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ABSTRACT: Spider dragline silk is a semicrystalline protein polymer in which alanine-rich crystalline
regions are connected by soft glycine-rich linkers that, in dry fibers are quiescent but become motionally
active when plasticized by water. Using solid-state NMR to probe molecular motion and orientation of
selectively 13C-labeled glycine residues, we observe a collapse of amino acid chains in hydration-induced
local phase transitions and find that the relative abundance of the static and mobile phases can be
controlled by fiber strain. Our results suggest a molecular mechanism for silk’'s mechanical properties
based on latent entropic springs that are drawn in preformed extended structures, stabilized by interchain

hydrogen bonding, and collapsed by hydration.

1. Introduction

Spider silks are protein fibers whose mechanical
properties range from strong and stiff to soft and elastic!
depending on species, silk gland, and environmental
conditions. Silks have become the subjects of intensive
study,?3 in part due to advances in recombinant DNA
technology,* which promises to allow large-scale produc-
tion of silk-inspired fibers having properties customized
by amino acid sequence®® and spinning conditions.”
Realization of this promise depends on a thorough
understanding of the microscopic structural basis of the
fibers’ macroscopic properties.®

Many polymer fibers, including dragline silks, dem-
onstrate a phenomenon known as supercontraction,®
where an absorbed solvent induces large-scale molecular
motions in a transition from a glassy to a rubbery state,
causing a macroscopic reduction in the length of the
fiber and a concomitant swelling in diameter. Super-
contraction in synthetic polymers is usually observed
only at high temperature or in harsh solvents, whereas
spider silks supercontract in water at room tempera-
ture.®10 It has been suggested that in nature, super-
contraction induced by morning condensation maintains
tension in spider webs.® On the basis of measurements
of diminishing supercontraction stress as a function of
time, this suggestion was later challenged!! but is
supported by more recent measurements.?

Because of its sensitivity to dynamics, solid-state
NMR has been used to probe supercontracted silk.13-15
Other NMR experiments have probed local structure!®17
and bulk orientation'”18 in dry silk. However, due to
the challenges of uniformly varying strain in large
oriented fiber bundles, molecular orientation and dy-
namics in partially supercontracted samples have not
previously been studied.

We employ a two-dimensional (2D) solid-state NMR
technique known as DECODER (direction exchange
with correlation for orientation distribution evaluation
and reconstruction)!® that, for oriented samples, facili-
tates a full reconstruction of the orientation distribution
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of static molecular subunits within a polymer by cor-
relating the chemical shift frequencies of nuclear spins
at two macroscopic sample orientations. Our sample
geometry, fibers wrapped around a collapsible plastic
support whose axis lies parallel to the NMR coil axis,
complicates the orientation distribution reconstruction
but allows control of the sample strain and environ-
mental conditions.®

In addition to orientation, the DECODER experiment
is sensitive to molecular motions on a number of time
scales (see Figure 1). Motions with correlation times,
7., less than 1/(10 Hz) cause a loss of correlation during
the mixing time of the experiment (100 ms) and result
in a 2D spectrum that is simply the product of the one-
dimensional spectrum with itself. Motions faster than
~20 kHz average the 13C chemical shift anisotropy, re-
ducing the wide-line spectrum into a sharp peak at the
isotropic chemical shift, and also average the *H—13C
dipolar couplings resulting, for cross-polarization ex-
periments like ours, in a loss of signal intensity. Still
faster motions manifest themselves in enhanced spin
relaxation, to which this experiment is relatively insen-
sitive because the mixing and evolution times are much
shorter than the fastest T; in any of our silk samples.

In this work, we restrain silk fiber bundles before
hydration, allowing them to supercontract to varying
predetermined lengths, and measure protein backbone
orientation and dynamics as a function of degree of
supercontraction. In such a way, we obtain snapshots
of silk in the process of supercontraction.

2. Experimental Section

Silk Samples. The NMR experiments were carried out on
1-13C-glycine-labeled silk samples under three different condi-
tions of restraint: the first was used as collected and was
under considerable draw tension, estimated at 50% of the
fibers’ breaking strength, corresponding to a strain of about
10%. The second sample was allowed to contract 10% in length,
largely relieving the draw tension. Finally, the first sample
was cut off the collection spool and rolled into an isotropic
bundle and so was not restrained.

