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ABSTRACT Proresilin is the precursor protein for resilin, an extremely elastic, hydrated, cross-linked insoluble protein found in
insects. We investigated the secondary-structure distribution in solution of a synthetic proresilin (AN16), based on 16 units of the
consensus proresilin repeat from Anopheles gambiae. Raman spectroscopy was used to verify that the secondary-structure
distributions in cross-linked AN16 resilin and in AN16 proresilin are similar, and hence that solution techniques (such as NMR and
circular dichroism)may be used to gain information about the structure of the cross-linked solid. The synthetic proresilin AN16 is an
intrinsically unstructured protein, displaying under native conditions many of the characteristics normally observed in denatured
proteins. There are no apparent a-helical or b-sheet features in the NMR spectra, and the majority of backbone protons and
carbons exhibit chemical shifts characteristic of random-coil configurations. Relatively few peaks are observed in the nuclear
Overhauser effect spectra, indicating that overall the protein is dynamic and unstructured. The radius of gyration of AN16
corresponds to the value expected for a denatured protein of similar chain length. This high degree of disorder is also consistent
with observed circular dichroism and Raman spectra. The temperature dependences of the NH proton chemical shifts were also
measured.Most valueswere indicative of protons exposed towater, although smaller dependenceswere observed for glycine and
alanine within the Tyr-Gly-Ala-Pro sequence conserved in all resilins found to date, which is the site of dityrosine cross-link
formation. This result implies that these residues are involved in hydrogen bonds, possibly to enable efficient self-association and
subsequent cross-linking. Theb-spiralmodel for elastic proteins, where the protein is itself shaped like a spring, is not supported by
the results for AN16. Both the random-network elastomer model and the sliding b-turn model are consistent with the data. The
results indicate a flat energy landscape for AN16, with very little energy required to switch between conformations. This ease of
switching is likely to lead to the extremely low energy loss on deformation of resilin.

INTRODUCTION

The extreme elasticity of resilin was identified in pioneering

studies on the flightmechanisms of insects byWeis-Fogh (1–3),

and this early work is reviewed elsewhere (4). These physical

properties were attributed to its ‘‘highly amorphous’’ nature

(5). Resilin was subsequently shown to be involved in

jumping mechanisms (6,7), in lens cuticles (8), in walking

mechanisms (9), in sound production in cicadas (10), and in

the expanding exoskeleton of ticks (11).

Recently, Ardell and Andersen (12) identified a putative re-

silin gene (CG15920) within Drosophila melanogaster. Elvin
et al. then cloned and expressed the first exon of this gene, to

produce a soluble protein, which was cross-linked to form an

extremely resilient rubbery hydrogel, rec-1 resilin (13). They

also showed that the CG15920 gene was only expressed

during pupal stages, and hence the resilin synthesized at the

pupal stage must survive with its extreme elasticity for the

lifetime of the adult insect.

We subsequently identified by amino-acid sequence ho-

mology another resilin gene within Anopheles gambiae (Af-
rican malaria mosquito). A synthetic construct based on the

consensus repeat unit coded for by this gene was developed,

and the resulting protein (AN16) was expressed and purified

(14). The protein AN16 can also be cross-linked, to give a

hydrogel with mechanical properties similar to those of rec-1

resilin. A distinct advantage of AN16 over rec-1 resilin is that

the expression yields are greater.

Here we evaluate the structure, and in particular the sec-

ondary-structure distribution, within AN16. We discuss our

results in relation to the possible structure of natural resilins

and also elastin.

Elastin is an important mammalian protein that is similar in

many ways to resilin, with at least one significant difference.

The similarities include a high resilience that only occurs

when the protein is hydrated; cross-linking of a soluble pre-

cursor to produce a protein rubber; the repetitive nature of the

amino-acid sequences within the proteins; and a high content

of glycine and proline. The most obvious difference is in the

hydrophobicity of the major repeat units. For example, the

major repeat unit of the elastic domain in bovine elastin is

(VPGVG), which leads to a very hydrophobic protein over-

all. In contrast, the repeat unit in AN16, (AQTPSSQYGAP),

contains many hydrophilic residues. This implies that the

interactions between water and protein in these two systems

are likely to be different. This is illustrated by the inverse

temperature transition of elastin and elastin-like systems,

where the protein coacervates as the temperature is increased.
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Resilin does not show this behavior. Nonetheless, under-

standing the structure of resilins may also shed light on the

controversial topic of the structure of elastins. Hence the liter-

ature on elastin structure, and in particular the various models

proposed to account for elasticity, is briefly outlined below.

