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DNP NMR spectroscopy reveals new structures,
residues and interactions in wild spider silks†
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DNP solid state NMR spectroscopy allows non-targeted analysis of

wild spider silk in unprecedented detail at natural abundance, revealing

hitherto unreported features across several species. A 450-fold signal

enhancement for each silk, enables the detection of novel H-bonding

networks and arginine conformations, and the post-translational

modified amino acid, hydroxyproline.

Biological materials refined by natural selection outperform all
comparable synthetics. Limpet teeth, abalone nacre, mussel
byssus and spider silk are examples of materials displaying
impressive material properties.1–4 Spider major ampullate (MA) silk
is an archetypical biological material due its low density, high tensile
strength and exceptional extensibility, a combination which makes it
incredibly tough.5–7 Although synthetic materials of comparable
toughness can be made in the laboratory, no synthetic material
combines these properties in a similar way.8,9 Consequently,
there is immense interest in MA silk’s structure.10–12

Advances have been made in our understanding of MA silk
performance by probing aspects of the silk’s structure and
function. Genomic analysis shows that MA silk consists of two
proteins: major ampullate spidroin 1 (MaSp1, MW: 250 kDa) and
major ampullate spidroin 2 (MaSp2, MW: 312 kDa), featuring
two structural domains: the crystalline domain made up of a
poly-alanine (A)n motif, and in MaSp1 this is often flanked by
a polyalanine-glycine (AG)n motif (Fig. S1, ESI†);13–15 and the
amorphous domain comprises of less structurally ordered
glycine-rich regions. Important work has established that these
motifs form tightly packed antiparallel b-sheets forming nano-
crystallites parallel to the fibre axis.8,16–19 The H-bonds of the

crystallite network are posited to be responsible for its strength.
The crystallites are known to form the amorphous domain,14,20,21

which is dominated by a GGX motif in MaSp1 that form various
turns and 310-helices. MaSp2 features the addition of a GPGXX
motif, forming type-II b-turns that sequentially come together
along the protein backbone in a highly extensible b-spiral
(Fig. S1, ESI†).22–24 These observations have led to the conclu-
sion that the less ordered H-bonding patterns, the b-turns and
the a-helices within the amorphous domain, are responsible for
silk’s extensibility.

Of the analytical techniques available, ssNMR spectroscopy
has been paramount for understanding structure–function
relationships in spider silks.8 Unlike other techniques, ssNMR
facilitates detailed examination of silk structure and dynamics,
and the various 1D and 2D experiments are fundamental to
detail atomistic features of the protein backbone and higher
order structures by direct and indirect examination of the
intermolecular bonding arrangements.24–28 Two main limitations
to using ssNMR are (1) large masses of silk are required, limiting
the scope of experiments of the inter- and intra-species structural
variation. Force-feeding spiders 13C and/or 15N enriched amino
acids16,25,29 does not increase the amount of silk available, but
can lead to enhancement of NMR signal to noise ratio of those
residues. This technique, however, has additional limitations,
as diet impacts silk composition and properties,30,31 and it is
unclear how the dietary manipulation and exposure to relatively
high concentrations of specific amino acids affects the spiders
and their silk.30 (2) The timeframe of the experiments to
achieve an appropriate uptake of labelled amino acid(s) into
silk makes it impossible to gain structural information on wild
native state silks.

Here we show for the first time, how Dynamic Nuclear
Polarization (DNP) enhances the solid state 13C and 15N NMR
signal significantly,32–35 for elucidating previously undetected
protein secondary structural features in wild silks without
13C or 15N isotopic labelling, across several species of spiders.

The DNP enhanced 13C and 15N CP-MAS spectra for the silks
of three spider species, Latrodectus hasselti, Argiope keyserlingi
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and Nephila plumipes were acquired rapidly in the presence of
aqueous AMUPol (for 13C, B10 min compared to B8 hours

using standard ssNMR26), and resulted in a signal enhance-
ment for 13C DNP gain (eDNP) of 64, 59 and 50, respectively
(Fig. 1 and see Methods in ESI†). This exceptional signal enhance-
ment allowed examination of each silk’s protein structure in
considerably more detail than previously possible and exposed
hitherto unexplored intermolecular interactions and undetected
groups. Peaks in the NMR spectra were assigned with reference to
previous work,29,31 however, DNP enhancement allowed precise
differentiation of lower abundance residues such as arginine
(Fig. 1, right panel), while rapid and detailed 2D 1H–13C and
1H–15N heteronuclear correlation (HETCOR) analysis at natural
abundance revealed additional novel findings. Although previous
ssNMR experiments with [13C]-labelled silks8 has provided details
on secondary structure and folding patterns along the protein
back-bone, the DNP gain has allowed categorization of major
structural motifs and identification of novel hydrogen bonding
(H-bonding) patterns (Fig. S1 and S2, ESI†) in wild silks close to
their native state. While the silks are hydrated and probably in a
‘super-contracted’ condition26 having been treated with aqueous
AMUPol solution, it may therefore be pertinent to take this
condition into account in the ensuing discussion.

