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Abstract: Elastin is an extracellular-matrix protein that imparts elasticity to tissues. We have used solid-
state NMR to determine a number of distances and torsion angles in an elastin-mimetic peptide, (VPGVG);3,
to understand the structural basis of elasticity. C—H and C—N distances between the V6 carbonyl and the
V9 amide segment were measured using **C—!°N and **C—!H rotational-echo double-resonance
experiments. The results indicate the coexistence of two types of intramolecular distances: a third of the
molecules have short C—H and C—N distances of 3.3 & 0.2 and 4.3 + 0.2 A, respectively, while the rest
have longer distances of about 7 A. Complementing the distance constraints, we measured the (¢, 1)
torsion angles of the central pentameric unit using dipolar correlation NMR. The y-angles of P7 and G8
are predominantly ~150°, thus restricting the majority of the peptide to be extended. Combining all torsion
angles measured for the five residues, the G8 Ca chemical shift, and the V6—V9 distances, we obtained
a bimodal structure distribution for the PG residues in VPGVG. The minor form is a compact structure with
a V6—V9 C=0—-HN hydrogen bond and can be either a type Il -turn or a previously unidentified turn with
Pro (¢ = —70°, v = 20 &+ 20°) and Gly (¢ = —100 £ 20°, yp = —20 + 20°). The major form is an extended
and distorted S-strand without a V6—V9 hydrogen bond and differs from the ideal parallel and antiparallel
p-strands. The other three residues in the VPGVG unit mainly adopt antiparallel 5-sheet torsion angles.
Since (VPGVG); has the same 3C and *N isotropic and anisotropic chemical shifts as the elastin-mimetic
protein (VPGXG), (X =V and K, n = 195), the observed conformational distribution around Pro and Gly
sheds light on the molecular mechanism of elastin elasticity.

Introduction and circular dichroisnt higher-resolution structural information
came from studies of synthetic peptides mimicking the elastin
sequence. One common repeat sequence is VPGVG. On the
basis of molecular modeling, X-ray diffraction, and solution
NMR of the cyclic peptide c-(VPGVG) Urry and co-workers
proposed that the VPGVG unit adopts a typg-tiurn structure
around the Pro-Gly paftz1! Repetition of thig3-turn gives rise

to a right-handed helix termegispiral. The elastomeric driving
force is believed to result from reduced librational entropy of
the VGV segments linking thg-turns when the protein is
stretched213 A different repeat unit, GXGGX, has also been
studied and found to consist of a mixture of turn structures and
extended structurédsi*1S Similarly, the elastomeric restoring
force is believed to result from reduced chain mobility as the
protein is stretched.

Mature elastin is a highly cross-linked extracellular-matrix
protein that is responsible for the elasticity of many connective
tissues, blood vessels, lungs, and skins of vertebtaldwe
protein contains two alternating domains. The hydrophobic
domain consists of repetitions of short peptide units rich in Gly,
Ala, Val, and Pro and is responsible for the elasticity of the
protein. Between the hydrophobic domains are Ala and Lys-
rich hydrophilic domains that cross-link the polypeptide chains
through the Lys residues. While it is known that entropy plays
an important role in elastin elasticity, the structural basis of
elasticity still remains controversial due to the amorphous nature
of the protein. Two schools of theory have been proposed. The
first postulates that elastin contains kinetically free and unstruc-
tured chains similar to rubbér? The second class of theory
proposes that the hydrophobic part of the protein consists of (7) Debelle, L.; Alix, A. J.; Jacob, M. P.; Huvenne, J. P.; Berjot, M.; Sombret,
structured domains of either globular or fibrillar shapes, and g Bt B L e T o B e, J. P Berjot,
the protein is able to return to its original conformation after M.; Legrand, PEur. J. Biochem1998 258 533-539.
stretching?® While global conformational information on natural Vf;gatama'am C. M Ury, D. WMacromoleculesl981, 14, 1225~

and recombinant elastin was gleaned from infrared spectroscopy(10) Urry, D. W.; Chang, D. K.; Krishna, N. R.; Huang, D. H.; Trapane, T. L.;
Prasad, K. UBloponmer31989 28, 81%833

(11) Cook, W. J.; Einspahr, H.; Trapane, T. L.; Urry, D. W.; Bugg, CJE.

(1) Debelle, L.; Tamburro, A. Mint. J. Biochem. Cell Biol1999 31, 261— Am. Chem. Socl.98Q 102 5502-5505.
272. (12) Urry, D. W.J. Protein Chem1988 7, 1—34.

(2) Hoeve, C. A. J.; Flory, P. Biopolymers1974 13, 677—686. (23) Urry, D. W.J. Protein Chem1988 7, 81-114.
(3) Hoeve, C. A. J.; Flory, P. 3. Am. Chem. S0d.958 80, 6523-6526. (14) Castiglione-Morelli, A.; Scopa, A.; Tamburro, A. M.; Guantieri, dt. J.
(4) Aaron, B. B.; Gosline, J. MNature 198Q 287, 865-867. Biol. Macromol.199Q 12, 363—368.
(5) Weis-Fogh, T.; Anderson, S. ®lature197Q 227, 718-721. (15) Lelj, F.; Tamburro, A. M.; Villani, V.; Grimaldi, P.; Guantieri, V.
(6) Gary, W. R.; Sandberg, L. B.; Foster, J. Rature 1973 246, 461—466. Biopolymers1992 32, 161-172.
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To date, few high-resolution structural studies have been
carried out directly on elastin and linear elastin-mimetic peptides
in the solid state, due to the insoluble and noncrystalline nature
of the protein. Solid-state NMR is a powerful tool for

investigating the structure of such disordered systems and can

play an important role in elucidating elastin structure and
dynamics'6-18 Using 13C and >N chemical shifts, we have
recently investigated the secondary structure of an elastin-
mimetic recombinant protein, [[VPGVEVPGKG)]z0.1° Our
analysis supports the type B-turn structure at Pro-Gly, but
rejects ideala-helical, f-sheet, and type B-turn structures.
Moreover, the protein exhibits significant conformational het-
erogeneity, manifested as broad line widths of tf@ and'>N
spectra. However, more detailed information on the nature of
this conformational heterogeneity is difficult to obtain from
chemical shifts, because the shift difference between various
conformations is often small compared to the line width. For
example, the Gly @ sheet-helix isotropic shift difference is
only ~2 ppm, and its turn-sheet separation is at most 1 $pa.

