of
on their own, additional internal fluctuations. Such is, for e€lastin relaxed statel?, 14).
example, the case of PPIl, where most probably the trans- They also allow us to develop a unified model of elasticity
conformational transitions involve the entire upper left region by incorporating previous results and models from our group
of the Ramachandran map, that is, the region of the (quasi)and other laboratories. Of particular note is thespiral
extended conformation, including algestrands. Similarly, structure proposed9) for the repeating sequence -VPGVG-
the comprehensive worgturns is used to refer to fluctua- and characterized by a helical arrangement of tygetirns,

N
Unordered
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A)

EX19° Gl V2 V3 S84 P5 EB6 A7 A8 Ag K10 A1l A12 A13 K14 A15 A16 KI7 Y18
dof(i,i+3)

dNN(i,i+2)

dNN(i,i+1) — I

e - 74 78 63 - 62 # 51 # # # # 54 # # # # 82

ASAT - 5.0 -77 -B88 - -62 -48 -85 -52

I
I

# 49 # # # # 61

B)

EX19° G1 v2 V3 S84 PS5 E6 A7 A8 A9 K10 A1 A12 A13 K14 A1S A16 K17 Y18

dof(ii+3) E—

]
| I
dNN(i,i+2)
daN(i,i+2) —
dNN(ii+1) — s
e...fN,..,, - 7.5 # # - 5.1 5.2 # 44 40 40 44 5.1 5.6 # 5.7 # #
AHAT - 47 # # # # -24 # -5.2 # 50 49 -44 49 # # # #

®spectra recorded in H,0O/D,0 90/10 at 298K
® spectra recorded in TFE-4/H,0 70/30 at 298K
© # (not determined)

Ficure 15: Summary of NMR parameters of EX19 peptide: (A) in water and (B) in @#B,O 70/30. The summary includes sequential
and medium range NOEs, tBé& coupling constants (Hz), and temperature coefficieA®& AT, ppb/K). The NOE intensities are reflected
by the thickness of the lines. When an unambiguous assignment was not possible due to peak overlap, the NOEs are drawn with gray lines.

having -PG- at the corners. In the segments containing -VG-,the current paper allow us to interpret these theoretical
suspended betweghturns, large-amplitude, low-frequency findings in the context of the entire protein. Because folded/
motions (librations) can occur giving rise to the high entropy extended conformations were found in all exons of elastin
of the relaxed state. The decrease in amplitude of the (except those of KA type), one can reasonably infer that the
librations on extension causes a decrease in the entropy osame dynamic picture holds for the intact protein in the
the dipeptide segment, providing the driving force for relaxed/stretched state.
returning to the relaxed stat@(). While this model provides A final comment concerns the role played by the aqueous
a probable mechanistic description for local regions of elastin, solvent and the hydrophobic mechanism of elasticity pro-
essentially those comprising PG segments, it seems not tgposed by Gosline85). In our model, the aqueous solvent
explain the elasticity of the whole protein. In fact, recent functions to facilitate the foldeg> extended conformational
molecular dynamics simulation8%) show that short stretches  equilibria, giving rise to a noticeable internal main chain
of f-spiral are indeed possible, but they are transient dynamics. In the model proposed by Gosline, at low
structures quickly interconverting into isolat@eturns and extensions the absorption of water onto exposed hydrophobic
extended structures, such fsstrands. The presence of groups causes a large decrease in entropy, contributing to
[-strands in elastin in the solid state has been sh@\82). the restoring elastomeric force. Molecular dynamics simula-
Accordingly, thes-spiral model of Urry can be incorporated tions @1) appear to support this solvent-entropy mechanism.
into the general equilibrium folded> extended as one of In terms of nonlinear dynamic systems theory, the Gosline
the different rapidly interconverting folded structures. While mechanism can be incorporated in our dynamical model. In
the librational motions are undoubtly contributing to the fact, diffusive (chaotic) motions of bulk water in the relaxed
internal chain dynamics, they are nevertheless acting not onlymaximum entropy state would be substituted by vibrational
outside theS-turns, but also inside the hydrogen-bonded (quasiperiodic?) motions of clathrate water in the extended
cycles 83), constituting an important conformational fluctua- state. However, previous measuremei@§) (have clearly
tion when thes-turns are isolated. demonstrated that elastin behaves as an ideal rubber even in
The folded == extended equilibrium was previously dimethyl sulfoxide. This means that elastin’s elasticity does
modeled for several short, repeating sequences of elastin imot specifically depend on the aqueous solvent, but rather
explicit aqueous solvent in terms of nonlinear dynamic on the presence of a polar solvent, which would act as a
systems &4). In the relaxed state, the dynamics of the plasticizer, favoring trans-conformational equilibria. Accord-
formation and breaking of intramolecular hydrogen bonds ingly, internal main chain dynamics should be, at least in
was found to be characteristic of a chaotic Brownian-like, part, at the origin of the elasticity.
intramolecular motion. When the simulation was performed
on a stretched peptide sequence, a different dynamicaIACKNOWLEDGMENT
behavior was obtained, indicating a transition to low entropy, = We thank Dr. Robert P. Mecham (Washington University,
quasiperiodic soliton-like motion. The results presented in St. Louis, MO) for critical reading of the manuscript.
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