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Abstract: Stereoelectronic effects have been identified as contributing factors to the conformational stability
of collagen-mimetic peptide sequences. To assess the relevance of these factors within other protein
structural contexts, three polypeptide sequences were prepared in which the sequences were derived from
the canonical repeat unit (Val-Pro-Gly-Val-Gly) of the protein material elastin. These elastin-mimetic
polypeptides, elastin-1, elastin-2 , and elastin-3 , incorporate (2S)-proline, (2S,4S)-4-fluoroproline, and
(25,4R)-4-fluoroproline, respectively, at the second position of the elastin repeat. Calorimetric and
spectroscopic investigations of these three polypeptides indicate that the incorporation of the substituted
proline residues had a dramatic effect upon the self-assembly of the corresponding elastin peptide. The
presence of (2S,4R)-4-fluoroproline in elastin-3 lowered the temperature of the phase transition and
increased the type Il 5-turn population with respect to the parent polypeptide, while the presence of (25,45)-
4-fluoroproline in elastin-2 had the opposite effect. These results suggest that stereoelectronic effects
could either enhance or hinder the self-assembly of elastin-mimetic polypeptides, depending on the influence
of the proline analogue on the energetics of the 5-turn conformation that develops within the pentapeptide
structural repeats above the phase transition. Density functional theory (DFT) was employed to model
three possible turn types (8-, fu-, and inverse y-turns) derived from model peptide segments (MeCO-Xaa-
Gly-NHMe) (Xaa = Pro, 4S-F-Pro, or 4R-F-Pro) corresponding to the turn-forming residues of the elastin
repeat unit (Val-Pro-Gly-Val-Gly). The results of the these calculations suggested a similar outcome to the
experimental data for the elastin-mimetic polypeptides, in that type Il S-turn structures were stabilized for
peptide segments containing (2S,4R)-fluoroproline and destabilized for segments containing (25,45S)-
fluoroproline relative to the canonical proline residue.

Introduction negative substituent on the conformation of the pyrrolidine ring
Stereoelectronic effects have been identified recently as @S it influences the local secondary structure of the collagen
contributing factors to the conformational stability of proteins, Peptide. These studies have provided insight into the role of
the influence of which can be particularly dramatic within post-translational hydroxylation of proline residues in stabilizing
specific structural contexésFor example, structural investiga-  the triple helical structure of native collagehas well as a
tions of collagen-mimetic peptides have demonstrated that thefationale for the design of non-native collagen analogues with
thermodynamics of self-assembly of the native triple helical €nhanced stabilities for biomedical applications. We present
structure can be modulated by stereoelectronic effects that arisd €SUlts herein that suggest that stereoelectronic effects are not

from introduction of electronegative substituents onto the proline limited to collagen-mimetic peptide sequences and may be
fing.2-6 In particular, the thermodynamic stability of the triple  €MPloyed as a more general method for modifying the confor-

helix can be interpreted in terms of the effect of the electro- Mational dynamics of proline residues in native protein se-
quences with structural implications for protein design and

T Emory University.
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engineering.We provide evidence that elastin-mimetic polypep- Scheme 12
tide sequences are susceptible to stereoelectronic effects tha A. Elastin-1: MGH,(S;GHID,KHM [(VPGVG)sVPGIG]16V
alter the thermodynamics of self-assembly of the protein and

suggest that this phenomenon can be rationalized in terms of B.

the influence of proline substitution on the energetics of the Ry, Rs

B-turn conformations that develop within the pentapeptide HsC._CH; / J1aCr, o (CHICHs

structural repeats above the phase transition. \ H\)L \)J\
The proteinaceous material elastin is the primary structural \‘H H

component underlying the elastomeric mechanical response of

compliant tissues in vertebrafeand is, therefore, of consider-

able interest as a biocompatible material for tissue engineeringgiastin-1: R, = H, R, = H; Elastin-2: Ry = H, R, = F; Elastin-3: Ry = F; Ry = H
appllcat!ons. Native elastin is derlved from pqst-trahslatlonal a(A) Complete amino acid sequence of the elastin-mimetic polypeptide,
processing of the precursor protein, tropoelastin, which consistselastin-1 (B) Structural formulas of the pentapeptide repeat units corre-
of a modular sequence of alternating, structurally distinct sponding to the elastomeric domainsetdistin-1, elastin-2, andelastin-3
elastomeric and cross-linkable domains. The elastomeric do- The bond vectors that define the stereoelectronic fluorine-amide gauche

interactions within the pyrrolidine ring of the proline residue are highlighted
mains comprise structurally similar oligopeptide motifs that are in color.

tandemly repeated in the native protein sequence. The local o . . .
. modified proline analogues with altered stereoelectronic proper-
secondary structure and macromolecular thermodynamic and..

. f . . : ties into the pentapeptide repeats of elastin-mimetic polypeptides
viscoelastic properties of the elastomeric domains can be S . . .

; : may provide insight into the relationship between the local
emulated by synthetic polypeptides that are composed of a

; . : . structural parameters that define theurn conformation and
concatenated sequence of the native oligopeptide motifs, the . -
L . the macromolecular thermodynamics of elastin assembly. We
most common of which is the pentapeptide [Val-Pro-Gly-Val-

Gly].1* Polypeptides based on these pentameric repeat Sequencer&g’ecently reported biosynthetic methods for the cotranslational

incorporation of a structurally diverse series of proline analogues
undergo reversible, temperature-dependent, hydrophobic as- 18

into the elastin-mimetic polypeptiddastin-1,' which afforded
sembly from aqueous solution in analogy to the phase behavior

the elastin analogueslastin-2 and elastin-3 in which the
of native tropoelastin. This process results in spontaneous phase

canonical proline residues were substituted witl$42)-4-
separation of the polypeptide above a lower critical solution
. - . . fluoroproline and (3,4R)-4-fluoroproline, respectively (Scheme
temperature,T;, which coincides with a conformational re-

arrangement of the local secondary structure within the penta- 1). These polypeptides were envisioned as po_tennally useful
. . . . . . .~ . substrates to assess the role of stereoelectronic effects due to
peptide motifs. Biophysical studies of elastin and elastin-mimetic : Lo . o
olvpentides have indicated an essential role for the proline proline substitution on elastin assembly. Stereoelectronic inter-
polypeptide: © P actions between vicinal CF and NH bonds separated by two
residues with regard to structure development within the . .
. 17 . . . . carbons (i.e., FECC—NH) strongly influence the conforma-
pentapeptide repeats:l” In particular, proline residues within : . LA
A . - tional energetics of piperidingsand have been proposed to
the repeats participate in the formation of typg-tiurn structural - S .
units, which increase in population within the [Val-Pro-Gly- have the same effect in pyrrolidine rings. Of particular relevance
Val-Gly] repeats as the temperature approaches the phase to the peptide-based systems under consideration in this study,
tran5|t|)(/)n of[zhe olvoeptide Th?e facilit WItF;lpWhICh this roczss stereoelectronic gauche interactions between vicinal fluorine and
o polypeptide. y . P amide substituert@have been demonstrated to strongly influ-
occurs critically influences the thermodynamics of the phase } . . .
o . . . : ence the conformational energetics of the pyrrolidine ring of
transition and is crucial for assembly of the physiologically . ) R :
relevant coacervate state of native elastin. However, conven-SUpStituted proline derivatives in small-molecule model com-
: ’ - 1,8,21-23 - _ i i ~
tional protein structural determination methods (i.e., multi- pounds. The (&) .and ®) quo_roprollne epimers .pref.
dimensional solution NMR and X-ray diffraction analysis) are erentially adppt alternative conformations of the pyrrolidine ring
of limited use for structural analysis of the condensed elastin- corresp_ondmg o the pendo p_uck_er and the Gexq pucker, .
rich phases that arise above the transition temperature Whlchrespecnvely Structural investigations of fluoroproline substitu-
. " . ' tion on collagen-mimetic peptides have established that the
hinders our ability to evaluate the structural importance of the
proline residues with respect to elastin assembly pyrrolidine ring conformation exerts an influence on the
' conformational thermodynamics of a polypeptide chain through
In analogy with structural investigations of proline substitution Y Polypep g

in collagen-mimetic peptideé’s? the incorporation of structurally

(18) Kim, W.; George, A.; Evans, M. E.; Conticello, V. EhemBioCher2004
5, 928-936.

(8) Renner, C.; Alefelder, S.; Bae, J. H.; Budisa, N.; Huber, R.; Moroder, L.