Thus, measurement of direct structural parameters such as

internuclear distances and torsion angles would be highly
desirable for understanding elastin conformational heterogeneity.
Our previous study was conducted on*€ selectively and
extensively labeled recombinant protéfwhere spectral over-
lap and the lack of labeling of most carbonyl carbons prevented

the measurement of precise internuclear distances and torsior‘g
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Figure 1. Pulse sequence for the-& REDOR experiment. (a) AfteiH
excitation, rotor-synchronized 18@ulses are applied on tHéC andH
channels to reintroduce the-& dipolar coupling, while H-H homonuclear
interaction is averaged by MREV-8. Contribution of the natural abundance
liphatic carbons to €H dephasing is removed by a selecti?€ 180°

ulse on resonance with the aliphatic carbons whle evolution is

(b)

1

angles. Therefore, in this work, we use a site-specific labeled syspended by a WIM sequence. A short LG-CP step transfers the H

synthetic peptide, (VPGVG@) to obtain information on the
conformation of the long-chain protein. Earlier work has
established that short VPGVG peptides exhibit similar properties

such as inverse-temperature transition as elastin-mimetic pro-

teins?* We show that the 15-residue (VPGV{d a good model
system for the long-chain [(VPGV@VPGKG)lze, since it
exhibits nearly identical®C and >N chemical shifts as the
protein. We have determined a number of distances, torsion
angles, and conformation-dependent chemical shifts in (VP@VG)

magnetization to its directly bondédN for detection. (b) Addition of a
15N—-13C TEDOR pulse train allowd3C detection of the €H REDOR

signal. This filters out the signals of molecules with long i€ distances,
allowing selective detection of molecules with short i€ distances.

of the peptide to minimize the influence of possible structural disorder
at the two ends of the molecule. For the distance experiments, the V6
carbonyl carbon and the V9 nitrogen were labeled, and the sample was
designated V6V9. Fop-angle measurements, the backb&ing °Ca,

and 13CO sites of the first residue and th®\ of the second residue

The results reveal that the PG residues in the VPGVG repeatere labeled. We used V6P7 to designate backbthand'®N labeling

sequence adopt a combination of tight turn and distg#etland
structures. Thus, it appears that the elastic function is built into
the amino acid sequence of the protein as two types of
minimum-energy conformers, one compact and the other
extended, and a shift in the conformational equilibrium distin-
guishes the extended and the relaxed states.

Materials and Methods

Materials. A series of specifically*C- and**N-labeled (VPGVG)
peptides were synthesized by solid-phase peptide synth&sisand
15N-labeled FMOC amino acids were obtained from Cambridge Isotope

at V6 and'®N labeling at P7. Peptides G8V9, V9G10, and G10V11
have similar meanings. Due to the lack of backbone-only labeled Pro,
the P7G8 sample containé®C and?!*N uniformly labeled Pro. The
unlabeled protein [(VPGVG)VPGKG)]s, termed poly(Lys-25), was

a gift from Professor Conticello (Emory University). A typical 4-mm
MAS rotor contained about 2640 mg of lyophilized sample.

NMR Experiments. The NMR experiments were conducted on a
Bruker DSX-400 spectrometer (Karlsruhe, Germany) at 9.4 T (100.70
MHz for 13C and 40.58 MHz fof*N), using a 4-mm triple-resonance
MAS probe. Typical radio frequency (rf) field strengths for thé
channel were 70 kHz for decoupling and 50 kHz for cross polarization
(CP). Carbon and nitrogen 9®ulse lengths were typically 5 and 6

Laboratories (Andover, MA) and Spectra Stable Isotopes (Columbia, #S; réspectively. All experiments were conducted at 293 K.

MD). All 13C and**N labels were placed in the central pentameric unit

(16) Perry, A.; Stypa, M. P.; Tenn, B. K.; Kumashiro, K. Biophys. J2002
82, 1086-1095.

(17) Yao, X. L.; Conticello, V. P.; Hong, MMagn. Reson. Chemin press.

(18) Fleming, W. W.; Sullivan, C. E.; Torchia, D. Aiopolymers198Q 19,
597-617.

(19) Hong, M.; Isailovic, D.; McMillan, R. A.; Conticello, V. FBiopolymers
2003 70, 158-168.

(20) Wishart, D. S.; Sykes, B. D.; Richards, F. WM. Mol. Biol. 1991, 222,
311-333.

(21) lwadate, M.; Asakura, T.; Williamson, M. B. Biomol. NMR1999 13,
199-211.

(22) Wang, Y.; Jardetzky, CRrotein Sci.2002 11, 852-861.

(23) Hong, M.; Jakes, KJ. Biomol. NMR1999 14, 71-74.

(24) Reiersen, H.; Clarke, A. R.; Rees, A. R.Mol. Biol. 1998 283 255—
264.
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13C—H and 3C—'N Distance MeasurementsA newly developed
13C—1H rotational echo double resonance (REDOR) experiment (Figure
la) was used to measure the distance between V6 CO and“¥9 H
The *H magnetization evolved under the recouplé@—'H dipolar
interaction for 2n rotor periods. All except for the central 1®dlse
was applied on thé3C channel. Meanwhile, a MREV-8 sequeffce
was applied on théH channel to suppress thel—*H homonuclear
coupling. Inserted into the middle of the-®1 REDOR period was
one rotor period containing a sAfiC 180 pulse centered at 40 ppm.
This soft 180 pulse selectively inverted the aliphatic carbon polariza-

(25) Schmidt-Rohr, K.; Hong, MJ. Am. Chem. So2003 125 5648-5649.
(26) Rhim, W.-K.; Elleman, D. D.; Vaughan, R. W. Chem. Phys1973 58,
1772-1773.
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tion, thus reducing the undesired REDOR dephasing due to natural compared with simulated curves to obtain the besgHangle. For the

abundance aliphatic carbons and improving the accuracy of the H
CO distance measurement. During this rotor period, a WIM seqéénce
was applied on théH channel to suspenitH chemical shift and dipolar
evolution. After the G-H REDOR period, a short Lee-Goldberg (LG)
CP of 100us selectively transferred tHél magnetization td°N. In

this way, the REDOR dephasing of only the amide proton was detected.

Two experiments were conducted for each REDOR mixing time, one
without the'*C 7 pulses &) and the other with th&®C pulses §). The
time-dependent rati§'S, signified the coupling strength. The sample
was spun at a slow speed of 3.742 kHz to optimize MREV-8
performance.

To selectively detect the signals of molecules with shertHCand
C—N distances, we converted thiN-detected GH REDOR experi-
ment to*C detection by appending ‘AN—1°C polarization transfer
step after'H—1N CP. The signals of molecules with a long-®
distance were largely suppressed due to inefficlet-1C transfer.

The polarization transfer was achieved using a TEDOR pulse train

(Figure 1b) for 2m rotor periods.The TEDOR sequence was found
to be far more efficient than®N—3C CP for transferring the
polarization. To enhance the sensitivity of this TEDOR-filterted REDOR
experiment, we detected tR&C spectrum using a CarPurcell echo
train where oner pulse was applied every other rotor perf8dhis

P7G8 peptide, only th&’CO signal was analyzed since the: Gite
was coupled to side-chain carbons as well.

The¢ torsion angles of V6 and V9 were measured using the HNCH
technique, which correlates th#HN—15N and *Ca—'Ha dipolar
couplings® The conventiona-angle was related to the NMR-based
HN—N—Ca—Ha angle ¢n) by ¢ = ¢ + 60°. We used the pulse
sequence version with doubling of the-N dipolar coupling to increase
the angular resolution of the experiméhiThe samples were spun at
5—6 kHz for the NCCN experiments and at 3.472 kHz for the HNCH
experiment to optimizéH homonuclear decoupling by MREV?28.

Chemical Shift Anisotropy (CSA) Determination. The *C CSA
patterns of unlabeled poly(Lys-25) and (VPG\{@jere measured using
the two-dimensional (2D) SUPER technicieThe experiment re-
coupled the CSA interaction byr2pulses placed at calculated time
points in a rotor period The rf field strength of the 2 pulses was
12.12 times of the spinning speed.* decoupling field 0of~83 kHz
was used during thEC 2z pulses. For thé*Co—*CO doubly labeled
G8V9 sample, a modified SUPER experiment incorporatingG
DANTE pulse train was used to remove the.©€CO homonuclear
dipolar interactior?® Slow spinning speeds of 2:3.0 kHz were used
in these experiments. The VBCO CSA was measured by a static CP
experiment on the singl?C-labeled V6V9 sample. In this article, we

enhanced the sensitivity by about a factor of 5 compared to normal describe the anisotropic chemical shifts by the s@ardefined as

detection.

