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Amyloid structures are universal structures, widely diﬀuse in nature. Silk, capable of forming some of the
strongest tensile materials on earth represents an important example of formation of functional amyloid ﬁbrils, a
process reminiscent of the oligomerization of peptides involved in neurodegenerative diseases. The stability of
silk ﬁbroin solutions in diﬀerent conditions and its transition from α-helix/random coil to β-sheet structures, at
the basis of gelation processes and ﬁbril formation, have been here investigated and monitored employing
diﬀerent biophysical approaches. Silk ﬁbroin aggregation state as a function of concentration, pH and aging has
been characterized employing NMR ordered diﬀusion spectroscopy. The change of silk ﬁbroin diﬀusion coefﬁcient over time, which reﬂects the progress of oligomerization, has been monitored for silk ﬁbroin alone and in
the presence of a polycondensed aromatic dye, namely rhodamine 6G. NMR, UV and DLS measurements indicated that rhodamine speciﬁcally binds to silk ﬁbroin with a micromolar KD. The reported data reveal, for the
ﬁrst time, that RHD is capable of inhibiting ﬁbroin self-association, thus controlling β-conformational transition
at the basis of ﬁbril formation. The described approach could be extended to further protein systems, allowing
better control of the oligomerisation process.

1. Introduction
Silk ﬁbroin (SF) from Bombyx mori, a protein-based polymer with
reported excellent mechanical properties and biocompatibility [1–6], is
widely investigated either for its promising applications in diﬀerent
ﬁelds, from optoelectronics to neurodegenerative medicine and as a
model of protein assembly into functional ﬁbrils [7,8].
It has now become increasingly clear that many proteins possess an
intrinsic propensity, in appropriate conditions, towards amyloid formation and amyloids are now recognized as an integral structural and
functional entity in all forms of life [9]. Silk, capable of forming some of
the strongest tensile materials on earth [10], thus represents an important example of formation of functional amyloid ﬁbrils. In a growing
eﬀort to understand functional versus aberrant ﬁbrillation, an important ﬁeld of research is related to the study of the diﬀerent molecular mechanisms and biological functions of amyloid-forming proteins
[9,11]. These studies are aimed to understanding the mechanisms in
place to ensure that potentially adverse intermediates are not formed.
Silk ﬁbroin assembly, here addressed, appears to display the most intricate autoregulatory properties, still in high demand for clariﬁcation.
SF can be extracted from Bombyx mori cocoons by removing sericin,

⁎

the soluble glycoprotein component, from the core of ﬁbroin ﬁbers.
Fibroin consists of a heavy (H) (390 KDa) and a light (L) (26 KDa)
chain, which are connected by a disulphide bond. The H chain is essentially composed by four modular motifs, namely a highly repetitive
GAGAGS sequence (the crystalline region), two less repetitive sequences containing hydrophobic units, such as GAGAGY, GAGAGV and
GAGAGVGY (the semi-crystalline regions) and an amorphous region
containing charged bulky or aromatic side-chains [2]. The presence of
predominantly hydrophobic blocks leads to extensive hydrogen and
hydrophobic interactions throughout the protein chains resulting in
homogeneous secondary structure, imparting crystallinity to the protein. Less organized domains of 34–40 amino acids are interspersed
with the highly crystalline regions, giving rise to ﬁbers with a remarkable strength and elasticity [12]. X-ray solid state characterization
of SF has provided only limited structural information because SF exists
as a ﬁber form, not as a single crystal, and the packing structure is
heterogeneous and not easy to study [13]. Solid state NMR studies have
reported two kinds of crystalline modiﬁcations, Silk I, a metastable and
water soluble conformation and Silk II, the water-insoluble structure
stabilized after silkworm spinning and found in cocoon ﬁbers [2,3]. Silk
I comprises random coil/α-helix soluble species which progressively

Corresponding authors.
E-mail addresses: laura.ragona@ismac.cnr.it (L. Ragona), henriette.molinari@univr.it (H. Molinari).

https://doi.org/10.1016/j.bbapap.2018.03.009
Received 16 January 2018; Received in revised form 16 March 2018; Accepted 22 March 2018
Available online 02 April 2018
1570-9639/ © 2018 Elsevier B.V. All rights reserved.