Angew. Chem., Int. E2001, 40, 923-925.
(9) Rosenbloom, J.; Abrams, W. R.; Mecham,FASEB J 1993 7, 1208~

1218.

(10) Langer, R.; Tirrell, D. ANature 2004 428, 487—492.

(11) Urry, D. W. InProtein-Based MaterialdMcGrath, K. P., Kaplan, D., Eds.;
Birkhauser: Boston, 1997; pp 13377.

(12) Urry, D. W.; Shaw, R. G.; Prasad, K. Biochem. Biophys. Res. Commun
1985 130 50-57.

(13) Thomas, G. J., Jr.; Prescott, B.; Urry, D. Biopolymersl987, 36, 921—
934.

(14) Urry, D. W.; Krishna, N. R.; Huang, D. H.; Trapane, T. L.; Prasad, K. U.
Biopolymers1989 28, 819-833.

(15) Relersen, H.; Clarke, A. R.; Rees, A. R.Mol. Biol. 1998 283 255—
264.

(16) Li, B.; Alonso, D. O.; Daggett, VJ. Mol. Biol. 2001, 305 581—592.

(17) Yao, X. L.; Hong, M.J. Am. Chem. So004 126, 4199-4210.
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(19) (a) Lankin, D. C.; Chandrakumar, N. S.; Rao, S. N.; Spangler, D. P.; Snyder,

P.J. Am. Chem. Socl993 115 3356-3357. (b) Snyder, J. P,
Chandrakumar N. S.; Sato, H.; Lankin, D. £.Am. Chem. So200Q
122 544-545. (c) Lankin, D.C; Grunewald, G. L.; Romero, F. A.; Oren,
1.Y.; Snyder, J. POrg. Lett.2002 4, 3557-3560. (d) Sun, A.; Lankin, D.
C.; Hardcastle, K.; Snyder, J. Bhem—Eur. J.2005 11, 1579-1591.

(20) (a) O’'Hagan, D.; Bilton, C.; Howard, J. A, K.; Knight, L.; Tozer, D.JJ.

Chem. Soc., Perkin Trans2D0Q 605-607. (b) Briggs, C. R. S.; O’Hagan,
D.; Howard, J. A. K.; Yufit, D. S.J. Fluorine Chem2003 119 9—-13.

(21) (a) Eberhardt, E. S.; Panasik, N., Jr.; Raines, R. Am. Chem. So4996

118 12261-12266. (b) Panasik, N., Jr.; Eberhardt, E. S.; Edison, A. S.;
Powell, D. R.; Raines, R. Tint. J. Pept. Protein Red.994 44, 262—269.

(22) (a) Improta, R.; Benzi, C.; Barone, ¥.Am. Chem. So2001, 123 12568~

12577. (b) Improta, R.; Mele, F.; Crescenzi, O.; Benzi, C.; Baronel. V.
Am. Chem. Soc2002 124, 7857-7865. (c) Benzi, C.; Improta, R.;
Scalmani, G.; Barone, \d. Comput. Chem2002 23, 341-350.

(23) Mooney, S. D.; Kollman, P. A.; Klein, T. Biopolymers2002, 64, 63—
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its effect on the local dihedral anglesg, ¢, w) associated with
the substituted proline residu&s.
We hypothesized that elastin-mimetic polypeptides might also

be susceptible to stereoelectronic effects that manifest them-

selves through their influence on the local conformation within

respective proline derivativi8.A similar protocol was employed

to produce variants @lastin-1, -2, and-3 in which the nitrogen
atoms of the nonproline residues within the respective polypep-
tides were uniformly labeled with theN isotope for'H—15N
HSQC NMR spectroscopic experiments. The target proteins

the pentapeptide repeats. The most suggestive evidence irwere purified to homogeneity from the endogenous proteins of
support of this hypothesis arises from consideration of the crystalthe bacterial host as fusions to Neterminal decahistidine

structure of a cyclic trimer of the elastin repeat sequetygep-
(Val-Pro-Gly-Val-Glyy.2* The individual pentapeptide units
within this structure adopt a typefturn conformation in which
the pyrrolidine rings of the proline residues at theH 1)
positions of the turn uniformly display ar&&xoring pucker.

In contrast, a conformational analysis of native proteins and
polypeptides within the structural database indicatedtthat
proline residues within turn conformations do not display a
significant preference between pyrrolidine ring puck&bhese

sequence using immobilized metal affinity chromatography. The
decahistidine leader sequence was retained in the elastin
derivatives employed in subsequent calorimetric and spectro-
scopic analyses. Due to its small size relative to the repetitive
elastin sequence, it was anticipated that the leader sequence
would not significantly influence the physical properties of the
macromolecules and was shown to behave accordingly. The
isolated yields of the polypeptides were approximately 88

mg/L for fully induced expression cultures in modified minimal

apparently conflicting observations raise the question of whether medium (NMM) under conventional batch fermentation condi-

the C’-exoring pucker of the proline residues within the cyclic

tions in shake flask culture. The protein yieldseddistin-2and

trimer may be a persistent feature associated with the penta-elastin-3were comparable to the parent sequeglestin-1and
peptide repeats in elastin-mimetic sequences and native elastinare quite respectable, especially in consideration of the high

potentially implying a determinative role for proline conforma-
tion in the formation of the type If-turn structures associated
with elastin assembly. In consideration of this hypothesis, we
anticipated that incorporation of the 4-fluoroproline epimers into

analogue content within the respective polypeptide sequences.
Amino acid compositional analysis and MALDI-TOF mass
spectrometry of the elastin derivatives indicated virtually
complete substitution of proline with the respective imino acid

the pentapeptide repeats of the elastin-mimetic polypeptide analogue as previously describ€dLittle residual proline

sequencelastin-1 might introduce a stereochemical bias with
respect to the development of the typgtturn conformation

content was detected in the recombinant target proteins, and
the molecular ions within the mass spectra corresponded well

among the pentapeptide units during the elastin assembly. Thewith the calculated masses for elastin derivatives in which the

distinct conformational preferences of §4 versus (R)-
fluoroproline would suggest an alternative destabilization or
stabilization of the G-exoring pucker, respectively. Thus the
substitution of these noncanonical proline residues into the
elastin-mimetic polypeptide®lastin-2 and elastin-3 could
influence the development of th&turn structure within the

encoded proline residues were completely substituted with the
respective proline analogues. THE NMR analyses oélastin-2

and elastin-3 demonstrated spectroscopic features that were
commensurate with high levels of incorporation of the respective
fluoroproline derivative in comparison to the canonical amino
acid within the same structural contét.

pentapeptide repeats potentially altering the elastin phase Calorimetric Measurement of the Elastin Phase Transi-

transition. This investigation would provide structural insight
into the importance of the proline ring conformation on the
thermodynamics of the phase transition, which can have
significant implications for the de novo design of elastin-based
biomaterials for applications in tissue engineeting® and
biotechnology?®-32

Results and Discussion

Biosynthesis of Elastin AnaloguesElastin-mimetic polypep-
tides elastin-1, elastin-2 and elastin-3 (Scheme 1) were
prepared as previously described using Eheoli auxotrophic
host strain DG99roC::Tn10) upon expression of the target
gene from a modified pQE-80 plasmid in the presence of the

(24) Cook, W. J.; Einspahr, H.; Trapane, T. L.; Urry, D. W.; Bugg, CJE.
Am. Chem. Socl98Q 102 5502-5505.

(25) Milner-White, E. J.; Lachlan, H. B.; Maccallum, P. 8.Mol. Biol. 1992
228 725-734.

(26) Urry, D. W. Trends Biotechnol1999 17, 249-257.

(27) Welsh, E. R.; Tirrell, D. ABiomacromolecule200Q 1, 23—30.

(28) Keeley, F. W.; Bellingham, C. M.; Woodhouse, K. Rhilos. Trans. R.
Soc. London, Ser. B0O02 357, 185-189.

(29) Mithieux, S. M.; Rasko, J. E.; Weiss, A. Biomaterials2004 25, 4921~

7

(30) Wright, E. R.; Conticello, V. PAdv. Drug Delivery Re.. 2002 54, 1057—
1073

(31) Chilkoti, A.; Dreher, M. R.; Meyer, D. EAdv. Drug Delivery Re.. 2002
54, 1093-1111.