The V6 13CO to V9 5N distance was measured using®&—1°N
REDOR experiment® A single 180 pulse was applied on th&C
channel, while other 18Qulses were applied dfiN and phase-cycled
using the XY-16 schem&.Since the ratio of labeled versus unlabeled
13C sites is 100:14, natural abundan@€0O contributed a constant
intensity that was 12% of the reference sigr@) (n both theSandS
spectra. Thus, the true REDOR dephasing v@&S)("¢ = (S°s — ¢)/
(S°°s— c), wherec = §°°S x 12%. The sample was spun at 4 kHz for
the C-N REDOR experiments.

For both the &N and C-H REDOR spectraS'S, values were

= 011 — J33, and the asymmetry parametgrdefined as ¢z, — d11)/
(033 — Oiso) When o1 is closer to the isotropic shift thadys, and 022
— 033)/(011 — Jiso) Whendzs is closer to the isotropic shift. The three
principal values are designated according to the convertioe 02,
> ds3. All 2C chemical shifts are referenced to fhglycine carbonyl
peak (176.4 ppm). ThéN chemical shifts are referenced to liquid
ammonia indirectly through th#N chemical shift ofN-acetyl-valine
(122 ppm).

All structural modeling was carried out using the Insight I
Biopolymer program (Accelerys, San Diego).

evaluated by integrating the intensities of the carbonyl sideband Results and Discussion

manifold. REDOR curves were simulated using a Fortran program. For

the C-H REDOR curves, the ideal MREV-8 scaling factor of 0.47

(VPGVG)3 Peptide as a Model System for ElastinPrevious

studies established that VPGVG peptides with five repeat units

The distance distribution was assumed to consist of Gaussian°" less E),(h'b't an inverse temperature tran§|t|0n similar to
functionsy2 , exp(—(r — ro;)?/20%), whereo is the width and is the tropoelastin, the soluble precursor of gla@ﬁr\We chose
center of each Gaussian. The weights of the Gaussian peaks in the VPGVG); as a model system for elastin, since it is the shortest
distribution function were calculated on the basis of the integrated peak peptide in which a central repeat unit is flanked by two
areas. The composite REDOR curve was the weighted average of theneighboring pentameric units so that structural measurements
individual single-distance REDOR curves. can be made on the central unit without potential chain-end

Torsion Angle Measurements.y torsion angles were measured disorder. To verify the conformational similarity between
using the NCCN technique, which correlated ¢ —'*Coy and**CO— (VPGVG); and elastin, we compared the NMR chemical shifts
Ni+1 dipolar couplings to obtain the relative orientatiqn of the two  of (VPGVG); with those of the 81 kDa poly(Lys-25). The
bonds?23* *Ta—CO double guantum C‘l):‘ere_”ce' excited using the |54ap'g similarity to elastin has been demonstrated based on
CMR? sequenc, evolved under thé*C—N dipolar coupling .that temperature-dependent reversible coacervation and the morphol-
was recoupled by a REDOR pulse tr8fn-or each REDOR mixing .

ogy of cross-linked hydrogef§.

time, a reference spectrung) without the >N 180 pulses and a ) 15 ) )
dephased spectrurB)(with the >N pulses were measured. The average It iS Well-known that backbon&C and**N chemical shifts,
both isotropic and anisotropic, depend sensitively on protein

of the 95 values of the @ and CO signals was plotted as a function
of the mixing time to yield ay-angle dependent curve. This was Secondary structu®:**44 These chemical shifts can be readily

was used in calculating the dipolar couplings.

(27) Caravatti, P.; Braunschweiler, L.; Ernst, R. ®hem. Phys. Lett1983 )

100, 305-310. 5874.
(28) Sinha, N.; Hong, MChem. Phys. Let003 380, 742-748. (36) Hong, M.; Gross, J. D.; Rienstra, C. M.; Griffin, R. G.; Kumashiro, K. K.;
(29) Petkova, A. T.; Tycko, RJ. Magn. Reson2002 155 293-299. Schmidt-Rohr, KJ. Magn. Reson1997, 129 85-92.
(30) Gullion, T.; Schaefer, J. Magn. Reson1989 81, 196—200. (37) Liu, S. F.; Mao, J. D.; Schmidt-Rohr, K. Magn. Resor2002 155, 15—
(31) Gullion, T.; Baker, D. B.; Conradi, M. S. Magn. Reson. (19691992) 28.

199Q 89, 479-484. (38) Tycko, R.; Dabbagh, G.; Mirau, B. Magn. Reson1989 85, 265-274.
(32) Costa, P. R.; Gross, J. D.; Hong, M.; Griffin, R.Ghem. Phys. Letl997, (39) Hong, M.; Yao, X.J. Magn. Reson2003 160, 114-119.

280, 95—-103. (40) McMillan, R. A.; Conticello, V. PMacromolecule200Q 33, 4809-4821.
(33) Feng, X.; Eden, M.; Brinkmann, A.; Luthman, H.; Eriksson, L.; Graslund, (41) Havlin, R. H.; Le, H.; Laws, D. D.; de Dios, A. C.; Oldfield, E. Am.

A.; Antzutkin, O. N.; Levitt, M. H.J. Am. Chem. S0d.997, 119, 12006~ Chem. Soc1997, 119 11951-11958.

12007. (42) Tjandra, N.; Bax, AJ. Am. Chem. S0od.997, 119 9576-9577.
(34) Rienstra, C. M.; Hatcher, M. E.; Mueller, L. J.; Sun, B. Q.; Fesik, S. W.; (43) Yao, X.; Hong, M.J. Am. Chem. SoQ002 124, 2730-2738.

Griffin, R. G. J. Am. Chem. S0d.998 120, 10602-10612. (44) Yao, X.; Yamaguchi, S.; Hong, M. Biomol. NMR2002, 24, 51-62.

(35) Hong, M.; Gross, J. D.; Griffin, R. G. Phys. Chem. B997, 101, 5869~
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Figure 2. 13C and!>N MAS spectra of poly(Lys-25) and (VPGV&)(a)
Poly(Lys-25)13C spectrum. (b) (VPGVG)3C spectrum. (c) Poly(Lys-25)
15N spectrum. (d}5N spectrum of V6P7. (e)®N spectrum of G8V9. The
chemical shifts of the small peptide are identical with the chemical shifts
of the protein.
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Figure 3. Ca CSA powder patterns of unlabeled poly(Lys-25) and
(VPGVG); extracted from 2D SUPER spectra. Solid line: experimental
spectra. Dashed line: best fit. (a) Poly(Lys-25) Gly.Best fit: Q = 52
ppm, = 0.85. (b) (VPGVG] Gly Co. Best fit: Q = 51 ppm,y = 0.97.