In a recent review, Mithieux and Weiss commented, ‘‘No

consensus has been reached on the overall structure of elas-

tin’’ (15). Without a clear structure for elastin, it is inevitable

that the mechanism for elasticity would also be controversial.

Some studies found evidence for a wide range of conforma-

tions, with generally a low a-helix content (16,17), whereas

others, and in particular Venkatachalam and Urry (18), pro-

posed a b-spiral, i.e., a regular series of type II b-turns. Still
other studies (19) (20) found specific structural distributions,

or evidence for a significant fraction of polyproline II helix

within the secondary structure (21). The elastin systems

evaluated have included tissue (22), tropoelastins (before

cross-linking) (20), model polypeptides based on typical re-

peat units (23), small synthetic peptides in solutions (24), and

small, freeze-dried peptides (19).

The b-spiral model was originally developed from the

crystal structure of a cyclic model peptide, cyclo(VPGVG)3
(18). The solution NMR spectra of this cyclic peptide re-

sembled the spectra of the linear polypentapeptide based on

the VPGVG repeat unit of the hydrophobic domain of bovine

elastin, (VPGVG)n (25). Features consistent with b-spirals
were observed in atomic force microscopy studies of the

high-molecular-weight subunit of gluten (25,26). The elas-

ticity mechanism associated with this proposed structure is

essentially that, in the unstretched state, regions of the chain

are relatively free to swing from side-to-side (‘‘librate’’),

whereas when stretched, these librations are restricted, re-

ducing the entropy of the system (27). Elastic recoil is as-

sociated with the restoration of entropy.

Rubber-like elasticity was also proposed for elastic proteins

(28,29). This mechanism requires that the polymer chains in

the relaxed state can sample a wide range of conformations

(i.e., that the polymer system is highly disordered), and that the

change in internal energy associated with changing the length

of the sample is small. When the rubber is deformed, the range

of conformations available to the chains is reduced. Again, as

with the b-spiral model, elastic recoil is associated with the

restoration of entropy. A number of studies found little evi-

dence for structure in solid elastin (29), in elastin domains in

solution (30), and in model polypeptides (23).

Some studies found a particular conformational distribu-

tion, rather than a single spiral structure, or complete disor-

der. For example, Toonkool et al. (20) used sedimentation

velocity measurements on human tropoelastin solutions to

find a compact and an extended shape of the tropoelastin.

Yao and Hong (19) evaluated the small peptide (VPGVG)3
using solid-state NMR, and found two distinct shapes for

the central Pro-Gly residues within the repeat: one compact,

and the other more extended. Neither of these shapes was

consistent with a b-spiral. This peptide displays the same

NMR chemical shifts as large polypeptides based on the

VPGVG unit (31), and hence provides a reasonable model for

the polypeptide structure.

Tamburro et al. (21) embarked on an ‘‘exon-by-exon dis-

section’’ of human tropoelastin. In the course of this process,

they evaluated the structure in solution of a broad range of

peptides coded for by the human tropoelastin gene (24,32–35).

In many of these peptides, they found evidence for polyproline

II conformations in equilibriumwith a disordered state (21,36,37).

Inmore hydrophobic environments, variousb-turns also occur.
These conformations have fluctuated, again supporting the idea

that polymer chains in elastin sample a broad range of con-

formations, and rapidly change between extended and compact

states. The b-turns were proposed to be labile, and able to slide
along the chain (38). These ‘‘sliding b-turns’’ increase the

entropy of the chain. Deforming the protein is proposed to

restrict the sliding and hence reduce the entropy; restoration of

this entropy is again associated with elastic recoil.

An alternative mechanism for elasticity in elastin is that of

hydrophobic hydration (39–41). This mechanism suggests

that deforming the protein brings hydrophobic side chains

into contact with water, and that removal of this unfavorable

interaction is the driving force for elastic recoil. If this

mechanism were dominant, it might be expected that resilin,

which has substantially fewer hydrophobic side chains than

elastin, would be less elastic than elastin. This is not the case

(13), and hence this mechanism is unlikely to apply to both

resilin and elastin.