Dragline silk from adult female Nephila clavipes spiders fed
a 1-13C-glycine-enriched diet was spooled at 2 cm/s onto poly-
(tetrafluoroethylene) (PTFE) rods that had been hollowed, slit
on one side, and expanded with poly(chlorotrifluoroethylene)
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Figure 1. Molecular motions on multiple time scales can
be differentiated based on spectral characteristics in the
DECODER experiment. Simulated powder spectra are shown
in the different motional regimes.

(PCTFE) cylindrical inserts that could be later removed to
relax the drawing tension.’®* NMR spectra of restrained
samples were obtained with the silk on the collecting rod and
hydration was achieved by placing a water-filled NMR tube
over the end of the sample and sealing with PTFE tape.
Unrestrained spectra were collected from silk that had been
removed from the rod and packed unoriented inside a hollowed
PCTFE cylinder. Hydration was achieved by filling the sample
holder with water before sealing.

NMR Spectroscopy. **C DECODER NMR spectra were
collected at 91.480 MHz on a home-built NMR spectrometer?
with a home-built doubly tuned wide-line probe equipped to
rotate the sample about the solenoidal rf coil axis via a
spectrometer-controlled stepper motor. Spectra were collected
with 5 us 90° carbon pulses, a cross-polarization contact time
of 1.5 ms, CW proton decoupling at 50 kHz during both
evolution periods, and a 90° rotation of the sample about the
rf coil axis during the 0.1 s mixing time. Spectra were zero-
filled to achieve the same spectral resolution in both dimen-
sions and apodized with a 50 Hz full width at half-maximum
(fwhm) exponential before Fourier transformation.

Spectral Reconstruction. The unrestrained carbonyl
spectra were decomposed into contributions from static (1/z¢
< 10 Hz) and mobile (1/t. > 10 kHz) components by fitting a
linear superposition of a simulated carbonyl powder spectrum
with chemical shift tensor values of [242, 178, 96] ppm,*” and
a sharp (1.9 kHz fwhm) peak at the isotropic chemical shift
(172 ppm). The restrained spectra were reconstructed by a
linear superposition of subspectra simulated for a discrete set
of molecular orientations of the CSA tensor in the silk fiber
using the PORT Mathematical Subroutine Library's (AT&T
Bell Labs, Murray Hill, NJ) adaptive nonlinear least-squares
fitting algorithm.?* A two-component model, details of which
are described elsewhere,® was used to decompose the broad
carbonyl spectrum into contributions from a well aligned and
poorly aligned component in addition to a mobile component
identical to that used above.

Mass Spectroscopy. Electrospray mass spectroscopy was
performed on a portion of the sample that had been hydrolyzed
in HCI for 24 h at 100°. The isotopic analysis indicated that
approximately 84% of the signal intensity of the dry sample
arises from glycines, with the remainder coming largely from
alanines. Thus, no background subtraction was deemed neces-
sary.
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Figure 2. Carbonyl region of 13C DECODER spectra of 1-13C
glycine labeled dragline silk. The sample in parts A and C was
restrained with drawing tension, unrestrained in parts E and
G. Parts B, D, F, and G are simulations described in the text.

3. Results

The 13C DECODER NMR spectra of the silk as-drawn
and unrestrained are shown in Figure 2, parts A and
E, respectively. The dramatic difference between the as-
drawn spectrum and the isotropic powder pattern of the
unrestrained spectrum reflects the high degree of ori-
entational order in the silk fibers. The fit shown for the
as-drawn spectrum (Figure 2B) is based upon a model8
incorporating two static components, each of which has
an orientation distribution described by a Gaussian
centered along the fiber axis.

The fit reveals that one component is well aligned,
the other poorly aligned, their distributions having
respective fwhm of about 20 and 70° with respect to the
fiber axis. The unrestrained spectrum is fit (Figure 2F)
solely to an isotropic static powder pattern. It is clear
from these spectra, along with one-dimensional 13C
NMR spectra acquired without cross-polarization that
there is little molecular motion at time scales faster
than ~10 Hz.