(32) (a) Meyer, D. E.; Chilkoti, ANat. Biotechnal1999 17, 1112-1115. (b)
Ge, X.; Yang, D. S.; Trabbic-Carlson, K.; Kim, B.; Chilkoti, A.; Filipe, C.
D. J. Am. Chem. So@005 127, 11228-11229. (c) Banki, M. R.; Feng,
L.; Wood, D. W.Nat. Methods2005 2, 659-662.

tion. Differential scanning calorimetry (DSC) provides a
convenient method for determination of the thermodynamic
parameters associated with the elastin assembly from aqueous
solution33 DSC measurements on dilute aqueous solutions (ca.
1.0 mg/mL) of the elastin-mimetic polypeptidetastin-1, -2,
and-3indicated that the value of the transition temperatiie,
associated with the endothermic transition depended dramatically
on the identity of the proline analogue that had been incorporated
into the polypeptide sequence (Figure 1). Th§{4and (&R)-
fluoroproline-substituted elastins displayed transition tempera-
tures that were shifted toward higher (42Q) and lower (21.6

°C) temperatures, respectively, in comparison withThef the
parent polypeptideglastin-1 (33.1 °C). In support of the
observed trend i, the van't Hoff enthalpies calculated from
the DSC data decrease in the ordetastin-3 (+908 4 16 kJ
mol~1) > elastin-1(+8794+ 9 kJ molY) > elastin-2(+7824+

13 kJ moi1).34 These results are in agreement with previously
observed endothermic transition enthalpiadl for elastin-
mimetic polymer&! and block-copolyme?8 and indicate an
entropy-driven (positivé\S) process consistent with hydropho-

(33) Luan, C.-H.; Harris, R. D.; Prasad, K. U.; Urry, D. Biopolymers199Q
29, 1699-1706.

(34) CalculatedAH per mol of pentamer:elastin-1, 11.0 + 0.11 kJ mot?;
elastin-2, 9.78+ 0.16 kJ mot?; elastin-3 11.4+ 0.20 kJ mot™.

(35) (a) Wright, E. R.; McMillan, R. A.; Cooper, A.; Apkarian, R. P.; Conticello,
V. P.Adv. Funct. Mater.2002 2, 149-154. (b) Lee, T. A. T.; Cooper, A,;
Apkarian, R. P.; Conticello, V. PAdv. Mat. 2000 12, 1105-1110.
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Figure 1. Raw differential scanning calorimetry data for dilute aqueous
solutions (1.0 mg/mL) oklastin-1 (black), elastin-2 (red), andelastin-3
(blue). Note the pronounced decrease in baselineelastin-3 after the
calorimetric transition, which corresponds to the observed heat capacity
decrement (negativACp) associated with the endothermic process.

bic or other solvation-related interactions. These calorimetric
data imply that the entropic driving force associated with the
hydrophobic assembly process is greatestdiastin-3 Sig-
nificantly in this regardgelastin-3is the only polypeptide that,

at low concentration £1.0 mg/mL), displays a measurable
decrease in apparent heat capacthyCf= —24.5 £ 0.92 kJ
mol~1 K~1 or —0.66 J K g~1) above the transition temperature
(as indicated by the change in baseline détastin-3in Figure

1). This heat capacity decrement is usually indicative of the
formation of noncovalent interactions associated with a hydro-
phobic assembly process. The value A€, for elastin-3
compares well to the average values seen upon folding of

the position of the phase transition of the elastin analogues in
a manner that depends strongly on the polarity of the amino
acid side chain of the guest residues and the mole fraction of
the variant pentapeptides within the elastin sequence. The
observed differences in thermodynamic parameters of the variant
elastin polypeptide sequence with respect to the consensus
sequence have been rationalized in terms of the effect of the
amino acid substitutions on the hydration shell of the elastin
polypeptides rather than intrinsic structural effects. However,
we believe that this phenomenon cannot account for the
significant difference in transition temperature observed between
elastin-2 and elastin-3, which are identical in composition,
sequence, and molar mass and are distinguished only with
respect to the configuration of the asymmetric center at C-4 on
the structurally critical proline derative.

Conformational Analysis of Elastin Polypeptides.f indeed
stereoelectronic effects give rise to the observed differences in
the thermodynamics of assembly among the elastin derivatives,
these intrinsic structural effects should become apparent through
their influence on the polypeptide conformation. Circular
dichroism (CD) spectroscopy was employed to examine the
implications of this hypothesis, particularly in the context of
secondary structure development within the pentapeptide repeats
during the thermal transition in dilute aqueous solution. Prior
CD studies of elastin-mimetic polypeptides indicated that a
conformational rearrangement occurred as the temperature
increased through the transition point, which corresponded to a
conversion of the local secondary structure of the pentapeptide
repeats from a random coil conformation to a more ordered type
[l B-turn conformatior#215 This conformational transition can
be detected in the CD spectra efastin-1 as a function of
temperature in that the random coil signature (negative ellipticity
near 195 nm) is gradually replaced with the typegturn
signature (positive ellipticity near 207 nm) as the temperature
is increased through the transition point (Figuré22p.4°Similar

globular proteins from the denatured state to a more compactbehavior is observed in the CD spectraetdistin-3, with the

native fold (meam\C, ~ —0.48+ 0.14 J K g™t at 25°C) 3657
which suggests that the aggregation of polypeptide chains
observed forlastin-3resembles, at least in part, the burial of
peptide groups in a compact protein fold.

exception that the onset of the conformational transition occurs
at a lower temperature and that a more fully develofi¢drn
conformation is observed at higher temperatures. In contrast,
the CD spectra oélastin-2 differ significantly from those of

We suggest that the differences in thermodynamic parametersthe other two elastin-mimetic polypeptides in that evidence of

observed betweeglastin-2 and elastin-3 particularly vis-a
vis the parent polypeptidelastin-1, may be attributed to the

an alternative conformation is detected even at lower temper-
atures as a shoulder at approximately 220 nm on the major

influence of stereoelectronic effects due to the presence of theabsorbance. In addition, the CD minimum associated with the
substituted proline residues on the energetics of elastin assemblyrandom coil absorption is shifted to slightly higher wavelengths

Previous calorimetric and turbidimetric studies of the self-

assembly of elastin analogues demonstrated that large differ-

in comparison to those @flastin-1andelastin-3 As the random
coil signature diminishes at higher temperatures, the longer

ences could be observed in the transition temperature of elastinwavelength feature dominates the CD spectralastin-2 A

mimetic polypeptides due to amino acid substitutions in the
pentapeptide repeat sequef®é® The structurally noncritical
fourth position of the elastin repeat sequence is tolerant of

weak positive ellipticity is also observed near 208 nm in the
CD spectra ofelastin-2 at higher temperatures that might
indicate the presence of a typgsHturn conformation. However,

nonconservative substitutions such that variant polypeptides canthe breadth of the CD traces observed at higher temperatures
be synthesized in which guest residues replace the canonicakuggests that the (VPGVG) repeat unit significantly populates

Val* residue within the pentapeptides at differing levels of
fractional incorporation. These amino acid substitutions alter

(36) Makhatadze, G. Biophys. Chem1998 71, 133-156.

(37) Cooper, ABiophys Chem200Q 85, 25—39.

(38) (a) Urry, D. W.; Luan, C.-H.; Parker, T. M.; Gowda, D. C.; Prasad, K. U.;
Reid, M. C.; Safavy, AJ. Am. Chem. Sod99], 113 4346-4347. (b)
Urry, D. W.; Gowda, D. C.; Parker, T. M.; Luan, C.-Biopolymers1992
32, 1243-1250.