(c) Poly(Lys-25) Pro/Val-1 @. Best fitt Q = 41 ppm,y = 0.84. (d)
(VPGVG); Pro/Val-1 Gx. Best fit: Q = 37 ppm,; = 0.89.

extracted from 1D MAS spectra and 2D SUPER spectra. The
13C CP spectra of poly(Lys-25) and (VPGV4{3re shown in
Figure 2a,b. They exhibit almost identical isotropic shifts and
line widths, indicating qualitatively that the two samples have
the same conformation. To complement the isotropic shifts, we
measured the'*C anisotropic chemical shifts in unlabeled
poly(Lys-25) and (VPGV@) using the SUPER technigdeé.
Overall, the spa2 and the asymmetry parameigare similar
between the two samples. The powder patterns of GlyaGd
Pro/Val-1 Gx are shown in Figure 3 along with their best fits.
For Gly Ca,, Q and#n are 52 ppm and 0.85 in poly(Lys-25) and
51 ppm and 0.97 in (VPGVG) For Pro/Val-1 @, Q andy

are 41 ppm and 0.84 in poly(Lys-25) and 37 ppm and 0.89 in
(VPGVG)s. Further verification of the structural similarity of
(VPGVG); and poly(Lys-25) was obtained frofN isotropic
chemical shift€%45 Figure 2¢-e shows 1D'N spectra oftN

4202 J. AM. CHEM. SOC. = VOL. 126, NO. 13, 2004

uniformly labeled poly(Lys-25), antPN doubly labeled V6P7
and G8V9. It can be seen that the isotropic shifts of Val, Gly,
and Pro in (VPGVG&) match those in poly(Lys-25) well.

Since the carbon CSA spectra from the unlabeled peptide
and protein samples have unavoidable resonance overlaps, we
compared the single-site CSA B-labeled samples whenever
available. The @ CSA of the Gly residue following Pro in
poly(Lys-25) has been previously measured using a selective
polarization transfer method combined with the SUPER experi-
ment?® The span is 50 ppm anglis 0.93. In (VPGVG), the
corresponding G8 &€ CSA is now determined on the G8V9
sample using homonuclear decoupled SUFE&ee Figure 10).

A span of 50 ppm and an of 0.92 are found. Thus, both
isotropic and anisotropic chemical shifts indicate that (VPGYVG)
has nearly identical conformation as poly(Lys-25), and thus is
a suitable model system for elastin.

V6 13CO—V9 HN Distance.The central hypothesis of the
[-spiral model for elastin is that the Pro-Gly linkage forms a
type Il B-turn®10 However, this turn structure has not been
directly determined in the solid state on a linear peptide. To
test the existence of a tight turn structure at the Pro-Gly pair,
we measured the V6 COV9 HN distance (Figure 4a) using
our recently developed -€H REDOR techniqué® The C-H
REDOR dephasing dat&Sy, is shown in Figure 4b. The main
feature of the data is that it cannot be fit to a single distance.
The initial decay within the first-2 ms agrees well with a 4.0
A distance, but above 3 ms the experimen8f steers
significantly above the 4.0 A curve. This flattening of t8&
curve does not result from pulse imperfections, asHC
distances up to 6.0 A at mixing times up to 10 ms have been
measured in an intermolecular mixture'@€0 and*N-labeled
N-t-BOC-glycine sample. There, lo®S values of less than
0.2 were found® Therefore, the fast initial decay and the
flattening of the CG-H REDOR data at long mixing times
suggest the coexistence of intramolecular spin pairs with short
and long distances, reflecting both compact and extended
structures of the peptide.

Using a simple bimodal distribution with suitable Gaussian
widths (vide infra), we obtained excellent fit by combining a
short G-H distance of 3.3t 0.2 A with a weight of 35% and
a long distance of 7.6 0.5 A with a weight of 65% (Figure
4c). The fractions of the short and long distances, 35 and 65%,
were determined from the height of i, plateau. Since the
short distance that gives rise to the initial decay has nearly zero
intensity at long times, th&S, values at long mixing times
mainly result from the weak coupling. Thus, the weights of the
two components were determined independently of the coupling
strengths, which were obtained from the oscillation frequencies
of the REDOR curve. The strong coupling or short distance is
constrained tightly by the fast initial decay (Figure 4b). On the
other hand, the long distance component has a physical upper
limit of 7.8 A, obtained when Pro and Gly adopt the most
extended conformation: Pre-{0°, 18C°) and Gly (180, 18C).
Under this condition, both €H and C-N distances reach a
maximum value of 7.8 A. Thus, the distance distribution shown
in Figure 4c has a cutoff at 7.8 A. The use of a broader Gaussian
width of 1.0 A for the long distance component to reflect more

(45) Zhang, H.; Neal, S.; Wishart, D. $. Biomol. NMR2003 25, 173-195.
(46) Hong, M.; McMillan, R. A.; Conticello, V. PJ. Biomol. NMR2002 22,
175-179.
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distance fits the data. The best attempt of 5.0 A deviates from the data at
(C) long times. (b) Best-fit distance distribution.

distance well. For the weak coupling component, simulations
show that a distance significantly below 7.0 A does not fit the
data (see Figure 11a), because it makes the REDOR curve drop
noticeably below the experimental data.
In both the C-H and C-N distance measurements, the
. : . shorter distance has a narrower distribution than the longer one.
0 2 4 6 8 o .
distance (Z\) This is reasonaple since the compact structu.re. should form a
. hydrogen bond in each repeat unit, thus restricting the confor-
Figure 4. /6 13CO-V9 'HN distance. (a) Schematic structure of (VPGYG)  mational space of the molecule, while the extended structure

illustrating the C-H and C-N distances of interest. (IS as a function . .
of mixing times. Error bars are mostly smaller than the symbol size. Best lacks a hydrogen bond, thus sampling a larger conformational

fit: 3.3+ 0.2 Aat35% and 7.6 0.5 A at 65%. No single distance curves ~ Space.
fit the data. The best attempt of 4.0 A deviates from the experimental data ~ Since long mixing times of up to 40 ms were used in the

at long times. (c) Best-fit two-distance distribution. C—N REDOR experiment, it is important to verify that the

disorder, while producing a reasonable fit to thel©REDOR plateau of the REDOR curve that signifies long distances does
curve, does not agree with other data, as we show below in N0t result from accumulated pulse imperfectiéh$o test this,
Figure 11. we measured the intermolecular-@ distance in the 1:1 mixture
V6 13CO—V9 15N Distance.The samé3C 5N-labeled vevg  Of *CO and*N-labeledN-t-BOC-glycine. The longest distance
sample was also used to measure the V6-&0 N distance. present in this mixture with more than 25% probability is 6.08
Figure 5a shows the-€N 9, values after correcting for natural A, while the shortest distance (with 37.5% probability) is 3.65
abundancé3C contributions. Similar to the €H data, the &N A. The experimental €N REDOR data (not shown) agree well
REDOR curve cannot be fit to a single distance. A distance of With the calculated REDOR curves based on the crystal
5.0 A fits the initial decay up to 20 ms, but then deviates Structure. The minimur¥S, is 0.3 at a mixing time of 30 ms.
significantly from the data at longer mixing times. Best fit to 1 huS, the larg&/S, values (0.6-0.7) of VBV9 at similar mixing
the experimental data was obtained using a double-Gaussiarf/Mes do not result from experimental imperfections. Further,
distribution with 35% of a short distance 4:30.2 A and 65% DY choosing”“C detection for the €N REDOR measurement,
of a longer distance 7.2 0.5 A (Figure 5b). This combination ~ W€ minimize the number of natural-abundance dephasing spins,
satisfies the constraint that in each conformation, theNC ~ Since™*N natural abundance is low (0.34%) and nitrogen atoms

distance cannot differ by more than 1.0 A from the-ig occur less often tha[‘ carbon i? erot.eins. _
distance, since the NH bond that forms a triangle with the C—N-Filtered V6 CO~-V9 *HN Distance.To unambigu-
C—H and G-N vectors is~1.0 A long. Since the €H ously prove the existence of a compact structure in VPGVG,

distances are found to be 3.3 and 7.0 A, theNCdistance must ~ We carried out a €H REDOR experiment with an additional
fall in the range of 2.34.3 A in the compact structure and C—N dipolar filter. Instead of*N detection of the V6V9 C(G)
6—-7.8 A in the extended structure. Again, the_lnltlal slope of (47) (a) Chan, J. C.: Eckert, . Magn. Resor200Q 147, 170-178. (b) Sinha,
the experimental EN REDOR data constrains the short N.; Schmidt-Rohr, K.; Hong, MJ. Magn. Resor2004 in press.
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(b)