Spectra for these same samples when hydrated are
shown in Figure 2, parts C and G. Upon hydration, a
sharp peak appears at the isotropic chemical shift
frequency, and the overall spectral intensity decreases.
These changes are indicative of large amplitude molec-
ular reorientations on time scales faster than ~20 kHz
occurring within some regions of the silk, as the chemi-
cal shift anisotropy is well averaged in the sharp
peak, and the loss of signal intensity reflects inefficient
cross-polarization of the mobile component. In addition
to the contribution from the static components, the best
fits in Figure 2, parts D and H, include a sharp peak at
the isotropic chemical shift to reflect this mobile com-
ponent.

The DECODER data in Figure 2 completely lack the
spectral characteristics of slow motions on the time scale
of 10—10% Hz (see Figure 1). This is especially dramatic
in the hydrated samples which exhibit both static (1/z;
< 10 Hz) and fast moving (1/z; > 10* Hz) components
but lack an intermediate dynamical regime. The absence
of slow motions is also evident from the lack of off-
diagonal intensity in a DECODER experiment per-
formed without sample rotation. This is strong evidence
that supercontraction is the result of a hydration-
induced phase transition between glassy and rubbery
states mediated by the disruption of interchain hydro-
gen bonds by waters of hydration.

The relative abundance of the static and fast compo-
nents, as determined by the intensities of the multi-
component fits to the data, are summarized in Figure
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Figure 3. Dependence of orientation, dynamics, and mechan-
ical properties on hydration and strain. (A) Integrated in-
tensity of NMR signals of dry and wet silk fibers under
varying strain. The shading of the unrestrained sample re-
flects the fact that no information on the relative abundance
of well and poorly aligned components is obtained. These data
suggest a reinterpretation of recently measured stress—strain
curves, shown schematically in part B, based on refs 6, 22,
and 23 (see text). The dotted curves represent fibers treated
by allowing them to partially or fully supercontract before
drying.

3A and show a marked increase in the fraction of the
sample that becomes mobile as the fiber strain de-
creases. The degree of orientational order in hydrated
silk observed here is in qualitative agreement with
X-ray diffraction®* and birefringence® measurements
made as a function of strain.

The results of the two-component fits to the re-
strained samples’ spectra indicate that the glycines
that become mobile are almost exclusively those that
were poorly aligned before hydration. Upon hydration,
the remainder of the poorly aligned static fraction is fit
by a Gaussian so broad as to be completely isotropic,
while the well aligned component retains a fwhm of
about 20°. The apparent increase in the population of
the well aligned component of the as-drawn sample,
from 45 to 51%, upon hydration likely reflects residual
alignment of the poorly aligned component, which is
now split among the isotropic and well aligned compo-
nents.

On the basis of the spidroin-1 amino acid sequence,!®
roughly 37% of glycines reside inside or within a few
amino acids of the alanine-rich crystalline regions,'* and
are known from previous solid-state NMR#26 and X-ray
diffraction measurements?* to remain immobilized upon
hydration. The remaining glycines are distributed
throughout the intercrystal linkers. The 44% of glycines
that we find remain static in the fully supercontracted
sample corresponds well with the fraction expected to
reside inside or immediately adjacent to the crystalline
regions, in agreement with the fraction found by Yang
et al.’* based on the analysis of one-dimensional NMR
spectra of fully supercontracted 1-13C-glycine-labeled
silk.

On the basis of these orientational and dynamic data,
we make a connection between the linker regions, which
become mobile during supercontraction, with the poorly
aligned component, and the crystalline regions, which
are unaffected by hydration, with the well aligned
component. These are not rigorous assignments of the
fit components, because as mentioned above, there is
likely some (strain dependent) contribution from each
of the structural regions to each of the fit components,
due to the limitations of the two component model in
describing the true orientation distribution.
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Figure 4. Cartoon depicting the proposed mechanism of fiber
supercontraction. (A) Static linkers (green extended chains)
in as-drawn dragline silk connect crystalline regions (gold
pleated blocks) and are stabilized by interchain hydrogen
bonds (red dotted lines). (B) As the hydrated fiber is allowed
to contract, an abrupt transition to a highly mobile phase (blue
blurred chains) occurs in some regions, increasing local strain
and enforcing quiescence in neighboring regions. (C) For a fiber
allowed to fully supercontract, more regions become mobile.
An actual fiber has a diameter several hundred times that of
the region depicted here.