(39) Meyer, D. E.; Chilkoti, ABiomacromolecule2004 5, 846-851.
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alternative conformations in addition to a typeSHturn (vide
infra) as the temperature approaches the transition point. Indeed,
the thermal transition curves for the disappearance of the random
coil conformation, as judged by the change in mean residue
ellipticity at the wavelength associated with the random coil

(40) Yamaoka, T.; Tamura, T.; Seto, Y.; Tada, T.; Kunugi, S.; Tirrell, D. A.
Biomacromolecule2003 4, 1680-1685.
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Figure 2. (A, B, and C) Circular dichoism spectral manifolds depicting the thermally induced conformational transitions for the polymtasiied,
elastin-2 andelastin-3 respectively, at representative temperatures within proximity of the phase transition. (D) Thermal transition profiles monitoring the
disappearance of the random coil conformatid®](bs) in the CD spectra oélastin-1 (black), elastin-2 (red), andelastin-3 (blue).

minimum, [©]195 suggest the presence of a two-state transition Pro peptide bond could be identified fetastin-2 However,
for elastin-1 and elastin-3 but not for elastin-2, under the even in the latter situation, in which the S¥fluoroproline
experimental conditions (Figure 2D). The mathematical fits of should display a greater propensity for tbis prolyl peptide
the thermal transitions foelastin-1 and elastin-3 provided bond isome#?! the integrated intensity of the minor peaks
estimates for the respective transition temperaturg@of 29.1 corresponded to less than 20% of the total peptide pool.
°C and 22.8°C that approximate the correspondimgvalues Similarly, the previously reporteF NMR spectra oélastin-2
calculated from DSC measurements of the respective polypep-and elastin-3 provided evidence for the presence of a minor
tides40 cis-peptidyl isomer at a fractional content consistent with that
Similar structural analyses of modified collagen-mimetic observed from the respectivél NMR spectra® The strong
peptides suggested that the molecular origin of the observedpreference for theransprolyl peptide bond isomer within these
differences in thermodynamic and conformational properties €lastin derivatives coincides with the previously described
between the elastin analogues might be rationalized in terms ofpropensity of Xaa-Pro peptidyl bonds to favor thens
the stereoelectronic effect of thtuoro substituents on the  orientation when the preceding residues haveranched side
conformation of the pyrrolidine ring, particularly as it affects chains such as the valine residues within the elastin reﬁ%ats.
the local secondary structure of the polypepfide.These  Although, especially in the case efastin-2 the presence of a
stereoelectronic effects might be manifested within the elastin cis Val-Pro peptidyl bond isomer may play a minor role in the
structure either through the influence of the pyrrolidine ring conformational equilibria that influence the elastin assembly,
pucker on thecis/trans conformational equilibrium of the Val- ~ the NOESY-NMR spectroscopic data suggest that the observed

Pro peptide bond, through its influence on the locay differences in the macromolecular properties between these
torsional angles of the proline residue, or through a combination €lastin derivatives detected from CD and DSC studies do not
of the two effects. Two-dimensionafH—H NOESY NMR arise primarily as a consequence of prolyl peptidyl bond
spectroscopy of the elastin-mimetic polypeptides indicated that isomerism.
the major peptidyl bond conformation corresponded tdriues Alternatively, stereoelectronic effects on protein structure can
isomer as detected through the strong Val{HPro(Hd) cor- stem from the influence of the pyrrolidine ring pucker on the
relation for all three elastin analogues (cf. Supporting Informa- local (#,3) angles of the proline residue. Despite the structural
tion).41 Minor peaks corresponding to teesisomer of the Val-  similarity of (45)- and (4)-fluoroproline, the stereoelectronic
(42) Reimer, U.; Scherer, G.; Drewello, M.; Kruber, S.; Schutkowski, M;
(41) Andreotti, A. H.Biochemistry2003 42, 9515-9524. Fischer, GJ. Mol. Biol. 1998 279, 449-460.
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Figure 3. Comparison of théH—1N HSQC NMR spectra oélastin-1, elastin-2 andelastin-3 indicating the positions of the chemical shifts associated
with the glycine residues that occur in the repetitive domain. Spectra were acquiré@€ asAdescribed in the Experimental Section on elastin specimens
that had been labeled witfiN at the amide positions corresponding to nonproline residues, i.e., valine, glycine, and isoleucine, within the repetitive domains

of the polypeptides. The unlabeled cross-peaks in the spectra correspond to minor species that might be associated with theqgisgssptadybisomers
of the Val-Pro bond and, consequently, do not show correlations to the majerpeptidyl bond isomer under the experimental conditions.

fluorine-amide gauche effect alters the preferred ring pucker studies of the conformational energetics for the model compound
between the two isomers, which is manifested in subtle but Ac-(49-F-Pro-OMe indicated that a 1,3-diaxial interaction
distinct differences in the thermodynamic preferences of the between the fluoro and carboxyl substituents on the pyrrolidine
main chain dihedral angles associated with the proline residue.ring significantly distorts the minimal energy values of tie/()

Computational investigations of the methyl esters of the
N-acetyl-4-fluoroproline epimers have shown significant dif-

angles for the substituted proline residue in the&-e@do
conformation 76.44, 171.93)! away from the typical values

ferences in the dependence of the conformational energy onof they angle associated with the typediturn conformation.

the value of the dihedral anglg, particularly notable for the
(49)-fluoroproline derivative in the Gendo pucker of the
pyrrolidine ring! We suggest that the differences in macro-

In addition, calculations of total energy and steric exchange
energy versusy for fragments derived from this model
compound exhibited energetic maxima at valuespoforre-

molecular behavior observed among the elastin analogues carsponding to those associated with the typg-turn conforma-
be interpreted in terms of the closeness of correspondencetion. Taken in combination, these considerations suggest that

between the preferred values of tireangle for the substituted
proline derivatives and the preferred rangajoéingles associ-
ated with proline residues in thé + 1) position of a type Il
pB-turn conformation (ideg$, ¢,: —60°, 12C°). Prior structural
investigations of elastin-mimetic polypeptides have demon-

the C-endo pucker of pyrrolidine ring in (&)-fluoroproline
energetically destabilizes the typefHturn structure relative to
alternative conformations that are energetically accessible for
the pentapeptide repeats, which results in the elevated transition
temperature and anomalous conformational behavior observed

strated that the phase transition is closely associated with thefor elastin-2

formation of type Il3-turn structures within the pentapeptide
repeats, in which the P#aGly® residues of the repeats occupy
the ( + 1) and ( + 2) positions of the turn sequence,
respectivelyt>~17 A crystallographic structural determination on
the model elastin peptideyclo-(VPGVG);,2* indicated that the
(¢,y) dihedral angles observed for the proline residue$3,
140), are within the expected range for thie{ 1) position of
a type Il S-turn conformation. We noted above that the
conformation of the pyrrolidine rings of proline residues within
the crystal structure afyclo-(VPGVG); corresponds to a’'c
exopucker. Significantly, the minimal energy dihedral angles
calculated for thexoisomer of the model compound, AcR}#
F-Pro-OMe (59.22, 140.79),! closely correspond to those
observed for the proline residues in the crystal structuoydb-
(VPGVG). In contrast, the unsubstituted proline residue
displays a slight thermodynamic preference for thiee@doring
pucker, in which the dihedral angles diverge from those
preferred for a type IB-turn18 Thus, a stereoelectronic effect
may preorganize the conformation of theRf4luoroproline
residues irelastin-3for the transition to a type |8-turn, thereby
facilitating the self-assembly process visda elastin-1

How then can one explain the anomalous conformational
behavior ofelastin-2? The (&)-fluoroproline residue displays
a strong thermodynamic preference for theegddoring pucker

Complementary spectroscopic evidence suggests that signifi-
cant conformational differences occur betweendfastin-2and
elastin-3 which presumably originate from an altered population
of pyrrolidine ring conformers among the substituted proline
residues. Conformational information regarding the local envi-
ronment about the proline residue can be gleaned frorttthe
15N HSQC NMR spectra of the elastin analogues (Figure 3).
TheH and!>N chemical shifts of the GRamide group should
depend strongly on they angle of the preceding proline
residué®44and, therefore, should be sensitive to local structural
perturbations that arise from stereoelectronic effects. The values
of these chemical shifts depend dramatically on the identity of
the proline derivative within the elastin-mimetic polypeptide.
The H and 15N chemical shifts of GI§ are displaced to high
field for elastin-2and to low field forelastin-3 relative to the
corresponding chemical shift values flastin-1 These shifts
reflect incipient structural development within the Pealy3
structural unit, which even at 4C does not correspond to a
completely denatured random coil conformation on the basis
of the values of]195 0bserved in the CD spectra (Figure!2}>
We may infer from the observed distribution of Glghemical
shifts among the elastin analogues that the?Pesidues
experience different conformational environments even at

as a consequence of the gauche effect between the vicinal(43) Wishart, D. S.; Nip, A. MBiochem. Cell Bial1998 76, 153-163.

fluorine and amide substituer#§2*23 However, computational
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(44) Le, H.; Oldfield, E.J. Biomol. NMR1994 4, 341-348.
(45) Provencher, S. W.; Glockner, Biochemistry1981, 20, 33—37.
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temperatures below the respective transition points. In contrast, Table 1. Calculated Values for Energy Differences (AE, kcal/mol),

15 ; - - ¢, Angles (deg), and >N Chemical Shifts (ppm) for Type-|
the values of théH and**N chemical shifts for the GFyamlde p-turns, Type-Il S-turns, and Inverse y-Turns in the Truncated Turn

group, which does not participate in the incipiefiturn Model (MeCO-Xaa-Gly-NHMe) (Xaa = Pro, 4S-F-Pro, 4R-F-Pro)
conformation, do not significantly vary among the elastin