S/So

02 0 -0.2
C-H dipolar coupling (kHz)

-0.4

3 4
time (ms)
Figure 6. V6 13CO—V9 HN distance measured with'C—15N TEDOR filter of 18 ms. (aF'$ (M). The unfiltered G-H REDOR decay®) is reproduced
for comparison. The simulated-@ REDOR curves for 3.3 A with the €N TEDOR filter (solid line) and without the €N filter (dashed line) both decay
much faster than the unfiltered-& data. The &N filtered 3.3 A G-H REDOR curve fits the data quantitatively. (b) Simulated REDOR spectra for a 3.3

A C—H distance without the €N filter (dashed line) and with the €N filter (solid line). TEDOR increases the relative intensity of tifeeige while
decreasing the intensity of the isotropic peak.

2

HN dipolar coupling, we can transfer the VAN magnetization lyophilization. The lack of dilution raises the question whether
back to V613CO using a TEDOR sequerféeand detect the intermolecular couplings could give rise to the slow REDOR
13C signal (Figure 1b). If the peptide indeed adopts two types decays seen at long mixing times. Such a three-spin scenario
of conformations around PG residues, then theNCdipolar in which a strong intramolecular coupling combines with a weak
coupling for the long V6V9 distance (7.2 A) is so much weaker intermolecular coupling to give a distributed REDOR curve can
than that for the short distance (4.3 A) that a shefNCTEDOR in principle be ruled out, because any weak couplings would
mixing time should selectively detect only those molecules with have been truncated by the strong couplings, preempting the
the short C-N distance. Since these molecules also have a shortobservation of th&§S, plateau at long mixing times. In other
C—H distance, the €H REDOR curve should decay much words, the coexistence of a fast initial decay and a very slow
faster than the unfiltered data in Figure 4. long time decay must result from two independent spin pairs
Figure 6a shows the -€N-filtered C—H REDOR data with different distances. These can only be intramolecular in
(squares) for €H mixing times of 1.15 and 1.73 ms. ATEDOR  origin.
mixing time of 18 ms was used. The tw8S, values drop To verify experimentally that the observed distance hetero-
dramatically below the unfiltered €4 REDOR data, thus  geneity is a consequence of neither lyophilization nor inter-
proving unequivocally that a fraction of the peptide indeed molecular effects, we diluted the labeled V6V9 peptide with
adopts a compact structure with short Y89 distances. 80% unlabeled peptide, dried the mixture from an aqueous
Interestingly, the simulated 3.3 A-<€H REDOR curve without solution over a period of one week, and measured th¢d1C
the C-N filter (dashed line) is higher than the experimental and G-N REDOR curves. Thé3C andN line widths are
S decays. This can be understood from the fact that th&lC ~ barely affected by the slow drying process, indicating that
TEDOR filter imposes an orientational factor of incnzcn) conformational heterogeneity remains. The-i€ and G-N
to the REDOR time signal and changes powder averaging. SinceREDOR data for this 20% diluted and slow-dried sample are

the C—H and C-N vectors are roughly collinear, this orienta-
tional factor preferentially selects the signals of theHCvectors

shown in Figure 7. The €N REDOR experiment used
composite pulses on tHéN channel and EXORCYCLE on the

that are parallel to the magnetic field, which have stronger 13C channel to compensate for pulse imperfectitiis can be

dipolar couplings. Figure 6b shows the unfilteree i€ REDOR

seen that the experimental data remain incompatible with single-

line shape for a 3.3 A distance (dashed line) and the TEDOR- distance REDOR curves, indicating unambiguously that inter-

filtered REDOR line shape (solid line). The TEDOR transfer
step changes the normalk= 1 REDOR line shape to one with
the strongest intensities at the@dge and vanishing intensities

molecular couplings do not cause the distance distribution in
the undiluted sample. The equilibriug's, values for both the
C—H and C-N REDOR are slightly reduced compared to the

at the magic angle orientation. The Fourier transform of this lyophilized sample, indicating that the percentages of the short

TEDOR-filtered REDOR spectrum gives the solid line in Figure
6b. The agreement with the experiment is excellent.

Distance Distribution in Diluted Peptide. The isotopically

and long distances are modified by the slow drying process.
Best-fit simulation yields two €N distances of 4.& 0.2 and
7.0+ 0.5 A at a ratio of 45:55%, while the-€H data is best-

labeled V6V peptide used for the above two distance measure-fit with a combination of 3.3+ 0.2 and 6.7+ 0.5 A at the

ments was lyophilized as well as undiluted. The former prompts same ratio. These distances agree with the results of the
the question whether the observed structure distribution is anlyophilized and undiluted peptide within experimental uncer-
intrinsic property of the amino acid sequence or a result of tainty. Thus, the slow drying process mainly increased the
fraction of the compact structure by 10%. Conformational
distribution remains, indicating that this is an inherent feature

(48) Hing, A. W.; Vega, S.; Schaefer, J. Magn. Reson1992 96, 205-209.
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simulated curve at long mixing times. Thus, the difference
between the experiment and the single-angle simulation for G8
and P7 has a real structural origin. Since the REDOR measure-
ments indicate the presence of a compact structure in addition
to extended structures, we used two-angle simulations with the
same weighting factors of 35:65% as the distance finding. For
G8, a combination ofy = 20 4+ 20° at 35% andy = 158+ 5°

at 65% (Figure 8a, solid line) improves the fit at long mixing
times. The P7 data is better fit byiangle combination of
1204 20° at 35% and 16@: 5° at 65% (Figure 8b). The small
error bar for the largey-angle component is due to the
maximum angular resolution of the NCCN techniquepat=

180C°.