4. Discussion

Our results illuminate the molecular origin of a large
body of mechanical and structural measurements (eg.
refs 2 and 3 and references therein) for which we
propose a model mechanism based on the existence of
preformed extended structures in the linker regions of
as-drawn silk. The interchain hydrogen bonds stabiliz-
ing these structures are broken by fiber stress and
hydration; the former leading to elastic and then plastic
fiber deformation and the latter leading to local phase
transitions to a rubbery state in the process of super-
contraction. We outline this model in detail below.

In dry, as-drawn dragline, the linker regions largely
assume highly extended conformations®® (Figure 4A).
The amino acid sequence and fiber spinning process
encourage the formation of some local structure, pos-
sibly extended polyglycine Il helices, 617 as well as
compact turns.'*27 On hydration, hydrogen bonds sta-
bilizing these structures are broken and the chains
collapse into mobile entropic springs, with the fraction
of the linker regions able to participate governed by the
restrained length of the fiber (Figure 4, parts B and C).
On the basis of our results above, the separation
between mobile and static components is a sharp one,
and is understood in terms of local phase transitions.
Existing heterogeneity provides nucleation sites so that
regions with low enough local stress cooperatively
hydrate and collapse, increasing the stress on neighbor-
ing regions, reinforcing their quiescence, as depicted in
Figure 4B. The collapse results in a broadening of the
orientation distribution of the uncollapsed linkers as the
fiber shrinks.

Straining the supercontracted dragline results in a
very low initial modulus, as the soft entropic springs
extend (region i in Figure 3B). On reaching the exten-
sion limits of the springs, chain reorientation and
rearrangement dominate the response and the modulus
increases.

If allowed to dry while contracted, the entropic spring
regions lose their mobility as waters of hydration are
replaced with intra- and interchain hydrogen bonds,
forming “latent entropic springs”, static structures that
may regain some local structure,'® but remain compact.
When these fibers are strained, the initial modulus is
similar to that of as-drawn dragline (ii of Figure 3B),
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which is well accounted for by detailed numerical
models?® that include the rigid crystalline regions in
addition to the soft linkers and allow processes such as
chain slippage and breakage. As the stress becomes
great enough to break hydrogen bonds, there is a
pronounced plateau in the stress—strain curve (iii of
Figure 3B) as the latent springs elongate.

In the as-drawn dragline, a small, spinning condition
dependent fraction of the linker regions exist as latent
entropic springs, accounting for the plateau observed
in stress—strain curves (iv in Figure 3B). The hysteresis
observed in dry fibers?® is due to the fact that once
stretched out, the latent entropic springs contract much
more reluctantly than when hydrated, but remain
entropically driven. In the absence of water, the con-
traction is unlikely to complete, as hydrogen bonds,
some transient, may reform to stabilize intermediate
configurations. Differences between successive load—
unload cycles may also be due to the rupturing of the
initial extended structures found in as-drawn fibers.

Our proposed model succeeds in explaining the me-
chanical properties of dragline silk including recent
tensile measurements on silk fibers having undergone
controlled supercontraction during which the length of
a fiber is fixed while it is wetted and subsequently
dried?? (dotted lines in Figure 3B). Such post-draw fiber
processing holds the promise of tailored fiber stiffness.
Our model also explains the X-ray diffraction results of
Grubb and Jelinski,?* who differentiated between crys-
talline, aligned amorphous, and isotropic components
in supercontracted fibers.

Such a picture of supercontraction is consistent with
previous measurements® including NMR experiments
probing chain dynamics of various amino acids in
supercontracted silk.14 Our experiments complete this
picture by elucidating the role of fiber strain in the
process of supercontraction. The major new feature in
our interpretation is the incorporation of abrupt strain-
dependent transitions between static and mobile phases
arising from cooperative reinforcement in local structure
by inter- and intrachain hydrogen bonding.

In contrast to as spun dragline silk, viscid silk, found
in the capture spiral of the spider web, functions in a
microscopically hydrated environment?® and has me-
chanical properties similar to supercontracted dragline,
suggesting that similar mechanisms are active in these
silks. The abundance of proline in the linker regions of
viscid silk3® prevents the formation of stable extended
chain structures, which, in addition to a hygroscopic
glycoprotein coating,?® allows viscid silk to maintain its
entropic spring character in lower humidity. It has
recently been suggested3! that highly pitched coils act
as “nanosprings” in viscid silk. We see no evidence in
our data of the existence of such nanosprings in dra-
gline. Instead, our results suggest that latent and mobile
entropic springs are responsible for the elastic character
of silks.
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