BBA - Proteins and Proteomics 1866 (2018) 661–667

L. Ragona et al.

convert to beta-sheet structures, a process at the basis of SF gelation and
ﬁbril formation. Silk ﬁbroin, processed from aqueous solutions [14],
adopts the same structure found in the silkworm gland [14,15], i.e. Silk
I. The predominance in SF of hydrophobic amino acid groups makes
gelation (namely the conversion to beta sheet structures) possible
without addition of any gelling agent, thus strongly aﬀecting the stability of the "monomeric" species in solution [16,17]. Increase of SF
concentration (from 1 to > 8 w/v%) aﬀects aggregation/gelation processes leading to a decrease of the fast segmental motions exhibited
both in aqueous solution and in the silkworm gland [18–20].
SF conformational transition to beta-sheet structures have been recognized to parallel beta-sheet driven oligomerization processes, which
play a relevant role in ﬁbril formation of proteins involved in neurodegenerative diseases [7,11,21,22].
The “life-time”/stability of the monomeric random coil conformation of SF, as a function of concentration, pH and aging, has been here
investigated employing NMR ordered diﬀusion spectroscopy. The role
of small ligands as self-aggregation inhibitors, able to interfere with SF
β-conformational transition, has been further explored. A ﬂuorescent
polycondensed aromatic molecule, Rhodamine 6G (RHD), was previously shown to be a versatile doping molecule to be incorporated into
silk ﬁbroin, by means of silk worms feeding, to obtain bio-derived
materials [23]. We were therefore interested in the investigation, in
solution, of SF interactions with RHD. Collectively our results reveal
that RHD displays a speciﬁc binding to silk ﬁbroin, successfully inhibiting protein time-dependent self-aggregation. These ﬁndings can be
extended to investigations on other proteins, with the aim of preventing
and/or decreasing their aggregation.

Fig. 2. Diﬀusion as a function of SF concentration. Diﬀusion values of the main
aliphatic (black) and aromatic (grey) components of SF samples at diﬀerent
concentrations, as deduced from 2D-DOSY experiments at 12 °C and pH 6. Error
bars refer to the standard deviation of measurements performed in triplicate.