For V6 (Figure 8c), V9, and G10, best-fitangles of 145
145, and 150, respectively, were obtained. These torsion angles
refer to the dominant conformation, since the lack of distance
constraints for these residues precludes the extraction of torsion
angle distributions. However, given the clear evidence of
structure distribution for P7 and G8, conformational distribution

55 5 20 may be present for these residues as well.
time (ms) The ¢-angles of V6 and V9 were measured by the HNCH
Figure 7. REDOR distances of 20% diluted V6V9 peptide slowly dried experiment (Flgure 9). The V6 data is best fit witkha-angle
from aqueous solution. (a) V6 GEv9 HN distance. Best fit: 45% of 3.3  Of £156°, which corresponds to @-angle of—96° or —144°.
§ 0.2 A ar;d35753fqu 6h7i 05 ,I&_dThe sti)mulatedhculrve for a stin%IeF_CEi o For V9, a¢n-angle of £152° is found, which is equivalent to
istance of 3. its the initial ecay ut not the ong time behavior. _ _ o _ i H
V6 CO-V@ N distance. Best fit: 45% of 4.8 0.2 A and 55% of 7.0c & #-@ngle of =92° or —148'. Within each pair of degenerate
0.5 A. The simulated curve for a single-®! distance of 4.7 A fits the values, the more negative numberd,44> and—148, are more
initial decay but not the long time data. likely since they combine with they-angles to indicate the
antiparallels-strand structure for these residues.

of the VPGVG sequence. Since the torsion angle and CSA G|y 8 Ca. CSA. The CSA spectrum of G8 €was measured
measurements were conducted on lyophilized samples, forsjng the homonuclear decoupled SUPER experiment (Figure
consistency we consider only the structure distribution of the 19, thick line). The experimental pattern is relatively broad due
lyophilized peptide in the remainder of the article. to the amorphous nature of the peptide. Thus, CSA simulation

Y, ¢ Torsion Angles.The V6-V9 C—H and C-N distances  emphasized the width of the pattern and the frequency of the
restrain the P7 and G8 torsion angles. To complement the central principal value. Best-fit simulation yielded a span of 50
distance constraints, we directly measuredyhend¢ torsion + 6 ppm and an asymmetry parameter of 0.92.
angles in (VPGVG) using the NCCN and HNCH techniques. To assess if the measured chemical shift tensor values agree

The REDOR. experiments are sens_ltlve to ‘_sh_ort distances OT\with the conformations determined from the distance and torsion
s;rong couplings but do not have high precision fo_r the long angle measurements, we compared the experimental CSA with
distances. In contrast, the NC.:CN and HNCH experlments A€ the calculated CSA values (chemical shielding calculator: http://
more sensitive to large torsion angle values that give long augh.cchem. berkeley.edusob/cs.html) for various torsion

distances, and thus they detect the presence of eXtende(ﬁngles. For example, for the extended structure shown in Figure

structures well. The P@-angle is fixed by the pyrrolidine ring 12¢ ¢ = —9% andy = +15&), the predicted Gly chemical
geometry to be-70°; thus the only free variables in the PG shielding principle values ar@ll’: 130 ppm,o22 = 155 ppm,
palrlare I;’zl//)Bar\I/dgG%dagdllé. Beyonld the PG um;, the torsion andosz = 180 ppm. For theg-turn structure shown in Figure
angees of vo, v, an Were also measured. 12b @ = +96° andy = —7°), the predicted principal values
The y-angle dependent NCCN curves of G8, P7, and V6 areoy, = 128 ppm,og = 156 ppm, andrs = 178 ppm. We
are shown in Figure 8. Since the NCCN and HNCH, tephmgues converted the absolute shielding valueto chemical shiftsd
h_ave an inherent double degeneracy and cannot distinguish th%singé = (0ref — 0)/(L — 0rer) 595LIgnoring the isotropic term,
sign of the angles, we report only the absolute value _Of the we readily obtained the theoretical sp& and asymmetry
measured)- and¢y-angles. The GB_(Flgure 8a) and P7 (Figure parametey,. In this way, we found that the extended conforma-
8b) data, except for the time points above 1.5 ms, can be tion hasQ = 50 ppm and; = 1.0, while the compact structure
reasonably fit with a torsion angle gf = 150° (dotted lines), hasQ = 50 ppm andy = 0.82 ' Both these CSA values are
suggesting that a major_ity of the mole_cules adqpt§ an eXtendedclose to the experimental result. Thus, not surprisingly, the
stru;ture at the PG_reS|dues. '_I'o test if the deviation above 1'5predicted powder pattern that combines 65% of the extended
ms |s_due to experimental e_lrtlfacts, we performed the NCCN structure with 35% of the compact structure also agrees well
experiment on a polycrystalline sample-{&C,15N) Gly-(*>N) with the experimental spectrum
Ala-Leu, where the Glyp-angle is—150°.4° The experimental '
NCCN data (Figure 8d) show excellent agreement with the

0 10

(50) Jameson, C. Bolid State Nucl. Magn. Resoi998 11, 265-268.

(51) Havlin, R. H.; Laws, D. D.; Bitter, H. L.; Sanders, L. K.; Sun, H.; Grimely,

(49) Chaturvedi, S.; Go, K.; Parthasarathy, BRopolymers1991, 31, 397— J. S.; Wemmer, D. E.; Pines, A.; Oldfield, B. Am. Chem. So001,
407. 123 10362-10369.
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Figure 8. 1 torsion angles measured by the NCCN experiment. (a) G8. Dash and dotted lines are single-angle simulations. Solid line: the weighted average
of 20° (35%) and 158 (65%). (b) P7. Dash and dotted lines are single-angle simulations. Solid line: the averagé (35020 and 160 (65%). (c) V6.
Best fit: 3 = 145°. (d) Gly in GAL. Best fit: = 15C°. Error bars are mostly smaller than the symbol size.
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Figure 9. ¢ torsion angles measured by the HNCH experiment. (a) V6. Bespfit= +156 + 6°, corresponding t¢p = —96 + 6° or —144+ 6°. (b) V9.
Best fit: ¢y = +£152 £ 6°, corresponding t@ = —92 + 6° or —148 + 6°.

Interestingly, even a relatively small change of the Gly torsion reflected as a significantly larger Gaussian width. Figure 11
angles from the extended conformation measured here to anshows several distance simulations using a Gaussian width of
ideal parallels-strand structure of{12(°, +120°) makes a
significant difference to the Gly CSA. This is shown in Figure center (4.3 A for &N and 3.3 A for C-H) and width (0.2 A)
10b, where the calculated powder pattern for 35% ofstern

and 65% of the ideal parall@gtstrand is clearly narrower than

1.0 A for the long distance component while keeping both the

of the short distance the same. Figure 11a shows that with the
broadened long distance distribution, the-l REDOR data

the experimental spectrum. Similarly, the classical antiparallel cannot be fit as long as the percentages of the two Gaussian

f-sheet structure<135°, +135°) can be ruled out. Therefore,

peaks are kept as 35 and 65%. Simulated curves using a long

the extended structure of the PG pair is not equivalent to the distance component of 6:5.5 A exhibit significantly more

ideal g-strand structure.

Structure Distribution of (VPGVG) 3. On the basis of the
distance and torsion angle results on (VPGY®)e can now
assess the suitability of the Gaussian width of 0.5 A for the is not satisfied when a broader distribution is used.

long C—H and C-N distances in the bimodal distributions

dephasing than the experimental data. In other words, the
experimentally observed slow-N REDOR decay at long times
requires a high percentage of long distances above 7.0 A, which

If we adjust the ratio of the two Gaussian peaks to 25:75%,

(Figures 4c and 5b). The question is whether the peptide has athen the C-N data can be well fit by two distances centered at
more disordered and heterogeneous structure that would be4.3 and 7.0 A (Figure 11b). But the-8& REDOR data cannot
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Figure 10. G8 Ca CSA powder pattern extracted from a 2D SUPER ()
spectrum. The experiment spectrum (thick line) is superimposed with 14
simulated spectra (thin line) based on calculated CSAs. (a) Simulated S$/So
spectrum for 35%{96°, —7°) and 65% (93°, +154°). The torsion angles 8
correspond to the structure in Figure 12b. (b) Simulated spectrum for 35% ¢
(+96°, —7°) and 65% 120°, +12C°). The latter is the ideal parallel

B-strand structure. The simulated spectrum is much narrower than the 04
experimental line shape, ruling out the ideal paraftelheet as a possible
conformation.

