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Despite its remarkable materials properties, the structure of spider
dragline silk has remained unsolved. Results from two probe
microscopy techniques provide new insights into the structure of
spider dragline silk. A soluble synthetic protein from dragline silk
spontaneously forms nanofibers, as observed by atomic force
microscopy. These nanofibers have a segmented substructure. The
segment length and amino acid sequence are consistent with a
slab-like shape for individual silk protein molecules. The height and
width of nanofiber segments suggest a stacking pattern of slab-
like molecules in each nanofiber segment. This stacking pattern
produces nano-crystals in an amorphous matrix, as observed pre-
viously by NMR and x-ray diffraction of spider dragline silk. The
possible importance of nanofiber formation to native silk produc-
tion is discussed. Force spectra for single molecules of the silk
protein demonstrate that this protein unfolds through a number of
rupture events, indicating a modular substructure within single silk
protein molecules. A minimal unfolding module size is estimated to
be around 14 nm, which corresponds to the extended length of a
single repeated module, 38 amino acids long. The structure of this
spider silk protein is distinctly different from the structures of other
proteins that have been analyzed by single-molecule force spec-
troscopy, and the force spectra show correspondingly novel
features.

The last decade has seen a significant increase in the scientific
literature on spider dragline silk. This interest is due to the

impressive mechanical properties of spider dragline silk, at a
time when biomaterials and biomimetics are both exciting in-
terest in the rapidly growing field of materials research. The
viscoelastic fibers of spider dragline silk combine both a high
tensile strength that is comparable to steel and is only slightly
inferior to Kevlar (�2�3 of its tensile strength), and a high
elasticity (�30% elongation before failure) that is comparable to
rubber (1–4). This unique combination makes spider dragline
silk mechanically superior to almost any other natural or man-
made material. It is apparent that the mechanical properties of
the dragline silk protein’s intramolecular structure as well as the
intermolecular organization of these proteins in the fiber are
critical for spider silk performance (2, 5). We report here the
partial mechanical and structural characterization of a recom-
binant dragline silk protein. This recombinant silk protein
provides a valuable test system for establishing the relationships
between protein structure and mechanical properties in spider
silk.

Spider dragline silk can be pictured as a composite material
consisting of a semiamorphous matrix filled with tiny (�10 nm)
nano-crystalline-like particles (6, 7). The amino acid sequence
for spider dragline silk proteins is comprised of poly(A) [poly-
(alanine)], for some silks substituted by poly(GA) [poly(glycy-
alanine)], and glycine-rich sequences (2, 8, 9). Despite intensive

structural studies on spider dragline silk proteins, their exact
structural organization remains to be solved. The 4- to 10-
residue-long poly(A) and poly(GA) motifs are thought to be
involved in the formation of �-sheet nano-crystalline-like par-
ticles. Glycine-rich sequences are thought to fold into some
non-�-helical helical structure for GGX or into �-turns for
GPGGX, thus forming the semiamorphous matrix (2, 10). On
the other hand, a few reports suggest that at least part of these
glycine-rich motifs can also fold into �-sheets (11) and�or form
an interphase between crystalline-like objects and a semiamor-
phous matrix (12). NMR and x-ray diffraction experiments show
that the crystalline-like particles are well oriented along the silk
fiber with polypeptide chains parallel and alanine residues
perpendicular to the fiber axis (7, 13–17). These findings suggest
that protein molecules are overall well oriented in the silk fiber.
This high degree of molecular orientation, together with struc-
tural organization of dragline silk proteins, is a prerequisite for
the unique mechanical properties of the whole silk fiber (18).

Recombinant spider silk proteins (19–21) have advantages
over natural dragline silk for single-molecule research. Recom-
binant spider silk proteins have a regular, known sequence and
can readily be purified in adequate quantities. Natural spider
dragline silk proteins are larger and are difficult to solubilize
after they have formed silk fibers.