Hence a significant difference between the proposedmodels

for elastin is the presence or absence of regular structural

motifs within the protein. In particular, stable b-turns, which
can be characterized via NMR through the close approach of

the a-carbons at residues i and i 1 3 of the turn, are required

for the b-spiral model. The presence of more labile b-turns
may support the sliding b-turn model. A high degree of dis-

order supports models based on rubber-like elasticity, but does

not exclude the sliding b-turn model or those models where an

ordered state rapidly exchanges with a disordered one.

We used a range of experimental techniques to evaluate the

structure of a synthetic resilin, AN16, both as a cross-linked

hydrated gel and as an uncross-linked proresilin in solution.

The cross-linked gel and the uncross-linked proresilin at both

high (200 mg/mL) and moderate (30 mg/mL) concentrations

had similar Raman spectra, and hence similar secondary-

structure distributions. Because it is more straightforward to

evaluate the protein in solution than as a cross-linked gel, we

focused on the secondary structure of the proresilin before

cross-linking.

MATERIALS AND METHODS

Protein preparation

An A. gambiae homologue (GenBank accession number BX619161) of the

D. melanogaster resilin gene was identified by protein query versus trans-
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lated database (tblastn) analysis of expressed sequence tags databases (42).

Alignment of the predicted amino-acid sequence within the repetitive do-

main of the A. gambiae cDNA resulted in an 11-residue consensus sequence,

AQTPSSQYGAP. This consensus motif was based on the most common

amino acid at each position, relative to the fully conserved YGAP motif.

The construct design was developed by modification of a method for

generating periodic polypeptides of a gliadin repeat motif (43). The prepa-

ration and characterization of the initial primer modules, their combination

by repetitive doubling to produce a 16-copy construct, and the procedures for

expression of the corresponding protein in Escherichia coli and for subse-

quent cell disruption were described previously (14). The final designed

protein sequence is MHHHHHHP(GAPAQTPSSQY)16V, with a molecular

mass of 18,578 Da, and 185 residues in total.

After protein expression and cell disruption, the soluble protein fraction

was recovered in supernatant, and the recombinant proresilin was purified as

previously described (14). Briefly, recombinant protein was partially purified

from the clarified soluble fraction by precipitation in 20% ammonium sulfate,

and the precipitated pellets were resuspended in sterile phosphate-buffered

saline (PBS, pH 7) and dialyzed overnight at 4�C in excess PBS to remove

ammonium sulfate. This protein was then heated with stirring for 15 min at

80�C, and denatured proteins were removed by centrifugation. The super-

natant was then stored at �80�C. Purity and recovery rates were assessed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis. Poly-

acrylamide gels were fixed and stained with either Coomassie brilliant blue

R-250 or silver nitrate (44).

Raman spectra

An inVia confocal microscope system (Renishaw, Gloucestershire, UK) was

used, with 830 nm excitation from a diode laser through a 503 long working

distance objective (numerical aperture, 0.55), at an incident power of either

150 or 300 mW. Coaxial backscattering geometry was used. Spectra were

collected from 500–2500 cm�1, averaged over at least 200 scans. Raman

shifts were calibrated using a silicon wafer (peak at 520 cm�1). The spectral

resolution was ;1 cm�1.

NMR measurements

A saturated solution of AN16 in a buffer consisting of 37 mM phosphate

(Sigma Aldrich, Sydney, Australia) in 9:1 H2O/D2O, with 50 mM sodium

chloride was used. Spectra were recorded at 5–35�C on a DRX500 spec-

trometer (Bruker, Rheinstetten, Germany), operating at 500.13 MHz (1H)

and 125.6 MHz (13C), with a 5-mm inverse 1H-13C-15N triple-resonance

probe. Temperature calibration of the probe was achieved by comparison

with ethylene glycol chemical shifts. All 1H and 13C chemical shifts (ppm)

were referenced externally to the methyl resonance of sodium 3-(trime-

thylsilyl)-2,2,3,3-tetradeuteropropionate (TSP, d 0.00 ppm).

The homonuclear two-dimensional experiments were recorded in phase-

sensitive mode, using time-proportional phase increments for quadrature

detection (TPPI) in the t1 dimension, and included total correlation spectroscopy

(TOCSY) using a MLEV-17 spin-lock sequence with a mixing time of 120

ms, and nuclear Overhauser effect (NOE) spectroscopy with a mixing time of

400 ms and double-quantum filtered correlation spectroscopy (DQF-COSY).