S ; . piturn total E, au? AE Progandy®  Glygandy® O (N-H)®
derivatives. The downfield displacement of the &N and o 81530155 04 666188 —975 102 9511059
H chemical shifts foelastin-3with respect to the corresponding  cnqo  —781.530807 0.0 783 37 -99.8 78 1021113.8

resonances daflastin-1is consistent with increased occupancy exoF.,, —880.798527 1.8 -68.1,-18.1 —97.3,10.3 95.4106.0
of the type Il 5-turn conformation on the basis of empirical endgFax —ggg-ggi ‘312% 8-8 —;g-év—fisgl —183-;@%4 1323%%-;

i i i 44 i E€X0Fax - . U —/7U.0,—1o. —971.9,9. 4, .
chgmlcal shift correlation® Howeyer, the observed ypfleld endoF., —880.799024 16 -785-28 -1003,78 9511059
shift of theH and®*N resonances derived from the &hgsidues

in the HSQC NMR spectra dflastin-2 cannot be interpreted Buturn total E, au? AE  Progandy®  Glygandy® o (N-H)°
in terms of chain conformations commonly associated with the exo —781.533453 0.0 —57.7,127.5 99.8;14.2 111.7122.7
elastin pentapeptide repeats on the basis of spectrodgépic endo  —781.533325 0.08-65.1,126.3 97.2-100 11081218

. L exoFe; —880.801957 0.0 —58.8,127.1 100.1713.7 112.2123.2
and computation& analyses and may reflect with increased endors 880799121 18 —610, 1331 07.7-152 109.19120.6

occupancy of alternative turn structures in which the local exoF., —880.805750 0.0 —60.1,124.9 100.6-12.9 113.19123.@
conformation of the proline residue is shifted toward less endoF.,, —880.803256 1.6 —65.5,125.3 99.9-10.9 112.19123.F
positive values of they angle. Arad and Goodman have
described an equilibrium betweefrturn and y-turn con-

-y turn total £, au? AE Progandy®  Gly ¢ and y? o (N-H)®

; s : ; exo —781.530860 1.0 —82.0,76.6 —122.1,14.4 111.8125.5
formations \{wthm the pentapeptlde.repgats on the basis of L\u 781532457 0.0 -83.7,72.7 —1215,148 110.8124.6
spectroscopic analyses of elastin-mimetic peptidéhe rel- exoFe; —880.799711 0.1 —82.4,76.8 —115.59.8 11381250

ative population of the/-turn conformation can be increased endoF., —880.799937 0.0 —81.6,54.3 —107.6,8.7 107.¥121.%
in depsipeptide analogues of the pentapeptides in which Val €xoFx —880.803764 00 -835,76.6 ~116.0,9.3 111.6125.0
has been replaced with the non-hydrogen bonding isostere,®"9°Fea ~880-801745 1.3 840,761 ~1134,7.8 11121244
2-hydroxyisovaleric acid. In addition, molecular dynamics a Beck3LYP/631%G(2d,p)//Beck3LYP/6-311G*. P ¢ angle (O)C-N—
simulations of (Val-Pro-Gly-Val-Gly) at temperatures above = C—C(0); y angle N-C—C(O)—N. ¢ Calculated'*N chemical shifts for

P, ; ; ; ; ; N—H bonds of the Gly residue of (MeCO-Xaa-Gly-NHMe) in ppm relative
the transition point provide evidence for a minor population of {0 liquid NHs at 25°C (absolute shielding 244.6 ppm is set to 0 ppm); see

proline residues with negative values that are consistent with  Experimental Section for detailé MPW1PW91/6-311G*//Beck3LYP/6-
type 1 5-turn structured® The CD and NMR spectroscopic data  311+G*. © PBE/6-3114-G(2d,p)//Beck3LYP/6-31EG*.

for elastin-2suggest that the presence of th&uoroproline ) )
residue may tip the conformational equilibria of the pentapeptide (PFT) to model three possible turn type$,(3u, and inverse

repeats toward alternative turn structures, vigseelastin-1and ~ ¥) derived from peptide segments corresponding to the turn-
elastin-3 through a relative destabilization of the typggtturn forming residues of the elastin repeat unit (VPGVG). The
conformation. The upfield chemical shift of tAeN signal for ~ Pentapeptide repeat unit was truncated to a capped moiety

the Gl amide of elastin-2 is consistent with a greater ~Ccorresponding to the tumn fragment (MeCO-Xaa-Gly-NHMe)
population of type |3-turn structures based on the calculated (Xaa = Pro, &F-Pro, 4R-F-Pro). The proline envelope
15\ chemical shifts for different turn structures of the model Cconformations were placed in conformational equilibrium by
turn segment (MeCO-Xaa-Gly-NHMe) (vide infra) and empiri- virtqe of a flip of the five-membered pyrrolid'ine ring of the
cal 15N chemical shift correlations. In addition, the CD spectra Proline residue between tiexoandendoorientations. For ease
of elastin-2display an increase in the magnitude of the negative Of discussion here and in connection with Table 1, thig){4
ellipticity absorption at 222 nm near the phase transition, which Pair of conformers have been designaged Fa, andendoFeq
occurs at the expense of the positive ellipticity absorption at N Which theexoFs, implies a C-exoorientation of the proline
207 nm associated with type A-turn formation. Qualitative NG With an axial disposition of the €F bond. The (&)-pair
comparison of the CD spectra of the elastin peptides to Of conformersexoFeqandendoFa, are similarly characterized
conformational deconvolutions of the CD spectra of model type PY €quilibrating pyrrolidine ring pucker isomers. The three
| and type Il g-turn structure€ suggests that the observed Parent tums and the six 4-fluorinated turn structures were
difference in CD spectroscopic behavior felastin-2may be ~ OPtimized in C-exo and C-endo conformations with both
attributable to an increase in typgturn conformation relative ~ double€ and enhanced triplgbasis sets (6-31G* and 6-3t6*,
to type Il f-turn conformation with respect telastin-1 and respectively) in orde_r Fo define the computational requirements
elastin-3 Taken together, the spectroscopic data may indicate fOr adequately describing the various turns. Supplemental energy
that the relative populations of the different turn structures differences were obtained using the triglebasis set with
associated with the conformational transition of the (VPGVG) €Xtensive polarization (i.e., 6-3315(2d,p)). The Becke3LYP/
units depends on the structural identity of the proline analogue 6-31G* optimizations (cf. Supporting Information) were per-
and can be rationalized on the basis of stereoelectronic effects/ormed both to obtain preliminary structures for the 6-3G
Computational Studies of (Pro-Gly) Turns. To assist reﬁm_aments anq to evaluate whether the_y might be sufficiently
interpretation of the structural consequences of introduction of Predictive for this class of problem. As it concerns molecular
(49)-fluoroproline versus (R)-fluoroproline into these elastin-  9€0metry, the Becke3LYP/6-31G* spread of) angles is
mimetic polypeptides, we have used density functional theory satisfactory, though in some cases a blt broader than derived at
the 6-31H1-G* basis set level. Energetically, when the 6-31G*
(46) Arad, O.; Goodman, MBiopolymers199Q 29, 1652-1668. optimized structures are re-evaluated with the Becke3LYP/6-

(47) (a) Perczel, A.; Hollosi, M.; Sandor, P.; Fasman, GlriD.J. Pept. Protein ; B
Res.1093 41, 323236, (b) Perczel, A.: Kollat E.: Hollosi, M.. Fasman, ~ SL1TG(2d,p) model, conformational energy differences are

G. D. Biopolymers1993 33, 665-685. routinely within 0.2 kcal/mol by comparison with structures
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Figure 4. Calculated structures of conformer pairs for tygkturn structures derived from the model peptide segment (MeCO-Xaa-Gly-NHMe) incorporating
(2549)-4-fluoroproline (top) and (84R)-4-fluoroproline (bottom). The labels indicate the ring pucker associated with'thesition of the pyrrolidine ring
and the position of the fluorine substituent. Geometries were derived from structural optimization at the Beck3L¥&@3llp) level of theory.

optimized at 6-311+G* (cf. Supporting Information). For both
parent and fluorinated prolines, the conformational forms for
(MeCO-Xaa-Gly-NHMe) (Xaa= Pro,4S-F-Pro 4R-F-Pro) posit

¢ and vy torsional angles for the proline and glycine residues
that are within 30 of the ideal ¢1y1¢212) values corresponding

to the (H-1) and (H2) residues of the respective turn type (Table
1)4849However, the relative energetic stabilities associated with
turn formation display striking differences between ring pucker
conformations for the fluoroproline derivatives of the model
peptide segment (Table 1).