Two consensus sequences, SPI and SPII, represent major
repetitive elements from spider dragline silk proteins. A family
of recombinant spider silk proteins have been synthesized from
these SPI and SPII sequences (22). The SPI sequence consists
of 38 aa and includes 16-aa-long poly(A) and poly(GA)
stretches, f lanked on both sides with a total of 22 aa forming
glycine-rich GGX motifs (Fig. 1). The SPII sequence consists
of 12 aa representing two GPGGX motifs. All circular dichro-
ism measurements on proteins from this protein family indi-
cate that almost two thirds of the secondary structure of (SPI)n
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modular proteins is made of �-sheets and the rest is mostly
�-turns or similar structures with no significant amount of
�-helical structure observed (22). This observation is in good
agreement with data obtained previously on native spider
dragline silk fibers (9, 16) and suggests that recombinant
synthetic modular SPI�SPII proteins have a structural orga-
nization very similar (if not identical) to native dragline silk
proteins. We used the SPI�SPII modular protein in Fig. 1 for
studying the mechanical properties and structural organization
of spider silk proteins. The modular protein in Fig. 1 has the
formula [(SPI)4 � SPII]4, which we call pS(4�1). With a
52-kDa molecular mass, this is the largest protein available to
us from the family of SPI�SPII modular proteins. Its large size
is advantageous for both atomic force microscopy (AFM)
imaging and single molecule force spectroscopy.

Materials and Methods
Sample Preparation. The gene for a pS(4�1) modular recombi-
nant protein was produced as described (22) and inserted in the
pET24 expression vector (Novagen). The protein sequence is
made of 16 SPI and 4 SPII modules (22) arranged in (SPI)4-
SPII-(SPI)4-SPII-(SPI)4-SPII-(SPI)4-SPII pattern (Fig. 1). The
pS(4�1) recombinant protein was produced in the Escherichia
coli expression strain BL21(DE3) pLysS grown to midlog phase
in defined salts medium (23) with 30 �g�ml kanamycin and 34
�g�ml chloramphenicol. Expression was induced with 1 mM
isopropyl �-D-thiogalactoside (IPTG). The cells were harvested
by centrifugation and lyophilized for purification. The collected
cell pellet was lysed with organic acid under denaturing condi-
tions and clarified by centrifugation. The solution was dialyzed
into 2 M urea�10 mM Tris, pH 9.9, and loaded on a QAE-
Sephadex A50 (Amersham Pharmacia Biotech) column. The
flow-through was collected, and the column was washed to
recover the silk protein. Protein was dialyzed in a ‘‘silk buffer’’
(160 mM urea�10 mM NaH2PO4�1 mM Tris�10 mM glycine, pH
5.0) and kept at 4°C as a 1 mg�ml stock solution. The silk protein
prepared in this way was 99.1% pure, based on amino acid
composition analysis.

For AFM observations, the stock solution was diluted in the
silk buffer to a desired concentration (100–300 �g�ml) and

deposited as a drop on a freshly cleaved mica surface. Protein
molecules were allowed to bind to the mica by incubating for 3–5
min, and excess protein was removed by washing with a flow of
silk buffer. For observation in air, this procedure was followed
by a wash with milliQ-purified water, and the sample was dried
under a stream of compressed air purified by passing it through
a 0.22-�m filter. For observation under the liquid, the sample
was washed with the corresponding solution and was imaged
immediately under water or the corresponding buffer to prevent
the sample from drying.

For force spectroscopy experiments, samples were prepared
essentially as for AFM imaging. No difference was detected
between air-dried and non-dried samples. All samples were
submerged, just before pulling, under milliQ-purified water with
10 mM CaCl2.

AFM Imaging and Force Spectroscopy. AFM imaging, both in air and
under aqueous solution, was performed by standard procedures
in tapping mode on a MultiMode AFM with E scanner and
Nanoscope III electronics (Digital Instruments, Santa Barbara,
CA). Cantilevers for AFM imaging were also obtained from
Digital Instruments. AFM images were captured, processed, and
analyzed with NANOSCOPE III software, versions 4.42r4 and
4.43r8 (Digital Instruments).