14
S/So
0.8

be fit. The best simulation, which still deviates from the o6
experimental data at long times, centers the two Gaussian peaks

at 3.1 and 6 A. The short distance is 1.2 A shorter than the **
short G-N distance of 4.3 A, thus violating the requirement (d
that the G-H and C-N distances be withi 1 A of each other

due to the N-H bond length. ssd .

When we used an intermediate ratio of 30:70% for the two od
Gaussian peaks, we obtained reasonable although not perfect | *.
fit for the C—N data using distances of 4:8 0.2 and 7.0+ 0 S e o
1.0 A. The corresponding best fit for the-@l data yields
distances of 3.3- 0.2 and 6.0+ 1.0 A (Figure 11c). In other © M Gmeme
words, at this ratio, the €H and C-N distances differ by the Figure 11. REDOR simulations using a broader Gaussian width of 1.0 A
maximum amount of 1.0 A in both the compact and extended for the long distance component. Right column shows the distribution
structures. This means that the C, H, and N atoms fall nearly fu_nctions_corresponding to the distance fits. (a_)NZREDOR simulatio_ns
. . . with a ratio of 35:65% for the short and long distances. The short distance
onaline 'r_] bO.th Conformat'ons' A segrch of Pro and (_Bly t(_)rS|on is fixed at 4.3+ 0.2 A. The long distances are 751.0 A (solid line), 7.0
angles (vide infra) indicates that this is only possible if the + 1.0 A (dashed line), and 6% 1.0 A (dotted line). All dephase more
Gly y-angle has small values of 48 20° in both conforma- than the experignental data. (b}-®l and C-H REDOR simulations using
tons. Without 2 largey-angle in either conformation, the /2o 125753 o e ot o detances,Forcs combnaton
experimental NCCN data of G8 cannot be fit, as shown in Figure 6.5+ 1.0 A) curve (dashed line) does not dephase enough. The best fit is
11d. Taken together, a broader distribution with a width of 1.0 (3.1+0.2, 6.0+ 1.0 A) (solid line), but this violates the covalent geometry.
; ; (c) C—N and C-H REDOR simulations using a ratio of 30:70%. The €
A for .the |torllgd dIIStagﬁe COtrr:lpOhnetnt does .POt ?%;lee W;th C?”ddata is reaso_nably fit with 4_1.& 0.2and 7.0 1.0 A (so_lid line). For the
expernmental data. us, the heterogeneity o € extendedc—y data, with the short distance at 3t30.2 A, long distances of 7.&

conformation is adequately described by a distance uncertainty1.0 A (dotted line) or 6.5+ 1.0 A (dashed line) show too little dephasing,
of +0.5 A. and 6.0+ 1.0 A (solid line) must be used. The combination of € and
C—N distances of (3.3, 4.3 A) for the compact structure and (6.0, 7.0 A)
Structure Model for (VPGVG)s. We searched for the  for the extended structure is possible only if the Ghangle is 40+ 20°.

combinations of P7 and G8 torsion angles that satisfy all the (d) Simulated NCCN curve for 4& 20° disagrees with the G8 experimental
distances, torsion angles, and CSAs measured here. ghe P data.

G¢, and Gp angles were varied at 20ncrements, while the Figure 12a summarizes the allowed Pro and Gly torsion
P¢ angle was held at 70°. For torsion angle combinations that  angles in a Ramachandran diagram. The conformations that give
satisfy the distance constraints, we then examined their Gly C rise to short V6V9 distances are labeled with a superssyipt
CSAs. Anisotropies that differ from the experimental data by while the conformations that yield long V6V9 distances are
more than 6 ppm were excluded. The torsion angles for the indicated withl. The extended structure is characterized by P7
short and long distances were then assessed for their consistency-angle of 1604+ 5° and G8 torsion angles ofp(= —90 +

with the NCCN data, using the ratio of 35:65% for the compact 20°, ¢ = +1584 5°). Since the negativg-angle conformation

and the extended structures. falls into a rarely populated region of the Ramachandran

R

2 distgnce ( 6)
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Figure 12. (a) P7 and G8, ) torsion angles restrained by the distances, torsion angles, and chemical shifts measured here. The compact structures with
short V6V9 distances are labeled with a supersaipthile the extended structure with long V6V9 distances is labeled lw{ti) Model for one of the two

compact structures( @ where P7 and G8 adopt typeftturn torsion angles. (c) Model for the distort@estrand conformation. The torsion angles in the

two models are representative values within the allowed ranges shown in (a). For V6, V9, and G10, the torsion angles represent the dominawinconformati
and are the same in the two states.

Table 1. Torsion Angle Definitions, Predicted V6—V9 C—H and
C—N Distances and G8 Ca Chemical Shifts for Different Types of
B-Turns

B-turn type P Py Go Gy C-N@A) C-H@A) Q(ppm)

| —-70° —30° —90° 0° 3.8 2.7 49.1
1l =700 120 80° 0° 3.9 2.9 48.0
1 700 —30° —-60° —30° 4.0 3.0 41.7
\% —70° 80° 80° —80° 5.1 5.0 36.1
VIl —-700 —30° —-120¢ 12¢° 5.7 54 32.8