and/or linewidth, possibly reﬂecting diﬀerent aggregation states as a
function of concentration, was observed in the analyzed concentration
range (0.2–1.5 w/v%). Previous data indicated as well that no 13C
chemical shift change was observed on going from dilute aqueous solution (2 w/v%) to “liquid silk” concentrations (30 w/v%) [19]. Thus,
neither chemical shift perturbation nor signal linewidth represent
useful probes to monitor SF oligomerization state. Diﬀusion experiments were therefore employed to monitor SF self-aggregation.
Diﬀusion ordered NMR spectroscopy (DOSY) provides a powerful
tool for the analysis of aggregation, mixtures, and protein-ligand
complexes, since each resonance gives rise to one or more signals in the
diﬀusion dimension, depending on the diﬀusion coeﬃcient of the
contributing components. The obtained diﬀusion values thus reveal the
distribution of molecular sizes at each frequency in the NMR spectrum.
Pseudo 2D diﬀusion ordered NMR spectra (2D-DOSY), recorded on SF
samples at diﬀerent concentration, revealed a progressive disaggregation upon dilution, as reﬂected in the measured faster translational
diﬀusion coeﬃcients (Fig. S3). As an example, the reported range of
diﬀusion for aliphatic and aromatic resonances is reported for all tested
concentration in Fig. 2.
It is clear that the highest eﬀect, in terms of decreased oligomerization, is observed on going from 22 to 11 μM, with D values which
increases from 0.35 ± 0.05 to 0.87 ± 0.04 × 10−11 m2/s, (for the
aliphatic resonance) indicating a three-fold increase of the diﬀusion
upon dilution. Further dilutions to 5 and 2.5 μM do not change substantially the oligomerization status, and represent a disadvantage with
respect to the lower S/N obtained for NMR analysis. A concentration of
ca. 10 μM was therefore considered the best compromise for the different experiments to be performed by NMR.
The reported protocol for obtaining regenerated SF [14] included
sample dialysis against water, thus leading to a solution with pH ca. 6,
which favors SF aggregation. Indeed it has been reported that the Nterminal domain is highly sensitive to changes in pH, facilitating ﬁber
formation at low pH [24,25]. The eﬀect of pH on SF aggregation could
be deduced from 2D-DOSY experiments (Fig. 3).
The hydrodynamic radius of a protein/assembly could in principle
be estimated from the diﬀusion coeﬃcient by using the Stokes–Einstein
equation, with the assumption that the protein is spherical [26,27].
Although we are aware that this assumption may not be valid for disordered peptides [28], as is the case for silk ﬁbroin, the rough estimate
of the molecular weight/hydrodynamic radii, and therefore of the oligomerization state, was inferred from 2D-DOSY data. At pH 6 heterogeneous multimeric species, formed by 15 to 40 SF monomers, are

2. Results and discussion
2.1. Oligomerisation properties of silk ﬁbroin
Preparation of silk ﬁbroin solution was performed as described [14].
H 1D NMR and 2D TOCSY and NOESY experiments, initially performed at 25 °C, for samples obtained following the above-mentioned
protocol, were consistent with data reported in the literature [2] (Fig.
S1, S2). However, after 48 h at 25 °C, the 1.5 w/v % sample turned towards a gel. In order to preserve SF solutions for a longer time, all NMR
experiments were conducted at 12 °C. Diﬀerent SF concentrations, in
the range 2.5–22 μM, were tested and the obtained 1H 1D spectra are
reported in Fig. 1.
The only observed eﬀect on SF resonances was the expected intensity reduction, upon dilution. No change in SF 1H chemical shift
1

Fig. 1. 1H 1D spectra of SF. Stacked plot of the methyl region of 1H 1D spectra
of SF samples at increasing concentrations. A horizontal shift of 0.1 ppm was
employed to better visualize the change in intensity of each peak.
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increasing concentrations of RHD with a 5 or 11 μM SF sample.
Progressive addition of RHD resulted in a blue shift of the spectra due to
the contribution of the free ligand. The diﬀerence in the absorption
maxima of RHD in bound and free forms was used to estimate RHD
dissociation constant employing Eq. (1) [29].