Force spectroscopy was performed on a Molecular Force
Probe MFP-SA (Asylum Research, Santa Barbara, CA). Silicon
nitride cantilevers were obtained from Park Scientific (Stanford,
CA). The spring constant for each cantilever was determined by
measuring the amplitude of its thermal fluctuations (24), by
using the Asylum Research software. The MFP was used to
obtain force-vs.-piezo-extension curves, which were calibrated
and partially analyzed by a manufacturer-supplied software
based on IGOR PRO (WaveMetrics, Lake Oswego, OR) software.
To perform worm-like-chain (WLC) curve-fit analyses, this
software was correspondingly modified by using the built-in
macro language.

Results and Discussion
AFM of Synthetic Silk. Most of the pS(4�1) silk protein appeared
as a fibrous material with a tendency to form nanofiber aggre-
gates on freshly cleaved mica, when imaged in air or in liquid
(Fig. 2). The pS(4�1) silk nanofibers were observed not only on
bare mica, which is hydrophilic and negatively charged, but also
on surfaces that were hydrophobic and either neutral or posi-
tively charged (data not shown). The two hydrophobic surfaces
were prepared on mica by depositing monolayers of positively
charged APTES (3-aminopropyltriethoxysilane), or neutral Oc-
TES (n-octyltriethoxysilane). These findings indicate that nano-
fiber formation is an intrinsic property of the pS(4�1) silk
protein rather than an artifact caused by the interactions of
pS(4�1) with the bare mica surface.

Each fiber shows a distinct segmented substructure (Fig. 2 B
and C), with an average segment length of 35 � 9 nm, average
height of 3 � 1.5 nm at the center of the segment, and apparent
width of 34 � 5 nm when imaged in air. Mean volumes of these
segments are estimated to be in the range of 1000–1300 nm3.
Volumes of biomolecules in AFM images tend to correspond to
the volumes predicted by their molecular masses, assuming a
molecular density of 1–1.3 g�ml (25–27). Based on this relation-
ship, segments have a mean molecular mass of �1000–1600 kDa.
This mass is of order 20–35 times the molecular mass of the
pS(4�1) protein monomer of 52 kDa.

In addition to pS(4�1) nanofibers, we observed single blobs
that are roughly comparable in size and volume to the segments
in the nanofibers (Fig. 2, fat arrows). We tentatively identify
these blobs as isolated nanofiber segments. There are only a few
blobs; the great majority of the material on the surface is either
fibrous or what looks like aggregates of fibrous material. If the

Fig. 1. The sequence of pS(4�1) recombinant silk protein, with selected SPI
and SPII modules identified, as well as poly(A�GA) sequences and (GGX)n

sequences. N�- and C’- indicate the N-terminal and C-terminal amino acids,
respectively.
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pS(4�1) blobs bind to the surface as well as the pS(4�1)
nanofibers, then nearly 100% of the pS(4�1) molecules were
competent for nanofiber formation under imaging conditions.

Bulges were observed on some of the nanofibers (narrow
arrows in Fig. 2); their heights were nearly twice as high as the
3-nm heights of typical nanofiber segments. Although observed
in different parts of nanofibers, these bulges often coincide with
occasions when two nanofibers appear to overlap each other
(Fig. 2C Lower). A simple pile-up of the nanofibers can explain
such bulges. As seen in Fig. 2, pS(4�1) nanofibers show little
branching, and, in fact, we propose that much of the observed
nanofiber branching is due to nanofibers overlapping or piling
up. Therefore, we propose that the pS(4�1) silk protein pos-
sesses a regular and well defined secondary and, possibly,
tertiary structure, with well defined fiber-forming structures�
signals localized on two opposite ends of each pS(4�1) nanofiber
segment.