Solvent suppression for NOESY, TOCSY, and DQF-COSY experiments

used presaturation during the relaxation delay of 2 s. Spectra were acquired

over 6510 Hz, with 4096 complex data points in the F2 and 512 increments in

the F1 dimensions, with 8 scans per increment for TOCSY, 32 for NOE

spectroscopy, and 16 scans for DQF-COSY. Spectra were processed using

TopSpin version 1.3 software (Bruker, Rheinstetten, Germany). The t1 dimen-

sion was zero-filled to 2048 real data points, and p/4 (TOCSY) or p/2 NOE

spectroscopy phase-shifted sine-squared-bell window functions were applied

before Fourier transformation. Spectra were analyzed using SPARKY ver-

sion 3.111 (Goddard and Kneller, University of California, San Francisco,

CA). The DQF-COSY t1 dimension was zero-filled to 16,384 real data

points, and an unshifted sine-bell window function was applied before

Fourier transformation. Vicinal HN-Ha coupling constants were extracted

from rows of the DQF-COSY, processed as one-dimensional spectra with a

digital resolution of 0.4 Hz/pt.

The heteronuclear single-quantum correlation two-dimensional experi-

ment was recorded in phase-sensitive mode, using echo/antiecho–TPPI for

quadrature detection in the t1 dimension, with multiplicity editing during the

selection step and shaped pulses for improvement of sensitivity (45–47). The
13C chemical shifts were assigned from known 1H chemical shifts.

Small-angle x-ray scattering

Small-angle x-ray scattering (SAXS) data were collected on the SAXS in-

strument located at sector 15 of ChemMatCARS, at the Advanced Photon

Source (Chicago, IL). Details of SAXS measurements and data analysis may

be found in the Supplementary Material, Data S1.

RESULTS AND DISCUSSION

Raman spectroscopy

The Raman spectra of the cross-linked gel, the concentrated

protein before cross-linking, and a more dilute solution are

shown in Fig. 1. An expansion of the amide I region (which

is characteristic of the secondary structure) is also presented

in Fig. 1. The protein AN16 contains a high concentration

of tyrosine residues, which contribute to high background

FIGURE 1 (Top) Raman spectra for AN16: cross-linked gel, concentrated

solution before cross-linking, and more dilute solution. (Bottom) Expansion

of amide I region.
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fluorescence for the protein, resulting in the severely sloping

baseline shown in Fig. 1. A band attributable to aromatic side

chains (in this case, tyrosine) occurs near the low-frequency

edge of the amide I band (around 1615 cm�1), but is not

related to the secondary structure of the protein. The broad

nature of the amide I bands (centered around 1670 cm�1)

indicates a wide range of heterogeneous conformations, and

peak deconvolution (not shown) suggests potential contri-

butions from all known secondary structures. All three

spectra are similar, implying that the secondary-structure

distribution is not greatly affected by protein concentration or

by cross-linking. The cross-linked gel has a slightly broader

amide I band than the solutions, and hence is likely to adopt

an even wider secondary-structure distribution.

NMR spectroscopy

The 1H-1H NOESY and 1H-13C heteronuclear single-quan-

tum correlation spectra of AN16 were assigned from Ala-1 to

Pro-11 of the repeat unit (AQTPSSQYGAP). Only one set of

resonances was observed (i.e., the data show resonances for

Ala-1, rather than 16 different resonances for Ala-1 in each of

the repeats of AN16). This could be indicative of either a

highly regular structure, with each repeat the same, or a

highly mobile structure, where the differences between re-

peats are averaged out during the course of NMR measure-

ment. Only two tyrosine aromatic proton resonances were

observed (a doublet for d protons at 7.11 ppm, and a doublet

for e protons at 6.81 ppm), which indicates that the rings in

Tyr-8 are able to flip freely, implying a significant degree of

mobility within the protein.