RHDbound /(RHDfree × [SF]) = (1/KD) × n ‐(1/KD) × (RHDbound /[SF])
RHDbound = (λ obs‐λ free/λ max ‐λ free) x RHDtot
(1)
where RHDbound, RHDfree and RHDtot are bound, free and total RHD
concentrations. [SF] is the concentration of silk ﬁbroin and n is stoichiometry. λobs represents the wave-length of the absorption maxima
measured along the titration. λfree and λmax refer to free and bound
RHD absorption maxima, respectively. Free ligand concentration is
deﬁned as RHDfree = RHDtot-RHDbound. KD is the dissociation constant.
Speciﬁcally, KD of 31.2 μM and 47.1 μM and stoichiometry of 5.0
and 5.7 were deduced from the analysis of the interaction data on SF
samples at 5 and 11 μM, respectively (Fig. 5). Altogether these data
indicate the presence of a speciﬁc binding of the dye to SF. It should be
stressed that under the experimental conditions employed for the
binding studies the monomeric species mostly accounts for ≥90% of
the total RHD and the inﬂuence of RHD dimer formation is negligible
[30,31].
Fluorescence experiments were also performed at 1 μM RHD, in the
presence of increasing amounts of SF up to 32 μM. A gradual red shift of
RHD ﬂuorescence maximum, upon SF addition, indicates changes in the
environment of the chromophore, conﬁrming that RHD binds to SF
(Fig. S4). The observed non-saturating red shift is consistent with the
aﬃnity properties of the SF:RHD system (Kd = 30 μM, n = 5), as obtained with absorption measurements.
NMR diﬀusion experiments have been used as well to monitor RHD
binding to SF. The resonances of a small molecule, which does not interact with the protein, are expected at the diﬀusion coeﬃcient of the
free molecule, as is the case for dioxane, added to the sample as internal
reference. In case of binding two situations may occur, depending on
the timescale of the exchange process taking place between the protein
and the ligand, during the diﬀusion sensitive period. For slow exchange
the signal of the free ligand will be observable, at the diﬀusion coeﬃcient of the free molecule, only after saturation of the receptor binding
sites. At variance, if the small molecule is in fast exchange with the
receptor, a single species will be expected in the 2D-DOSY spectrum, at
the average D value of the exchanging species.
A series of NMR experiments were performed at low SF concentration (0.1 μM) to allow the investigation of RHD:SF ratios higher than
the stoichiometry (deduced from optical measurements), maintaining
the maximum ligand concentration below 10−5 M, to avoid sample
precipitation and to ensure the presence of monomeric RHD. Indeed we

Fig. 3. Eﬀect of pH on SF oligomerization state. Superposition of the 2D-DOSY
spectrum of a 11 μM SF sample at 12 °C and pH 6.0 (red) and of the same sample
where pH was adjusted to 8.6 by addition of 2 μL of 100 mM NaOH (black).

present in solution as evaluated on the basis of 2D-DOSY spectra. The
increase of the solution pH of two units (8.5) stabilizes smaller oligomers including dimers and trimers (Fig. 3). We can therefore suggest
that, in order to stabilize monomeric species and investigate the net
eﬀect of added ligands on oligomerisation, it is important to work at a
controlled pH. Thus an optimized protocol to obtain sample solutions
with a low content of aggregated species, requires: 1) SF starting solutions with concentrations lower than 1.5 w/v %; 2) dialysis against
phosphate buﬀer at physiological pH around 7.5 and low ionic strength;
3) short dialysis time (up to 12 h).
2.2. UV and NMR data show that RHD binds to SF
SF/RHD interaction properties, in terms of speciﬁcity and stoichiometry of binding, have been here investigated employing titration
experiments followed by optical and NMR measurements.
UV titration experiments were ﬁrst performed keeping the concentration of RHD constant (2 μM) and varying SF concentration from 0
to 40 μM, in order to identify the spectral characteristics of RHD in the
bound form (Fig. 4). Absorption spectra of RHD exhibited a red shift
with a decreased molar extinction, upon binding to SF. A fairly good
isosbestic point in the titration experiment was observed at 533.7 nm
(Fig. 4A), suggesting the presence of an equilibrium between RHD free
and bound forms. The titration experiments were performed employing
up to 20-fold excess of SF over the dye concentration to ensure that all
RHD molecules were bound at the end of the titration. Indeed, red shift
of absorption maximum reached a plateau at 534 nm, corresponding to
bound RHD (Fig. 4B).
A complementary titration experiment was performed incubating

Fig. 4. RHD binding to ﬁbroin. (A) Absorption spectra of RHD (2 μM) in the presence of increasing concentrations of SF in the range 0–40.6 μM. (B) Dependence of
the wavelength of RHD absorption maximum (λmax) as a function of SF concentration. Error bars in Fig. 4B refer to the standard deviation over measurements done in
triplicate.
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Fig. 5. Binding of RHD to SF. (A) Normalized absorption spectra of RHD at diﬀerent concentrations incubated with SF (5 μM). The arrow on panel A indicates the
shift of the spectra upon increasing RHD concentrations. (B) Scatchard plots for the binding of RHD to SF using 5 μM (red) and 11 μM (blue) protein samples. Data
were ﬁtted according to Eq. (1); legends “Bound” and “Free” in panel B refer to RHDbound and RHDfree. Error bars in Fig. 4B refer to the standard deviation over
measurements done in triplicate.