diagram, the positivg-angle appears more likely for Gly. This
PG conformation may be described as a distorfestrand
structure, since the ideal parallel and antipardlistrands have
distincty-angles of+120° and +135°, respectively. 250 i 150 T 50
Two compact structures were found to give the measured 15C chemical shift
short V6V9 distances. One is the typeSHturn structure with chemical shift (ppm)
P7 @ = —70°, vy = 120+ 20°) and G8 ¢ = 80 + 20°, y = Figure 13. V6 130(_) CSA powder pattern. The experimental spectrum (thick
—20 £ 20°). The other is characterized by Pro torsion angles I':ni)s'f?bf)?n:'t z(itr?('; I'rf)sgs;ngp‘;:mc'ple values 0, = 242.7 ppm oz
(¢ = —70°, y = 20 + 20°) and Gly torsion angles)(= —100 ' e '
+ 20°, = —20 4+ 20°). This structure does not correspondto  Ro-y of 2.5 A and a &O—HN angle of 124, close to the
any knownp-turn. optimum hydrogen bond angle of 12% Support for this
The conformational search rules out all other kngiurns hydrogen bond is provided by the V8O chemical shift tensor.
for the PG residues. Table 1 lists the torsion angle definitions, Both experiments and quantum chemical calculations have
the predicted V6V9 €H and C-N distances, and the predicted shown that hydrogen bonds deshield ¢he principal value of
G8 Co. CSA for type |, type Il, type 1ll, type V, and type VIII  the carbonyl chemical shift tensor, which points along thedC
p-turns. Only type Il and type llIg-turns yield distances  bond, thus decreasing its asymmetry paran@tgtindeed, the
consistent with the REDOR measurements; however, the typeV6 carbonyl CSA spectrum (Figure 13) exhibits a relatively
[l turn would give much narrower G8 & CSA than the small asymmetry parameter of 0.68, consistent with the presence
experimental spectrum. This leaves typefHurn the only of a hydrogen bond between V6 CO and VY.Hhe second
possible knowng-turn that satisfies all constraints for the compact structure labeled as has a Ry length of 2.3 A,
compact structure. also consistent with hydrogen bonding.
Figure 12b shows one of the two compact structures, the type  The distortegs-strand structure is represented in Figure 12c.
Il B-turn. While specific torsion angles were used to generate No intramolecular hydrogen bond is formed in this conforma-
this model, they only represent a subset of the values within tion. In both structures, the three other residues of the repeat
the allowed angular ranges shown in Figure 12a. The torsion . .
angles and the short V6V9 distances in this structure predict agggg gi,l)ﬁgsiﬁmgér%fjgilﬁﬁ C'Egérﬁnrg-tﬂ‘_e;"m A g e Boen
hydrogen bond between V6 O and V® Hwvith a bond length 6372.
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unit adopt ¢, 1) angles that are consistent with the antiparallel ~ The conformation distribution of (VPGVG)xheds light on
p-strand conformation. Structure distribution is not directly the mechanism of elasticity. The backbone intramolecular
measured for these residues but is likely to be present as well.hydrogen bonds in the compact conformation would be disrupted
The G10 ¢-angle could not be measured by the HNCH upon stretching, thus shifting conformational equilibrium toward
experiment due to the presence of twa Hrotons. But on the  the distorted3-strand. Upon the release of the extension force,
basis of the G10 & isotropic shift of 42.6 ppm, which is 0.7  hydrogen bonds would re-form. Thus, interconversion between
ppm upfield from the random coil vald&,we estimate its the two conformations would facilitate the elastic response of
¢-angle to be about-135°.2% the protein. On the basis of our structure model (Figure 12),
The presence of conformational distribution has been reportedthe length of each VPGVG unit, measured between V1 nitrogen
before in natural elastin as well as elastin-mimetic proteins. For and G5 carbonyl carbon, is7 and~9 A in the two compact
example, infrared spectroscopy and circular dichroism experi- structures but increases tol5 A in the distorteds-strand
ments on human and bovine elastins foune-85% of 5-strand structure. A similar conformational redistribution was also
structure, 55-45% of turn or coil structures, and a low level of proposed foBombyx morisilk fibroins, where the fraction of
a-helix (~10%)85*Molecular dynamics simulation of hydrated the-turn structure decreases upon stretching while that of the
(VPGVG)s found~35% of type II5-turn conformation below  S-sheet conformation increases with the stretching f&tur
the inverse temperature transitiehriTamburro and co-workers  proposed increase of tifestrand conformation in the stretched
concluded that a mixture of folded and extended structures state of elastin implies that water is the key contributor to the
interchange within themselvéd® Recently, Asakura and co-  elastomeric force. Since the distorfgdtrand conformation has
workers measured torsion angles of residues V1, V4, and G5no backbone intramolecular hydrogen bonds, stretching should
in (VPGVG) by 2D exchange NMR under off-magic angle increasethe conformational entropy of the polypeptide chain
spinning®® They found that none of the spectra could be fit rather than decreasing it. Thus, the entropic elasticity would
using a single conformation. A more detailed analysis on G5 come from waterprotein interactions. Indeed, molecular
indicated conformational distribution that is qualitatively con- dynamics simulations on the pulling and releasing cycle of
sistent with our present study. Qualitative indication of elastin hydrated (VPGVGj indicate that there are more backboge (
conformational heterogeneity was also observed from our ) angle fluctuations in the extended state of the protein than
previous!®C line width analysis of poly(Lys-25Y1° The Cx in the relaxed stabé and that water of hydrophobic hydration
intrinsic line widths were measured as95 Hz, while the provides the main source of entropic elasticity.
apparent line widths were much larger at 3@0 Hz. In light Conclusion
of all this evidence, thg-spiral model of Urry represents only
a subset of VPGVG-based elastic proteins. The Urry model
misses the more populated distorfedtrand structure, which
is likely a consequence of the use of a cyclic peptide in the

model building and crystal structure determinatigh.The shifts. Using site-specific labeled peptides, we determined two

e e aey ditances actos he PG reiduesand mestred moto e
P d f¢’ ) torsion angles. The V6V9 CO—HN and CO-N

and torsion angle measurements in structural studies. Chemicaly . - "0 dicoie the coexistence of two types of conforma-

shifts alone do not have sufficiently high resolution to detect . . .
. . : - tions: one-third of the molecules adopt a compact structure with
such structural heterogeneity. Our previous chemical shift . .
- . ! C > ashort C-H distance of 3.3t 0.2 A and a short EN distance
analysis of elastin established one sufficient structural condition, . .
which is the type I3-turn, and ruled out the idegstrands as of 4.3+ 0.2 A, while two-thirds of the molecules have long
ossible conf)gr)mations f'or elastihBut it did not predict the C—H and G-N distances of about 7 A. The compact structure
P P is confirmed by a TEDOR-filtered €H distance experiment
distorteds-strand structure. - . .
and by dilution experiments that remove intermolecular cou-

V;ge\/gpeh!ﬂ :Eg‘egrljdetiis:g:effzggpschr\]/fgrrlnlg ior;s tpclices plings. The extended structure is confirmed by directly measured
( Js hav ! -Iike pept Pro and Glyy torsion angles, which are on average 15the

using X-ray crystallography and solution NMR. For example, structure distribution of PG residues is consistent with the G8

the crystal structure of Boc-VPGVG indicates fasheet Co. CSA. For the other three residues of the repeat unit, the

conformatior?” while solution NMR detected -turn structure dominant 6, y) angles correspond to the antiparafiebtrand
for Boc-VPGVG-OMe?® Boc-VPGV was found to form two conformatioln g P P

kinds of type Il 5-turn at the PG corner, with ©H distances . -
Conformational search of the Pro-Gly pair indicates that the
9
of 2.13 and 2.18 &? These suggest that the VPGVG repeat compact structure is either a type SHurn or a previously

sequence, notwithstanding vgna’uons n terminal prqtectlng unclassified turn structure. The former has P7 torsion angles of
groups and sample preparation conditions, has an mherent(_700 120+ 20°) and G8 torsion angles of (88 207, —20 +
preference for g-sheet-like structure and @turn-like con- ! ’

20°). The latter is characterized by P7 torsion angles-6f@,

We have determined the conformation of the central penta-
meric unit of the elastin-mimetic peptide (VPG\K&ising solid-
state NMR. The peptide closely resembles the structure of
(VPGVG):-based elastin according #C and >N chemical

formation. 20+ 20°) and Gly torsion angles of{100+ 20°, —20 + 20°).
(54) Debelle, L.; Alix, A. J.Biochimie1999 81, 981994, The extended conformation is characterized by P7C¢, 160
55) Li, B.; Alonso, D. O. V.; Daggett, VJ. Mol. Biol. 2001, 305, 581—592. o o ;
Eseg Asakura, T.; Ashida, J.: Ohgg, Rolym. J.2003 35, 293. + 5°) and G8 (90 + 20°, £158+ 5°) and can be described
(57) Ayato, H.; Tanaka, I.; Ashida, T. Am. Chem. Sod.981, 103 5902~ as a dlstortqu-strand.

5905

The conformation distribution of the PG pair in the VPGVG
. _ sequence may facilitate the extension/release cycle of the protein
(59) Yagi, Y.; Tanaka, |.; Yamane, T.; Ashida, J. Am. Chem. Sod 983

105 1242-1246. (60) Asakura, T.; Yao, JProtein Sci.2002 11, 2706-2713.

(58) Urry,'D. W.; Cunningham, W. D.; Ohnishi, Biochemistryl974 13, 609—
616
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