There are detailed structural differences within the crystalline
regions of each silk revealed in the 2D 1H–13C HETCOR DNP
ssNMR spectra (Fig. 2 and Fig. S3, ESI†). Variation in the
strength of hydrogen bonding within the crystallites between
each species was detected in the Ala Ca/NH dH shift correlating

Fig. 1 400 MHz 13C CP-MAS DNP ssNMR spectra at natural abundance of
L. hasselti, A. keyserlingi and N. plumipes silks, displaying DNP gain (e) and
the comparison of the same sample irradiated (left panel, black) and
un-irradiated silk (left panel, red), in the presence of aqueous AMUPol.
Some amino acid peak assignments are also shown. Right panel shows the
15N CP-MAS DNP ssNMR spectral assignments of the arginine (Arg) residue.
Inset (A) showing enhanced view allowing the differentiation of the tyrosine
(Tyr) Cz and Arg Cd peaks. Inset (B) sum of the spectra and spectra �8 kHz
to remove carbonyl spinning side band (*ssb) exposing presence of glyco-
protein sugar residue in the L. hasselti silk. W is the weight of the sample; t is
the experimental acquisition time; e is the DNP enhancement factor.

Fig. 2 (A) 2D 1H–13C HETCOR DNP ssNMR spectra (contact time, TCT = 150 ms), of L. hasselti, A. keyserlingi and N. plumipes MA silk at natural
abundance. Details of amino acid assignments, intra- and intermolecular correlations and new findings are highlighted in red. (B) Enhanced view
of carbonyl region displaying ability to differentiate highly detailed peak assignments. (C) Enhanced view displaying the interaction of the amino group
(NH–O) with its neighbouring Ca demonstrating motif differentiation and differentiation of glycine NH residues into b-sheets and helices, as well as the
relative strength of H-bonding within the b-sheet of the crystalline region between species.
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with the known effects of MaSp composition and the influence
of proline on b-sheet formation.8,12 Of the species examined,
A. keyserlingi had the highest MaSp2 induced prolination and
subsequently showed the longest NH� � �O H-bonding (B1.97 Å)
associated with its Alanine ((A)n) b-sheets with a dH shift of
8.2 ppm, compared to L. hasselti and N. plumipes which had
dH 8.7 and 9.1 ppm, giving them an NH� � �O length of B1.88 Å
and B1.83 Å respectively36 (Fig. 2C). N. plumipes thus had the
shortest NH� � �O b-sheet H-bond lengths and the most compact
crystallites, followed by those of L. hasselti then of A. keyserlingi.
This is consistent with the predicted utilizations of MaSp2
for each of these species and also correlates well with the
documented interspecific differences in silk stiffness,31 a prop-
erty attributed to the crystalline region.8,12

Another major difference of N. plumipes silk was an addi-
tional peak (Ca/NH1) at dC 49.5/dH 14 ppm with integration of
the area accounting for B28% of the Ca/NH residue and was
accompanied by a peak of equal intensity at dC 42.3/dH 13.5 ppm,
accounting for B26% of the overall glycine (G) Ca/NH residues.
The extent of dH down field shift in both these residues implies
that the (GA)n motif flanking the (A)n forms extremely short
NH� � �O H-bonding, approaching 1.5 Å,36,37 so is associated with
exceptionally tight packing of the antiparallel b-sheets at the
exterior of the crystallites. This difference is a consequence of the
density of H-bonding between the surface (created by the (GA)n

motif) and interior (created by the (A)n motif) of the crystallites
within N. plumipes’ MA silk (Fig. S1b, ESI†).