Fig. 6. RHD linewidth broadening in the presence of SF. A) Zoom on methyl ortho resonance in the 1H 1D spectrum of RHD in the complex RHD:SF at 10 molar ratio
(red) superimposed on the spectrum of RHD alone at the same concentration (black); B) Resonance linewidth change as a function of RHD:SF molar ratio as obtained
for RHD in the presence of SF (red) and in control samples containing RHD alone (black) at the same concentrations employed for complexes. Error bars represent the
digital resolution.

have previously shown, by optical absorption measurements, that RHD
remains monomeric up to concentrations lower than 10−5 M [30]. RHD
resonances were clearly observable in 1H 1D spectra at RHD:SF molar
ratios higher than 5. Linewidth broadening of ~2 Hz, observed for RHD
signal at 1.8 ppm (free from overlap with protein resonances) in the
presence of SF at RHD:SF molar ratio of 10, provides clear evidence of
binding. Resonance linewidth decreased upon increasing RHD:SF molar
ratios up to 30, in line with the increased concentration of unbound
RHD (Fig. 6A). Control experiments, performed on RHD alone at the
same concentration of each tested molar ratio, indicated no change in
linewidth upon increasing RHD concentration (Fig. 6B).
2D-DOSY experiments were also performed on these samples, employing a diﬀusion delay period optimized for the detection of the small
ligand. Resonances of unbound RHD, characterized by diﬀusion coefﬁcients typical of small oligomeric species (from dimers to tetramers)
were observed pointing to the presence of a protein-ligand slow exchange regime on the NMR time-scale. As an example the DOSY spectrum obtained at RHD:SF 20 is reported in Fig. 7.

Fig. 7. Pseudo 2D-DOSY experiments performed at SF concentration 0.1 μM.
Superposition of selected regions of spectra obtained at RHD:SF 20 (black) with
RHD alone (red) at the same concentration of the corresponding complex.
Dioxane (as internal reference) has a diﬀusion coeﬃcient at 12 °C in D2O of
3.91 ± 0.1 × 10−10 m2/s (Log D is reported on F1 axis). RHD alone (red)
exhibits resonances with diﬀusion coeﬃcients of 1.42 ± 0.11 × 10−10 and
1.95 ± 0.29 × 10−10 m2/s corresponding to tetramers and dimers, respectively. The DOSY spectrum at RHD:SF 20 (black) shows the resonances of unbound tetrameric RHD.

2.3. RHD controls SF oligomerization state
The comparison of 2D-DOSY spectra, optimized for protein observation and recorded in the absence and in the presence of RHD,
clearly shows that the diﬀusion coeﬃcient of the main observable
species increases in the presence of RHD (Fig. 8).
These experiments reveal for the ﬁrst time the ability of RHD to
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1D 1H spectra, recorded after the same time period. The data highlight
the power of 1D diﬀusion spectra to elucidate an underlying change,
which could not be detected by simple 1H-1D spectra.
1D diﬀusion data, followed over time, reported on an increase of SF
signal intensity for all the resonances, already within the ﬁrst 20 h after
sample preparation. This behavior is caused by the population growth
of high aggregated species, exhibiting slower diﬀusion. At variance, as
mentioned, no change in intensity and/or signal linewidth is observed
in simple 1H 1D SF spectra, which monitor fast segmental local motions
(also in the presence of high molecular size aggregates).
SF aggregation behavior in the absence and in the presence of RHD,
monitored over time through 1D diﬀusion measurements, is reported in
Fig. 10. After an equilibration time of ca. 180 min, a progressive increase of peak intensity with time (reﬂecting the presence of increasing
molecular weight species) was observed for the apo SF sample. At
variance, when RHD is added to a freshly prepared SF sample, selfaggregation is inhibited (Fig. 10, red circles). When RHD was added to
an aged sample (kept for ﬁve days at 4 °C), the observation of inhibitory
eﬀects requires a longer time, consistent with the competition with
early stages of gelation (Fig. 10, green squares).