The nanofibers of pS(4�1) protein display a high degree of
flexibility at intersegment contacts as well as a high variability in
fiber length. We observed nanofibers as short as 60 nm and as
long as 660 nm. The longest nanofibers have more than 20
segments. It is obvious, however, that some factors restrict
infinite growth of the nanofibers. We propose that bonds at
contact sites are relatively weak and break because of shearing
forces on long nanofibers. On the other hand, ‘‘shortening’’ of
the nanofibers can be due to misfolding of ‘‘fiber-forming’’
structures�signals at one of the segment ends.

Although the pS(4�1) silk protein is a synthetic protein with
a molecular mass (52 kDa) �1�6 the mass of native spider
dragline silk proteins (250–350 kDa; ref. 5), it is reasonable to
expect that the secondary and tertiary structures of these
proteins are very closely related and that native silk proteins
display similar fiber-forming properties. If this assumption is
true, it sheds new light on the silk production picture. Dragline
silk is produced by a draw down of a liquid silk dope (28). It
seems that, at some stages of the silk dope processing, the protein
molecules go from an isotropic state to a nematic liquid-
crystalline state (5, 28). This transition is important both for
reducing the viscosity of the dope and for reducing the energy
needed to align the protein molecules along the silk fiber axis.
Fiber formation, similar to the one observed for pS(4�1), can

facilitate such isotropic-to-nematic transition for native silk
proteins. Transition of monomeric pS(4�1) into fibrous form
can lower the minimal necessary flow rates needed to convert
from the isotropic state to the nematic state in the ducts of
silk-producing ampullate glands and will further reduce the
viscosity of silk dope. There is evidence from observations with
transmitted polarized light microscopy (29) that the nematic
phase of spider silk could be the result of just such a supermo-
lecular assembly of silk polymers as we have observed here.

Molecular Force Spectroscopy of Synthetic Silk. Molecular force
spectroscopy gives force-vs.-extension plots for the pS(4�1) silk
protein molecules (Fig. 3). The numerous high-force rupture
events at the beginning of the pulls are, most likely, because of
multiple protein molecules attached to the tip of the AFM probe
(arrows, Fig. 3 B and C). As the probe is moved away from the
surface, it breaks contact with the surface and with most of the
protein molecules. In some cases, only a single molecule will
survive the initial pull distances and will stretch with sequential
breaking of structural elements, as diagrammed in Fig. 3A. Such
a molecule will break off the tip only after being pulled for
significantly longer distances. In these cases, a single-molecule

Fig. 2. Silk nanofibers formed from pS(4�1) silk protein deposited on mica;
AFM height images. (A) pS(4�1) silk protein is present primarily as aggregates
of nanofibers. (B and C) Close-up AFM images of the pS(4�1) nanofibers show
segmented substructure. Fat arrows indicate isolated blobs that are predicted
to be segments of nanofibers, based on their sizes. Thin arrows indicate
bulges, which often occur at branch points on nanofibers and may be due to
nanofibers overlapping.

Fig. 3. Single-molecule force spectroscopy for pS(4�1) silk protein mole-
cules. (A) Diagram of experimental setup, in which rupture peaks are believed
to stretch one or more poly(A�GA�GGX) repeating units. (B and C) Force
spectra (force-vs.-extension curves) for the unfolding of single molecules of
pS(4�1) silk protein. The WLC model curves are fitted to each rupture force
peak. The persistence length for each fit is 0.4 nm. Arrows indicate high-force
rupture events at the beginning of the pulls, most likely because of multiple
protein molecules attached to the tip of the AFM probe.
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force spectrum is recorded at the latter part of the pull as a series
of rupture peaks (Fig. 3 B and C).

In numerous previous force spectroscopy studies, the WLC
model (30) was used to characterize mechanical unfolding of
proteins. The WLC describes the relationship between the
protein extension and the entropic force generated as a result of
such extension. In particular, the WLC gives peak-to-peak
distances that agree closely with the distances expected from the
lengths of unfolded polypeptide (31).