The chemical shifts for Ha and Ca are plotted as a function

of amino-acid sequence in Fig. 2, a and b. Also shown are the
ranges of chemical shifts reported by Zhang et al. (48) for

various protein secondary structures. These reference ranges

involve the entire range of chemical-shift values observed for

a particular residue in a particular secondary-structure envi-

ronment within their database. Hence if a measured chemical

shift is outside the reference range for a particular secondary

structure, that residue is unlikely to remain in that confor-

mation for the time required to perform an NMR measure-

ment. The Ca chemical shifts measured for AN16 indicate

minimal a-helix content in the protein. The Ha chemical shifts

do not support significant b-strand content. This implies that

most of the protein is in a random-coil configuration. The

exception is Ala-10, which has Ca and Ha chemical shifts

indicative of a b-strand or more extended state.

Vicinal HN-Ha coupling constants are related to the tor-

sion angle subtended between them via a Karplus-like rela-

tionship (49). The measured vicinal coupling constants (Fig.

2 a) for the AN16 residues (excluding glycine, which was not
reported because the two a protons were not resolved) fall in

the range of 6.5–8.3 Hz, which excludes stable a-helical or
b-sheet structures. These values are consistent with either a

randomly fluctuating structure, or a stable polyproline-II-like

helix. Vicinal coupling constants for a random coil are taken

from Smith et al. (50), and are included for comparison.

The NOESY spectrum showed few medium and long-

range NOEs. After assigning the intraresidue and sequential

peaks, there were 18 other peaks. These are listed in Table 1.

The NOE-distances for these peaks were calibrated using the

geminal protons of Pro-11 Hd, Gln-2 He, Gln-7 He, and Tyr-8
Hb. Many of these restraints involve Ala-10, suggesting

order around that residue. It is difficult to propose a structure

that simultaneously brings Ala-10 b-protons close to Ser-5,

Ser-6, and Gln-7 b-protons and Tyr-8 d-protons and e-pro-
tons. Hence all the restraints do not occur within each 11-

residue repeat unit. Instead, the Ala-10 environment within

the repeat units most likely involves several different con-

formations.

FIGURE 2 The NMR parameters for AN16 at 5�C, plotted versus amino-

acid repeat sequence. (a) Comparison of experimental Ha chemical shifts,

with reference ranges for individual secondary structures from Zhang et al.

(48). (b) Comparison of experimental Ca chemical shifts, with reference

ranges for individual secondary structures from Zhang et al. (48). (c)
Temperature coefficient of HN chemical shift (left axis), and comparison of

experimental 3JHNHa coupling constants with those predicted by Smith

et al. (50) for a random coil (right axis).
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Previously, the intensity of sequential NOE peaks was

used to identify polyproline II (PPII) structure in peptides

based on titin (51). In particular, it was shown that large

values of the peak-intensity ratios aN(i,i 1 1)/NN(i,i 1 1)

and aN(i, i 1 1)/aN(i,i) are characteristic of PPII. This

analysis could not be performed on the current AN16 data,

because the peaks in the NOE spectrum overlapped signifi-

cantly, preventing accurate intensity measurement.

Further evidence for some structure around Ala-10 was

obtained from the temperature dependences of the HN

chemical shift, shown in Fig. 2 c. Hydrogen bonding typi-

cally results in a smaller change in chemical shift with tem-

perature, as was observed for Ala-10, and to a lesser extent

Gly-9. The remaining HN protons exhibit temperature de-

pendences that are characteristic of free, nonhydrogen-

bonded residues.

Mackay et al. reported variations in the HN chemical shift

with temperature for ‘‘D26’’, a peptide comprising a hy-

drophobic domain of human tropoelastin (30). For all re-

solvable HN peaks, DdHN/DT values of �6 to �8 ppb/K

were observed, and interpreted to mean that ‘‘none of the HN

protons are significantly protected from the solvent’’. Only

two extremely weak nonsequential NOEs were found for

D26. In comparison, AN16 exhibits slightly more order, with

some protection of certain protons from water (as demon-

strated by smaller temperature dependences of the HN chem-

ical shift), and also more, quite strong, nonsequential NOEs.

SAXS

The radius of gyration for AN16 in solution was found to be

50 (6 5) Å. The exponent of the power-law region of the plot

was 2, which is expected for a random coil in solution. De-

tails of the analysis and the original data are in Data S1.

This value of Rg is much greater than expected if AN16

were a globular protein. Narang et al. (52) collated Rg values

for globular proteins: a 185-residue globular protein is ex-

pected to have an Rg between 14–22 Å. We also do not see

the oscillations at higher q values that are typical of folded

proteins. Recently, Kohn et al. (53) explored the relationship

between Rg and chain length for a wide range of denatured

proteins. Their equations give an expected 95% confidence

limit Rg range of 33–57 Å for a 185-residue denatured pro-

tein, which corresponds to our measured value for AN16.