Fig. 8. RHD promotes SF disaggregation of fresh SF sample. Superposition of
2D-DOSY spectra of SF in the absence (black) and in the presence of RHD
(RHD:SF 5) (red) after 3 days at 12 °C.

humper SF oligomerization occurring with time. A control 2D-DOSY
experiment, repeated on RHD:SF 5 sample after 30 days, revealed the
same distribution of molecular species.
A rough estimate of the eﬀective hydrodynamic radius of protein
oligomeric species was attempted using the small dioxane molecule as
an internal standard and assuming a spherical model [32–34]. The
principal NMR visible oligomeric species of apo SF show hydrodynamic
radius ranging from 4.9 to 7.1 nm, depending on the aging of the
sample. These ﬁgures were validated by DLS measurements yielding a
SF average diameter of 10.9 nm (Fig. S5). A substantial increase in the
diﬀusion value was observed in the presence of RHD, pointing to signiﬁcant decrease in the hydrodynamic radius, in spite of the approximation introduced with the spherical assumption (Table 1).
This behavior proofs the ability of the hydrophobic dye to stabilize
“monomeric” species, partially shielding the hydrophobic interactions,
responsible for self-aggregation.

3. Conclusions
SF has gained attention as a biomaterial because of several desirable
properties, which include its biocompatibility, the ease with which it
can be chemically modiﬁed, its slow rate of degradation in vivo and its
ability to be processed into multiple material formats from either
aqueous solution or organic solvents [14]. SF is also a useful model for
protein assembly into functional ﬁbrils. The principal aim of this investigation on SF aggregation properties, under diﬀerent conditions
(concentration, pH, and aging), as well as in the presence of a polycondensed aromatic inhibitor (rhodamine 6G), was to understand the
molecular mechanism that proteins use to control their own assembly
into oligomers.
Very simple diﬀusion-based NMR spectroscopic techniques were
eﬃciently employed to monitor the protein oligomerization kinetics,
the reversibility of the process and its dependence on the speciﬁcity of
the interaction with a ligand.
An optimized protocol for the preparation of SF samples, characterized by reduced aggregation states, has been here proposed. The
time-dependence of SF oligomerization, followed in the absence and in
the presence of RHD, demonstrated that RHD binds to silk ﬁbroin with
KD in the 30–40 micromolar range and acts as an inhibitor of SF selfaggregation. It is likely that RHD may form π-stacking interactions with
aromatic tyrosine side-chains, thus stabilizing the Silk I conformation.
Indeed the role of tyrosine residues in inﬂuencing the intermolecular
chain arrangement in SF has been previously recognized, showing that
tyrosine exerts long-range packing eﬀects in the semi-crystalline regions of silk ﬁbers [36]. In this line, π-interactions involving this residue can exert an important eﬀect on the resulting structure.
The inhibition of aggregation has been shown to be at work for a
freshly prepared SF sample or in the early phases of gelation, in analogy
with the behavior reported for amyloid peptides, whose oligomerization kinetics strongly depends on the oligomerization state of the
starting material. The presented results, demonstrating that RHD speciﬁcally interferes with a nucleation-dependent aggregation mechanism, can ﬁnd applications in the study of protein aggregation
processes, providing an approach aimed at preventing or decreasing
aggregation.
The discussed results are also relevant for the controlled formation
of silk ﬁbroin nano-assemblies, which bears relevance for the optimization of protein-based biomaterials [23,30,37] whereby the ability to
tune the features of the ﬁnal biomaterial is based on the molecular
knowledge of the interactions between the dye and the protein assemblies.