The DFT 6-313#G(2d,p) energies suggest that the type |
p-turn structures corresponding &mdeFax and exoFay con-
formers are the more stable species foS){4and (&R)-
fluoroproline derivatives, respectively (Table 1 and Figure 4).

Taken at face value, the observed energy differences of 1.8 andﬂ_

1.6 kcal/mol for theendeF.x andexoFay conformers vis-avis

their conformational partners suggest 95% and 94% populations
respectively, for these low energy forms at 298 K. The observed

conformational preferences of theJ4and (&R)-fluoroproline
derivatives in these typef-turn structures reflect the confor-
mational preferences for thev&@ndo and C-exo isomers,
respectively, that had been previously reported from structural

studies of the corresponding substituted proline derivatives (vide

supra). In both preferred ring pucker conformations, the=C

bond has an axial orientation with respect to the pyrrolidine
ring. Previous experimental studies of fluorinated proline
derivatives suggested that the primary driving force for this

puckering outcome could be ascribed to the fluorine-amide

gauche effect and to favorable hyperconjugation betvireers

(48) Wilmot, C. M.; Thornton, J. MJ. Mol. Biol. 1988 203 221-232.

(49) (a) Rose, G. D.; Gierasch, L. M.; Smith, J. Adv. Protein Chem1985
37, 1-109. (b) Milner-White, E. J.; Ross, B. M.; Ismail, R.; Belhadj-
Mastefa, K.; Poet, RJ. Mol. Biol. 1988 204, 777-782.
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disposed G-F and G-H bonds!22021These structural criteria
are applicable for rationalizing the stability of teadeF.x and
exaFax conformations within the type f-turns of (£)- and
(4R)-fluoroproline-substituted (MeCO-Pro-Gly-NHMe) units,
respectively, as the preferred conformer in each case incorpo-
rates both of these structural features.

The results obtained for the typestturn structures can be
compared to the corresponding features calculated for the type
Il B-turns (Table 1 and Figure 5). Energetically, the-éhdo
and C-exoconformers of the proline-containing parent turns
derived from the (MeCO-Pro-Gly-NHMe) unit are within 0.1
kcal/mol (54% €éx9/46% Endg populations, 298 K). Note that
the very slight energetic difference between the two ring puckers
for the unsubstituted (MeCO-Pro-Gly-NHMe) unit in a type Il
turn structure stands in direct contrast to the single ring pucker
conformation observed for proline residues in the crystal

'structure ofcyclo-(VPGVG).24 This discrepancy suggests that

the observed Gexopreference in the latter structure may have
arisen from a combination of nonlocal structural considerations
distinct from turn formation, including, but not limited to, crystal

| packing forces, turn catenation, and peptide backbone cycliza-

tion. In contrast with the computational results obtained for the
type | g-turn system, fluoroproline substitution within type II
B-turn structures favors the’e@xoproline conformersexcFeq

and exaF,y, for the (49- and (R)-fluoroproline derivatives,
respectively, with populations predicted to be in the-9%5%
range according to the Beck3LYP/6-3#G(2d,p) calculations.
The stability of the (R)-exoFax form can be attributed to the
gauche effect and €H/C—F hyperconjugation as described
above; however, the 8-exoFeq conformation can take ad-
vantage of neither of these effects. We suggest that the source
of the relative energies between ring pucker conformers associ-
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Figure 5. Calculated structures of conformer pairs for typg-tiurn structures derived from the model peptide segment (MeCO-Xaa-Gly-NHMe) incorporating
(2549)-4-fluoroproline (left) and (24R)-4-fluoroproline (right). The labels indicate the ring pucker associated with th@o€ition of the pyrrolidine ring

and the position of the fluorine substituent. The contact distance between axially dispebeah@ C-O bond vectors is depicted for tlemdoeF.x isomer

of (MeCO-4S-F-Pro-Gly-NHMe). Geometries were derived from structural optimization at the Beck3LYP4&3@4,p) level of theory.

ated with (4)-fluoroproline lies in the energetic instability of
the endoF,, conformational partner. As depicted in Figure 5,
the C—F bond is apposed to the central amide:s@ bond in
the endaF4« conformer with the F and O atoms separated by

consideration in this study. Notably, the?-€xo isomers

comprise the most stable conformations for all turns involving
(4R)-fluoroproline, which provides a dramatic example of the
influence of stereoelectronic control within this structural

3.25 A. While this distance does not violate the sum of the van context. In addition, the order of relative stabilities among the

der Waals boundaries (2.99 At is sufficiently short to bring
the nonbonding electron lone pairs from each atom into

turn sequences are similar for the parent peptide and Re (4
fluoroproline derivative in that the energies of the most stable

juxtaposition. We presume that the accompanying lone-pair/ conformers are ordered such tifat< y < f,. For the (MeCO-

lone-pair repulsion is sufficient to override both gauche and
hyperconjugation effects for the axial fluorine inSjdendeFax
conformation, thereby raising its energy relative t&)(éxc
Feq The distortion of the (§-endeFax conformer in a type Il

4R-F-Pro-Gly-NHMe) model peptide system, the computational
data indicate a greater stabilization of the typg-tlrn structure
with respect to alternative turns (Table 1) than for proline within
the model peptide system, which provides support for the

ﬁ'turn structure can be inferred from deviations in the values hypothesis that experimenta| differences observed between

of (p1y1¢2y2) dihedral angles associated with the (MeC®-4
F-Pro-Gly-NHMe) unit, particularlyp; of proline (133.2), in
comparison to the corresponding values for th&-e@do
conformers of the other proline derivatives (Table 1). In this
context, it is noteworthy that, while 8-exoFeq is predicted

to be thermochemically more stable than thé&){éndoF.y

elastin-1 andelastin-3 may arise as a consequence of stereo-
electronic influences within the (VPGVG) structural context.
However, given the assumptions in truncating VPGVG, the
absence of solvent in the calculations, and, most importantly,
the absence of any elastin protein environment, it is reasonable
to assume that all of the turn forms are energetically accessible

conformer, the equatorial structure is calculated to be 2.3 kcal/ to the elastin polypeptides under experimentally relevant condi-

mol less stablethan the (R)-exoFax epimer associated with
(4R)-fluoroproline in the type I3-turn structures predicted for
MeCO-&R-F-Pro-Gly-NHMe.

For a comparison of relative energies between the various

turn conformations within the model peptide segment (MeCO-
Xaa-Gly-NHMe) (Xaa= Pro, 4&F-Pro, and B-F-Pro), we

consider the values observed for the most stable forms recorde

underAE in Table 1. For the unsubstituted parent peptide, the
type Il S-turn conformation is the most stable, with a very slight
preference for the Gexoconformation. Similarly, for the model
peptide segment (MeCOR4F-Pro-Gly-NHMe), theexoFax
conformer of the type I|5-turn is predicted to be lowest in

tions, as is suggested from spectroscopic investigaficrsl
molecular dynamics simulatiofsof elastin-mimetic model
peptides.

In contrast to the stereoelectronic control observed for turns
involving the (4R)-fluoroproline epimer, we find that the’€

Qendoisomer of (&)-fluoroproline, which should be preferred

on the basis of stereoelectronic considerations associated with
fluorine substitution, is not necessarily the most stable confor-
mation in turn sequences derived from the model peptide
segment (MeCO-&F-Pro-Gly-NHMe). For the type IB-turn
structure, the Gexoisomer corresponds to the energetically

energy and, indeed, is the most energetically stable conformation™OSt favorable pucker of the pyrrolidine ring even though this

by 2.4-3.6 kcal/mol among all of the turn sequences under

(50) Bondi, A J. Phys. Cheml964 68, 441—451.