Overall picture for AN16

The results from our NMR, Raman, and SAXS measure-

ments indicate a high degree of heterogeneity and dynamic

disorder within AN16. These data are also consistent with

circular dichroism spectra (details in Data S1), which are

mostly random-coil, and structure prediction algorithms,

such as the predictor of natural disordered regions, PONDr

VSL1 (54), that predict the entire protein to be disordered.

The NMR data indicate some degree of organization, par-

ticularly around Gly-9 and Ala-10. This is within the Tyr-

Gly-Ala-Pro sequence conserved in all resilins found to date,

which is the site of dityrosine cross-link formation. Molec-

ular motion in this region may be slower to enable efficient

self-association and subsequent cross-linking.

Relevance of the structure of AN16
to natural resilin

This study demonstrated the unstructured nature of AN16, a

synthetic protein based on the repeat unit of A. gambiae re-
silin, over a range of conditions: dilute and concentrated (200

mg/mL) solutions, and cross-linked gel (200 mg/mL before

cross-linking). The synthetic cross-linked gel is known to

exhibit the same high resilience as natural resilin (14). Thus it

is tempting to translate the unstructured nature of the protein

to natural resilin, and suggest that the elasticity of resilin

arises from disorder within the protein. However, there are a

number of differences between AN16 and natural resilins:

1. AN16 consists almost entirely of perfect repeats. The nat-

ural Anopheles resilin also contains some nonrepetitive

regions, which may affect structure.

2. The concentration of protein in the natural resilin tendons

that have been studied to date (such as the dragonfly (1))

is significantly higher than the concentration in our cross-

linked gel (40–50% protein, compared to 20%).

3. The solutions in which AN16 was analyzed, and the

buffer of the cross-linked gel, are based on human PBS.

This does not represent the conditions beneath insect

cuticle, where the cells that secrete natural proresilin are

located, and where cross-linking occurs. The composition

of this region of the insect is currently unknown.

4. Natural resilins are cross-linked via an enzymatic pro-

cess; the synthetic cross-linked gel was formed by a

TABLE 1 1H-1H NOE restraints for AN16

Residues Distance #2 Å Distance of 2–4 Å

Ala-1 Qb4Thr-3 HN 1
Ala-1 HN4Thr-3 HN 1
Ala-1 Qb4Thr-3 Qg2 1
Thr-3 Hb4Ser-6 HN 1
Thr-3 Qg24Ala-10 Qb 1
Thr-3 HN4Gln-7 Hb3 1
Thr-3 Ha4Gln-7 Hb3 1
Ser-5 HN4Gln-7 Hb3 1
Ser-5 Hb24Ala-10 Qb 1
Ser-6 Hb24Ala-10 Qb 1
Ser-6 Ha4Tyr-8 HN 1
Ser-6 Hb34Ala-10 Qb 1
Gln-7 Hb34Ala-10 Qb 1
Tyr-8 Qd4Ala-10 Qb 1
Tyr-8 Qe4Ala-10 Qb 1
Tyr-8 Qd4Pro-11 Ha 1
Tyr-8 Qe4Pro-11 Ha 1
Tyr-8 Ha4Pro-11 Hd3 1

Q represents a pseudoatom average of multiple hydrogens (in a methyl

group or a CH2, for example). Intraresidue and consecutive correlations

were excluded.
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photocatalytic process. Although both processes take place

via the conversion of tyrosine residues into dityrosine

cross-links, the kinetics of the two processes may be very

different, and hence the final arrangement of cross-links

within the resilins may also differ.

To determine the effects of some of these differences on

the structure of resilin, further measurements were performed

on samples that more closely approximated the conditions

experienced by natural resilin. Either Raman spectroscopy or

NMR spectroscopy was used to evaluate the secondary

structure in each case. These additional samples included:

1. AN16 gels, formed from solutions that were concentrated

(up to 42% protein) before cross-linking. These gels ex-

hibited amide I bands in their Raman spectra (Fig. S4 a in
Data S1) that were essentially identical to those of the

less concentrated gels.