2.4. SF oligomerization over time, without and with RHD, is monitored by
NMR
2D-DOSY experiments, allowing the estimate of the molecular size
present in solution, require a long acquisition time (6–12 h) and are
therefore not appropriate to follow a rapidly changing sample. The
oligomerization behavior of SF over time could be successfully monitored recording a series of 1D-diﬀusion experiments, optimized for SF
observation, at a ﬁxed gradient strength. This kind of experiments is
based on the accumulation, after a diﬀusion period, of spin phase differences, which is related to the positions of atoms during the diﬀusion
time. Thus, faster diﬀusion means that the spins can travel farther and,
in the presence of a magnetic ﬁeld gradient, experience larger magnetic
ﬁeld changes. The faster diﬀusion thus causes larger phases spread and
results in a smaller signal. Slower diﬀusion give rises to the opposite
eﬀect [35]. The short acquisition time of the experiment (minutes rather than hours) makes it a versatile tool to follow SF oligomerization.
As an example, the behavior of SF methyl resonances occurring at
1.17 ppm is depicted in Fig. 9, in comparison with the corresponding
Table 1
Range of diﬀusion values (D) and estimates of hydrodynamic radii (Rh) of the
main NMR observable species in solutiona.
Sample
SF
RHD:SF 5

D (m2/s)

Rh (nm)
−11

1.65 ± 0.30 × 10
3.15 ± 0.51 × 10−11

4.9–7.1
3.0–4.2

a
D values are given as the average of diﬀusion values obtained over diﬀerent
samples prepared with the same procedure. The error represents the standard
deviation calculated over at least three data sets.
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Fig. 9. 1H 1D versus 1D DOSY NMR experiments. Methyl resonances intensity of a 11 μM SF sample as a function of time (hours) as measured in 1D spectra (left
panel) and in 1D diﬀusion spectra (right panel). A horizontal shift of 0.1 ppm was employed to better visualize the change in intensity of each peak.

the dioxane signal (3.7 ppm) used as internal standard. Two-dimensional homonuclear TOCSY (mixing 70 ms) and NOESY (mixing
150 ms) experiments were performed at 600 MHz employing standard
Bruker library pulse sequences. Matrices of 2048 (t2) by 512 points (t1)
were collected. 2D 1H-DOSY experiments were recorded employing the
convection-compensated two-dimensional double stimulated echo bipolar pulse (DSTE-BPP) sequence [38]. Matrices of 2048 (t2) by 80 or
128 points (t1) were collected. The z-axis gradient strength was varied
linearly from 2 to 98% of its maximum value (53 G/cm). The gradient
pulse duration was 2.2 ms, while the time period between the two
gradient pulses was set in the range 0.5–1.5 ms to estimate the diﬀusion
time of larger molecules. DOSY experiments optimized for small ligand
observation were performed with gradient pulse duration of 2.2 ms and
time period between the two gradient pulses set to 45 ms. Water suppression in DOSY experiments was achieved with a standard Bruker
library DSTE DOSY sequence with the addition of a sculpting module
[39]. DOSY experiments on 0.1 μM SF samples were performed in D2O.
Self-diﬀusion coeﬃcients were derived by ﬁtting NMR data to Stejskal
and Tanner equation [40]. Dioxane (45 μM) was added as internal reference to compare diﬀerent experiments. This approach also allows
minimizing erroneous D estimates deriving from temperature ﬂuctuations and changes in sample viscosity and density. Gradient pulse
duration and the time period between the two gradient pulses were set
to 2.2 ms and 1 ms, respectively, for the analysis of 1D diﬀusion measurements at 50% gradient strength for SF samples in the presence of
RHD. All spectra were manually phased and baseline corrected using
TOPSPIN 4.0.1 (Bruker, Karlsruhe, Germany). Diﬀusion data were obtained through the Dynamic Centre tool implemented in Topspin 4.0.2
software. Dioxane molecule radius (2.12 Å) was used as standard to
obtain estimates of the eﬀective hydrodynamic radius of SF oligomers,
assuming a spherical model, using the following equation: RhSF=
Ddiox
× Rhdiox .
D