Hydroxyproline (Hyp), hitherto unknown in spider MA silk,
was detected in A. keyserlingi silk, as evident from the peak at dc

72/dH 3.3 ppm, assigned to Hyp Cg, with the associated Hyp Cb

peak at dc 40/dH 1.5 ppm. Both peaks are consistent with the
effects that the additional OH group has on the bond angles of
proline and known chemical shift data for Hyp.38,39 This non-
proteinogenic (non-coding) amino acid is usually synthesized
by metabolic hydroxylation of proline and is produced by many
animals, being the major residue of human collagen. As a
structural protein, collagen is similar to spider silk, so Hyp in
silk may be utilized in a structurally similar way. Hyp provides
the functionality of proline for the formation of b-spirals whilst
also contributing to the stability of the silk’s amorphous region,
with the added –OH participating in H-bonding within the
b-spirals. The presence of Hyp is likely tied to the expression of
MaSp2 which explains why there is no evidence of Hyp in the
MA silk of N. plumipes, with a lower proportion of MaSp2 under
protein deprivation (Table S1, ESI†).30 A. keyserlingi, on the
other hand, expresses significantly more MaSp2 and, therefore
its MA silk contains comparatively more proline.31 However, as
seen in the amino acid profile of each species’ silk (Table S1,
ESI†), the abundance of Hyp is not necessarily linked to
the abundance of proline itself and might be dependent on
physiological factors. Although Hyp is produced in small
amounts, it likely contributes to the stabilisation of the amor-
phous region, enhancing elasticity in this species’ silk through
additional H-bonding via its OH group (Fig. S1c, ESI†).40

Little work has been done on the structural characterisation
of nitrogen interactions in spider silk at natural abundance.

However, DNP enhanced 15N CP-MAS ssNMR spectra of each of
the three species silks found previously undocumented varia-
tions within the arginine residues and evidence of arginine
H-bonding within the amorphous region (Fig. 1, right panel
and Fig. S4, ESI†). Distinct peaks at dN 70 ppm and dN 85 ppm
are consistent with the arginine NH1,2 and Ne, components of
arginine’s guanidinium group. Arginine usually comprises
B2% of the amino acid composition of MA silk and is primarily
found in the amorphous region of MaSp2 in Latrodectus sp. and
MaSp1 in Nephila sp. but is less utilised among Argiope sp.
(Table S1, ESI†).19,41 Until now, little has been reported on the
structural role of arginine due to its low concentration in silk
and its relatively irregular occurrence in any primary motif.

Distinct structural differences were found between L. hasselti
and the other two species. Arginine Ne and NH1,2 peaks in
A. keyserlingi and N. plumipes are consistent with those expected
for free arginine. However, arginine of L. hasselti silk shows the
absence of a peak at dN 85 ppm and the presence of an intense
peak at dN 70 ppm (Fig. 1, right panel and Fig. S4, ESI†). This is
ascribed to an up-field shift of arginine Ne coinciding with that
of arginine NH1,2 resulting in an amplified 15N intensity in the
spectrum of L. hasselti silk. The difference can be attributed to
restricted rotation of the Ne–Cd bond in the guanidino group
because of involvement in H-bonding networks. The high level
of stabilisation of the arginine Ne in L. hasselti silk, is consistent
with R145, a conformation of arginine in which the guanidino
NH1,2 forms both weak H-bond as well as ionic bidentate
H-bonds (Fig. S1a and S5, ESI†).42,43 Arginine in L. hesperus
MA silk is usually found following the GPG triad in the GPGXX
motif (GPGRX, where R is arginine). H-Bonding to the arginine
side chain likely plays an important role in the stabilisation of
the amorphous region by linking the b-spirals formed by the
GPGXX motif to the surrounding amorphous region. Arginine
is used in a structurally similar way in collagen, with its
extended side chain adopting conformations that facilitate
interactions between neighbouring collagen molecules.

Another undocumented feature is attributed to a carbo-
hydrate moiety in L. hasselti MA silk. High intensity peaks
at dc B 100 ppm (Fig. 1B and 2A) consistent with the anomeric
(C-1) carbon, together with that at dc 72 ppm to –CH2–OH, is
assigned to N-acetylgalactosamine, which has previously been
found as a significant component of glycoprotein A, in black
widow defensive secretion.44,45

In conclusion, the key findings of H-bonding motifs, and of
novel residues and their conformations, amply demonstrate the
power of DNP NMR to elucidate novel features in wild silk at
natural abundance. This now means that the requirement to
collect large sample masses and/or isotopic labelling may be
relinquished and future studies can expose in greater detail
the extent of structural variations in unlabelled spider silk.
A wider range of non-MA silks including synthetically derived
silks can now also be studied, incorporating a broader exam-
ination of its structural and functional diversity. Moreover,
DNP enhancement can be used along with isotopic labelling46

to isolate more subtle structural features that play a significant
role in silk function.
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