conformational arrangement cannot gain stabilization from either
a stereoelectronic gauche effect or-B/C—F hyperconjuga-
tion.28 However, as mentioned above, significant energetic
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destabilization of the Cendoisomer may arise vis-gis the putational data indicate that the typefHturn structure of the
Cr-exoisomer due to lone-pair/lone-pair repulsion between the (MeCO-Xaa-Gly-NHMe) unit typically results in a downfield
axial F and O atoms of the pyrrolidine ring within theS{4 shift of the amide!™N signals for the i(+ 2) Gly residue in
fluoroproline (Figure 5). A computational analysis of the comparison to the corresponding typg-turn structure regard-
conformational energetics of tidracetyl, methyl ester deriva-  less of the ring pucker conformation (Table 1). The MPW1PW91/
tive of (49-fluoroproline suggested that significant energetic 6-311G**°N chemical shifts calculated for (MeCCR4~-Gly-
destabilization of the Gendo isomer was associated with NHMe) and (MeCO-Pro-Gly-NHMe), both presumed to sustain
particular values of the dihedral angje! We note from these  atype-lI-turn in analogy teelastin-3andelastin-1, are 113.1
results that the energetic destabilization of thee@doisomer (exoFay and 111.3,5 ppm, respectively (Table 1). As the'C

of a (49-fluoroproline-derived structural fragment was pro- exoand C-endoconformers of (MeCO-Pro-Gly-NHMe) are
nounced atp values near the preferregrange for thei(+ 1) isoenergetic, the latter value is an average of these two
residue of type I|3-turn structures that would be occupied by conformers. The predicted shifts are not only within54ppm

the substituted proline. A corresponding energetic destabilization of the measured values, but both the ordering and differences
was not observed for ‘@exoisomer of (4)-fluoroproline at  (AJ(**N) = 1.7(expt) and 1.8(calcd) ppm, respectively) are
similar values of the dihedral angle. Taken together, these  accurately modeled. The PBE functional predicts the values to
computational data suggest that certain secondary structuresbe low-field shifted by an additional 10 ppm, but once again
e.g., the type Ij3-turn, that place the value of the angle for both the ordering and differencAd(**N) = 1.1 ppm) matches
the (49-fluoroproline residue within this unfavorable region experiment. Both chemical shift estimates support the assign-
would energetically destabilize the’-@ndoisomer versus the ~ ment of type li3-turn as the preferred structure for the VPGVG
Cr-exoisomer, thus negating the stereoelectronic influence of Units of elastin-1 andelastin-3

the fluorine substituent. The presence of)duoroproline In contrast, the computational data indicate that the significant
effectively raises the energy of the typefHturn structures for  upfield shift of the amide™N signals of the GIf residue of

the model peptide (MeCOSAF-Pro-Gly-NHMe) such that other ~ €lastin-2may occur as a consequence of a potentially higher
turns, particularly the type B-turn structure, become more POpulation of alternative turn structures, in particular, the type
similar in energy (Table 1). Note that the computational data ! A-turn, that arise at the expense of the typé-turn population.
indicate a trend in which the difference in energy between the MPW1PW91/6-311G* calculations for the more stabl&)¢4

Bi andp, turns (AE, ;) decreases in the model peptide series endeFax conformer of the type-|3-turn predicted a sizable
(MeCO-Xaa-Gly-NHMe) from Xaa= 4R-F-Pro (2.8 kcal upfield N shift of 100.5 ppm (Table 1AJ(*°N) = 11.0 (calcd)
mol~Y) to Pro (1.7 kcal mall) to 4S-F-Pro (0.3 kcal matb). ppm) with respect to the corresponding typg-urn structure.
Thus, computational analyses of the model peptide segmentAlthough the calculated shift difference for (MeCG-RPro-
(MeCO-Xaa-Gly-NHMe) suggest that the differences in spec- Gly-NHMe) is more substantial than that observed experimen-

troscopic and calorimetric behavior between the corresponding@lly between the elastin-mimetic polypeptides, the former
elastin derivatives, in particular, the discrepancy in transition @ssumes that the model structures define uniform populations
temperature and variation in type frturn content observed of turn conformations. Computational analyses of the relative
betweerelastin-3vis-avis elastin-2, can be rationalized on the ~ €nergetics of the turn structures for (MeCSHaPro-Gly-
basis of differential stereoelectronic stabilization of the incipient NFHMe) suggest that the type A-turn becomes destabilized
type Il f-turn structure as the temperature approaches the phaséelatlve to alternative turn structures in comparison to the other
transition. While the calculated energetic differences between Proliné derivatives, although it remains the most stable turn
turn structures in the model system are relatively small for all gnder the constraints of the analysis (Table 1). The calculations

three proline derivatives, this situation does not preclude the imply an altered equilibrium population of turn species for
possibility that the relative populations of the various turn elastin-2relative toelastin-1andelastin-3 which may manifest

structures under consideration might be constituted in a manner"[sezlf in the upfield chemma} shift ,Of prlsN of elast|n-2wnh'
that can account for the observed differences in physical re_spect_to the other elastin derivatives. As suggested in the
characteristics betweeslastins-1 -2, and-3. dlsr_:usslon of théH—1_5N HSQC NMR spectra of the ela_tstm

. . derivatives, the trend in observed &N NMR spectral shifts
e o b s or e el el popepdes e  decees 1

o - R ’ [l S-turn content fronelastin-3(108.8 ppm) teelastin-1(107.1
ization of the segles of e_Iastln-_mlmetlc peptides, we com_p_uted ppm) to elastin-2 (104.8 ppm), which coincides qualitatively
the valugs of thé>N chemical shlfts for the strgcturally sensitive uh “the trend in relative energies betwegn and §, turns

Gly gmlde groups (cf. Experimental Section) of the model calculated for the corresponding model peptides.

peptide segment (MeCO-Xaa-Gly-NHMe) (XaaPro, 45F- _

Pro, and &-F-Pro) in different turn structures and ring pucker Conclusion

conformations (Table 1). While differences are observed The experimental data derived from calorimetric and spec-
between the calculatédN-Gly chemical shifts for the (MeCO-  troscopic analyses @lastin-1, elastin-2, andelastin-3provide
Xaa-Gly-NHMe) units and the experimental chemical shifts for evidence that stereoelectronic effects may alter the self-assembly
structurally analogous Ghof the elastin-mimetic polypeptides  of elastin-mimetic polypeptides, and, by inference, native elastin,
(due to presumed differences in the environment of the peptides,through their influence on the local conformation parameters
gas phase and aqueous solution, respectively), nonetheless thef the 5-turn structures that develop in the structural repeats
trends are consistent with predictions based on comparison ofabove the phase transition. Moreover, the observed differences
the calculated chemical shifts with empirical correlations for in macromolecular behavior between the elastin derivatives
the amide groups of polypeptidés?* Significantly, the com- reinforce the hypothesis that typeAtturn formation plays an
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important role in elastin assembly, as previously postulated from protein materials have indicated that the viscoelastic properties
spectroscopic and computational analyses of elastin-mimetic associated with the respective polypeptide sequences have been
polypeptides?~17 For the elastin-mimetic polypeptides under evolutionarily optimized for distinct biological functid§.An
consideration in this study, structural factors that increase the understanding of the structural factors that determine the
stability of the type lI3-turn structure of the (VPGVG) unit,  differences in mechanical behavior among native protein
i.e., stereoelectronic stabilization due to incorporation &){4 elastomers should provide criteria for the design of novel
fluoroproline into elastin-3 resulted in a lower transition  elastomeric materials in which the sequences can be tailored
temperature for elastin assembly. Conversely, structural factorsfor specific technological applications. In addition, the mech-
that decrease the stability of the typeSHurn structure of the anism of elasticity of elastin remains a subject of scientific
(VPGVG) unit, such as incorporation of$4fluoroproline into disagreement, particularly as regards the origin of the elasto-
elastin-2, raised the transition temperature of elastin assembly. meric restoring forc&%57 The elastin structural variants reported
Computational analyses of the conformational energetics as-in this study may be useful materials to discriminate between
sociated with various turn structure®, (8., inversey) of the the relative contributions of main-chain versus solvation entropy
model peptide (MeCO-Xaa-Gly-NHMe) unit (Xaa Pro, 4& to the elastomeric restoring force and provide information
F-Pro, R-F-Pro) suggest that the relative stability of the relevant to the debate over the mechanism of elasticity.
conformers depends on the effect of the proline derivative on
the metrical parameters associated with the local polypeptide
chain conformation. The (GexdCr-endq ring pucker equilibria Materials and Methods. Protein samples oélastin-1, elastin-2,

for the various turn structures are strongly influenced by andelastin-3were prepared via bacterial fermentation and purified via
stereoelectronic effects due to fluorine substitution and by steric immobilized metal affinity chromatography as previously repotted.
interactions between the pyrrolidine ring substituents. The The noncanonical amino acids32S)-4-fluoroproline and (2,4R)-4-
greatest energetic stabilization is observed under conditions influoroproline were purchased from Bachem Bioscience, Inc. (King of
which the stereoelectronic interaction reinforces the preferred E;LI‘ESS'C%"P;‘()F;E;?;‘?Q?;: gggeé?scvﬁslp(;)e}gféifirr?T/l;e:rTr?irr:Ztllons
ﬁeg_‘t'jfnghoa;'['hg"nrfgéga;gpqic;fZ&Ziﬁj’;‘;‘;ﬁ?é‘(;‘_‘g'ﬂl\‘/lyep)? medium under supplementation WitiNH.Cl (7.5 mM) and the