2. AN16 in ‘‘Drosophila pupal saline’’ solution (6.5 g

NaCl, 0.14g KCl, 0.2 g NaHCO3, 0.157 g CaCl2�2H2O,

and 0.01 g NaH2PO4�2H2O per liter of H2O/D2O; per-

sonal communication, David Merritt, University of

Queensland, St. Lucia, Queensland, Australia). This

buffer was chosen because it is likely to approximate

the solution conditions under which the proresilin is

synthesized. However, as mentioned above, it does not

represent the conditions under which cross-linking occurs

in vivo. This solution was analyzed by NMR, and no

changes in proton chemical shifts of more than 0.02 ppm

relative to AN16 in PBS were observed.

3. An uncross-linked sample of AN16, formed by allowing a

solution to dry over calcium chloride. This sample exhibited

an amide I band in itsRaman spectrum (Fig. S4b inDataS1)
slightly broader than those observed in the solutions tested.

4. AN16 solutions (150-mL aliquots of around 20% protein

in PBS), slowly concentrated further by placing varying

amounts (5–80 mg) of polyethylene oxide (MW 600000,

Aldrich Chemical Co., Sydney, Australia) in contact with

the solutions (by a method similar to the osmotic stress

technique described elsewhere (55)). Again, these more

concentrated solutions exhibited amide I bands in their

Raman spectra (Fig. S4 b in Data S1) that were essen-

tially identical to those of the less concentrated solutions.

Hence it was shown that AN16 remains essentially unstruc-

tured over a wide range of protein concentrations and also in

buffer that represents conditions inside insect cells.

In addition, Raman measurements were performed on a

sample of natural resilin, the tendon of a dragonfly, Aeshna
sp. (gift of Dan Dudek, University of British Columbia,

Vancouver, British Columbia, Canada). The actual protein

sequence of Aeshna resilin is probably very different from

that of AN16, because there seems to be a wide variation in

resilin sequences from species to species. These tendons

were highly fluorescent, and hence difficult to analyze by

Raman spectroscopy. The amide I bands obtained (Fig. S4 c

in Data S1), however, were quite different from the synthetic

resilin gels, in that they are narrower, and also appear to have

distinct peaks at 1657 and;1668 cm�1. Although these peaks

may arise from additional proteins present within the tendon,

the relative narrowness of the amide I band implies that this

natural resilin has a narrower distribution of secondary struc-

tures than our synthetic resilins. This relative homogeneity

may arise from the presence of the other nonrepetitive do-

mains in natural resilin, imposing organization on the re-

petitive regions. Because both synthetic and natural resilin

exhibit high resilience, it is unlikely that changes in the amide

I band reflect the structure required for elasticity. Instead, this

ordering might contribute to the stiffness of the protein.

Models of elasticity and AN16

The notion that b-turn configurations are critical for elasticity
was proposed many years ago. The ‘‘b-spiral’’ that was

suggested for the high molecular weight subunit of gluten

(56) and (somewhat controversially) for elastin (27) is an

assembly of repeating b-turns. The data presented here do not
support the presence of static b-turns in AN16 because the

NOEs that would be expected across the turn were not ob-

served and the NH groups of most residues apparently do not

participate in hydrogen bonding. An alternative explanation

for the elasticity of elastin involves the ‘‘sliding b-turn’’ (38),
in which isolated b-turns are able to form and slide along the

chain in response to stress. The data presented here do not

rule out this mechanism for AN16 resilin.

However, the data are also reasonably consistent with a

random-network elastomer model, such as that detailed by

Aaron and Gosline for elastin (29), which requires a high

degree of disorder within the polymer chains. In particular, the

correspondence between the radius of gyration of AN16 and

that expected for a denatured protein of similar size is striking.

CONCLUSIONS

We studied AN16 resilin in solution. Some local order was

found, particularly around the Tyr-Gly-Ala-Pro motif that is

conserved in resilins, and that is the site for the cross-linking

reaction.

No evidence was found for a b-spiral structure in resilin.

The NMR data suggest that the resilin chains are very mobile,

and sample a wide range of conformations. The Raman

spectra for AN16 in solution and for AN16 cross-linked gel

are similar, which implies that a wide range of conformations

is also present within the cross-linked gel, hence supporting

elasticity models (such as the sliding b-turn model and the

random-network elastomer model) that require disorder.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this

article, visit www.biophysj.org.
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