Fig. 10. Eﬀect of RHD on SF oligomerization state. Comparison of the change of
SF methyl intensity in 1D diﬀusion experiments, at ﬁxed gradient strength, vs
time for: i) fresh apo SF (black circle); ii) SF in the presence of RHD (RHD:SF 5),
with the dye added to a freshly prepared SF sample, immediately after dialysis
(red circle) or to a SF sample stored for 5 days at 4 °C (green squares). The
absence of data points in some time intervals is due to the acquisition of 2DDOSY.

4. Materials and methods
4.1. Sample preparation
Fibroin was obtained from the silk cocoons of Bombyx mori following a widely used standard procedure [14]. Silk cocoons were cut
into small pieces and then boiled for 30 min in 0.02 M Na2CO3. After
washing oﬀ the sericin, ﬁbroin was dissolved in 9.5 M LiBr solution and
then dialyzed (molecular weight cut-oﬀ 3.5 kDa) against 30 mM phosphate buﬀer pH 7.4 for 6 h at 4 °C. The ﬁnal concentration of the ﬁbroin
solution after dialysis was in the range 0.2–1.5 w/v% (depending on the
starting ﬁbroin amount), as determined by weighing the remaining
solid after drying. The concentration of the obtained SF solution was
also determined by UV, using ε275nm = 1.064 cm−1(mg/ml)−1. For
obvious sensitivity reasons all these experiments were performed in
D2O.

SF

4.3. UV absorption measurements
UV absorption spectra were measured using Shimadzu UV-2700
spectrophotometer. The extinction coeﬃcient of silk ﬁbroin in aqueous
solution was determined to be ε275nm = 1.064 cm−1(mg/ml)−1. This
value is consistent with previously reported data [41]. Molecular
weight of 390 kDa was used to estimate molar concentration of ﬁbroin
solution. The concentration of a stock solution of rhodamine 6G was
determined using ε (MetOH) = 116,000 M−1 cm−1 [42]. Absorption
spectra of RHD in water show maxima around 526.5 nm with a
shoulder at 493.0 nm. The increase of RHD concentration results in the
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Fig. S1. 1H 1D spectrum of 30µM SF samples at 25°C. Assignments are indicated on the
spectrum.

Fig. S2. 2D 1H TOCSY (left panel) and NOESY (right panel) spectra of 30 µM SF samples at
25°C.

Fig. S3. Superposition of 2D-DOSY spectra of SF samples at 12°C at different concentrations (22
µM black, 11 µM red, 5 µM green, 2.5 µM blue) at pH 6.0. Samples were obtained from dialysis
against water.
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Fig. S4. Fluorescence spectral shift of RHD upon binding to SF. The normalized fluorescence
spectra of RHD (1 µM) in 10 mM phosphate buffer pH 7.4 without (black line, fluorescence λmax=
554.6 nm) and with 31.9 µM silk fibroin (red line, fluorescence λmax= 559.4 nm). Inset: gradual
fluorescence spectral shift of RHD upon increasing silk fibroin concentration (λex = 490 nm). The
arrow on the top of the spectra indicates the direction and the range of increase of SF concentration.
Graph scale is changed to better visualize the spectral shift. Fluorescence measurements were made
on a Tokyo Instruments spectrofluorometer equipped with MS series of monochromatorspectrograph with automatic calibration. Bandwidths for excitation and emission were 2 nm and 4
nm, respectively. Fluorescence spectra were corrected for light scattering from buffer.

Fig. S5. DLS size distribution of 11 µM SF sample.