R . o . . appropriate proline derivative. THe&N labeled proteins were purified
Significant energetic destabilization occurs under conditions in as described for unlabeled proteins. Protein solutions for analytical

which the stereoelectronically preferred ring pucker opposes the measurements were prepared from lyophilized specimens that were
“preferred” peptide chain conformation, i.e., the-€hdopucker dissolved at the appropriate concentration in distilled, deionized water
within type Il S-turns of the model peptide (MeCCB4--Pro- at 4 °C. Quantitative amino acid analysis was performed on aliquots
Gly-NHMe). Similar results have been observed for 4-fluoro- of protein stock solutions (ca. 0-D.3 mg/mL) at the W. M. Keck
proline substitution in collagen-mimetic peptides in which Foundation Biotechnology Resource Laboratory of Yale University to
structural stabilization was observed under conditions in which Provide accurate concentrations for CD spectroscopic experiments.
the ring pucker conformation of the fluoroproline epimer Physical and Analytical MeasurementsThe inverse temperature
reinforced the local conformation of the polypeptide backbone transitions of th(_e elastin polypep_tl_des were mpnltored asa funct_lon of
of the collagen peptide in the triple helix structdré. temperature using an ultrasensitive differential scanning calorimeter

o Its indicate that fi i bstituti b (VP-DSC MicroCal, LLC, Northampton, MA). Protein samples were
ur results indicate that fluoroproline substitution may b€ giqqqeq in distilled, deionized water af@ in concentrations ranging

employed as g mechanism to interrogate local .Conformationfil from 0.5 to 2 mg/mL, degassed under dynamic vacuum and scanned
effects that arise due to the presence of proline residues infrom 5 to 60°C at a rate of 60h. DSC data were processed using the
polypeptide sequences, particularly in situations in which program Origin (MicroCal, LLC, Northampton, MA), ard, AH, and
preferences have been observed between particular ring puckenAC, values were calculated by curve fitting to the simplest appropriate
conformations and secondary structure elem&rnithis inves- model using the Levenberg/Marquardt nonlinear least-squares method.
tigation suggests that turn structures may be included among Circular dichroism (CD) spectra were recorded on a Jasco J-810
local peptide structural elements that can be influenced throughspectropolarimeter equipped with a PFD-425S Peltier temperature
stereoelectronic control. Ag-turn structures can exert a control unit in 0.2 mm sealed quartz cells at concentrations of.518
powerful influence to mediate protein folding events, stereo- (€1astin-1), 8.8 uM (elastin-2), and 6.4uM (elastin-3) in distilled,
electronic differences between proline analogues may be deionized water. Temperature/wavelength CD-scans were performed

. - ... within the temperature range front& to 65°C with equilibration for
employed to address structural questions regarding the speCIf|05 min at each temperature. The reversibility of the CD spectra was
roles of proline-containing turn sequences in native protein

; ) ) L confirmed by scanning in the opposite direction of decreasing temper-
conformations. For example, the “Pro-Gly” motif is a recurrent a¢yre with a similar equilibration period. Minimal hysteresis was

if not dominant structural feature associated with a number of gbserved between the forward and reverse scans under the conditions
native protein materials displaying elastomeric beha¥or of polypeptide concentration employed in this study. Spectra were
The molecular architectures of these protein-based elastomerbtained from 260 to 190 nm at a resolution of 0.2 nm and at a scanning
differ from those of conventional synthetic elastomers, which speed of 50 nm/min. The CD curves represented the average of five
suggests that different structural mechanisms may underlie theirmeasurements and were smoothed using the means-movement method

elastomeric behavior. Moreover, mechanical studies of the native©n the interval analysis of the spectral manager program. CD data are
reported as mean residue ellipticity®(, deg cn? dmol~?) in which

Experimental Section
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the molar masses of the polypeptidelsstin-2 and elastin-3 were
calculated on the basis of complete substitution of the canonical proline
residues with the respective amino acid analogue.

NMR spectra were acquired on a Varian INOVA 6061,(599.74
MHz; N, 60.78 MHz) at 4°C. The NMR samples were prepared by
dissolving the respective polypeptides in a&/D,0 (70:30) mixture

basis set (Beck3LYP/6-31G*//Beck3LYP/6-31G*). The second phase
utilized the latter structures as input to a DFT trigléplus a diffuse
function) optimization for the same set of structures (Beck3LYP/
6311+G*//Beck3LYP/6-31H-G*). The third phase employedP()
geometries from both levels of calculation as input to a single-point
energy evaluation using the more extensive tripl&eck3LYP/

at a concentration of 10 mg/mL. The pH of the specimens was adjusted 8311G(2d,p)//Beck3LYP/6-31G* and Beck3LYP/63+5(2d,p)//

to 2.7 to retard amide proton exchange on the NMR time scale.
Chemical shifts for'tH NMR spectra were referenced and reported
relative to internal sodium 2,2-dimethyl-2-silapenta-5-sulfonate (0.0
ppm). Chemical shifts for>N NMR spectra were referenced and
reported relatived 1 M urea {°N, 98%t) in dimethyl sulfoxide as an

external standard (77.0 ppm). Standard solvent suppression technique

were employed to reduce signal due to the residual protons@©fii
the'H NMR of aqueous solutions of the polypeptides. Two-dimensional
1H—'H NOESY NMR spectra were acquired in phase-sensitive mode
using the hypercomplex method with a mixing time of 200 ms at a
spectral width of 6799.8 Hz. Spectra were collected with 512 t
increments and 2048 complex data points with 32 scans!AkRé5N
HSQC NMR spectra were acquired in phase-sensitive mode in which
15N decoupling was applied for data acquisition. The spectral width
was 6200.1 Hz for théH channel and 2791.0 Hz for tHéN channel.

The data matrices contained 51Rincrements with 2048 complex
points. The spectra were acquired with 32 scanspectement. The
two-dimensional NMR data were further processed using the program
NutsPro (Acorn NMR, Inc.).

Computational Methods. The second and third amino amino acids
in the [Val-Pro-Gly-Val-Gly] moiety that serve as turn elements for
the pentapeptide repeats were capped as follows;—CH=0)-Xaa-
Gly-NH—CH;z (PG). The latter was constructed in Macromdfeind
conformationally manipulated to produce three reverse tysnss(,
and inversey). Each turn type was modified to generate the corre-
sponding C-endo and C-exo puckered proline conformers. The
structures were further modified to add a fluorine atom at C-4 of the
proline rings to produce the correspondin§)t4and (4R)-fluoroproline-
substituted structures. The corresponding P&) structures were
optimized using the AMBER* force field to provide input to density
functional theory (DFT) calculations. Several sets of optimizations and
single-point calculations were performed on each structure as listed in
Tables St S3 (cf. Supporting Information) employing the Gaussian-
03 suite of program¥® The first phase of calculations optimized
geometries using the Becke3LYP functional and the dogi8e31G*

(58) (a) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liscamp, R.; Lipton,
M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. @. Comput.
Chem. 199Q 11, 440-467. (b) http://www.schrodinger.com/Products/
macromodel.html.
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Beck3LYP/6-313#G* basis sets. Finally, chemical shifts f&iN in
N—H of the central Gly engaged in thfeturn—corresponding to GF/

of the VPGVG repeat unitwere estimated from the Gauge-Independent
Atomic Orbital (GIAO) method as implemented in Gaussian-03 in
combination with the MPW1PW291 and PBE protocols and calculated
relative to an absolute shielding of 244.6 ppm for liquid ammonia at
25 °C5 The MPW1PW91 function8 has been shown to provide
reliable chemical shifts fol®C, while the parameter-free PBE motfel
proved superior for'™N shifts in a six-way comparison. For the
comparisons in Table 1, chemical shifts f&N in the Gly residue are
expressed in ppm relative to 244.6 ppm. For example, for the fluorinated
exoFeqtype Il f-turn, the Beck3LYP/6-31tG*//Beck3LYP/6-311#G*
optimized structure delivers a raw isotropic chemical shift of 132.4
ppm. The NH-adjusted relative shift was obtained from the equation
o(endoFeg) = 0(NH3) — 6(N—H) = 244.6 — 132.4= 112.2 ppm.
The corresponding isotropic PBE value of 121.4 ppm is thigHs)

— O(N—H) = 244.6— 121.4= 123.2 ppm.
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