We fitted the WLC model to our experimental data by varying
two model parameters: persistence length and contour length for
the polypeptide backbone chain. The fit was first done to the last
rupture event on each selected plot, as a test for a number of
pulled molecules. If the fitted persistence length was near 0.4 nm,
a typical value for a single polypeptide chain at high force (32),
then all preceding rupture events on the plot were fitted with the
WLC model for contour length with the persistence length fixed
at 0.4 nm. Experimental data and WLC fits were plotted on the
same graph (Fig. 3 B and C) to visually assess the quality of the
fit. Results from all pulls with single molecule rupture events
were analyzed statistically. The average force for rupture peaks
was 176 � 73 pN (Fig. 4 Inset). The high degree of variability in
rupture force can be due to both different pulling speeds (refs.
32 and 33; we used from 200 nm�s to 1500 nm�s) and stochastic
variability.

These average rupture forces are close to the ones obtained by
force spectroscopy for mechanical�structural proteins such as
titin (31) and tenascin (31, 34). Both tenascin and titin have
Ig-like �-sheet barrel folds made by two antiparallel �-strands,
each held together by a number of inter-strand hydrogen bonds
(H-bonds) arranged in parallel (35). On the other hand, rupture
forces are smaller for �-helix-rich proteins such as spectrin (32),
and for proteins that do not normally experience forces, such as
the enzyme barnase (36). This difference is attributed to the fact
that intrahelix H-bonds in �-helices are arranged in series and
that the interhelix hydrophobic or van der Waals interactions
between �-helices are significantly weaker than the H-bonds
between �-sheets. Thus, the pS(4�1) silk protein seems me-
chanically to belong to the �-sheet group of proteins. This result
correlates well with the predicted �-sheet��-turn fold for spider

dragline silk proteins (2, 10) and with CD data for SPI�SPII
modular proteins (22) and dragline silk fibers (9, 16).

The sawtooth pattern of the unfolding force curve for pS(4�1)
(Fig. 3 B and C) is similar to other proteins with modular
structures (31, 32, 34). This pattern shows that, after the pulling
force reaches a certain threshold value, a defined structural unit
in the protein breaks in a cooperative way. It is a common
observation that the difference in contour length between
adjacent rupture peaks corresponds to the length of polypeptide
chain released after the preceding rupture event�peak.

We calculated the total length of the extended polypeptide
chain for a single pS(4�1) protein molecule to be �243 nm,
based on the assumption that a single amino acid in the
polypeptide chain can be extended up to 0.37 nm in length. The
maximum measured total extension for the single-molecule
rupture events never exceeded 246 nm. This result indicates that
our pulls, as in Fig. 3 B and C, are on single pS(4�1) protein
molecules, and that single unfolded pS(4�1) molecules lose
contact with the other pS(4�1) molecules in the silk nanofiber
after they unfold.

The peak-to-peak distances in pS(4�1) unfolding force curves
were not uniform. As seen in the histogram of Fig. 4, the
increases in contour length between successive rupture peaks
form three distinct groups clustered around �14 nm, 28 nm, and
42 nm. The calculated contour length for a fully extended SPI
module is 14.1 nm; SPII modules will add an additional 4.4 nm,
respectively, and SPI sequences occur four times as frequently as
SPII sequences (Fig. 1). These findings indicate that an individ-
ual rupture event unfolds a length comparable to 1–3 SPI
modules (sometimes together with an SPII module). We only
rarely recorded peak-to-peak rupture distances above 45 nm
(�6% of rupture distances were �45 nm). There was no
correlation between the force required for a particular rupture
event and the length of polypeptide chain released (Fig. 4 Inset).

As in our model of Fig. 3A, we predict that a 14-nm rupture
event actually pulls up a poly(A�GA) sequence plus the follow-
ing (GGX)n sequence. We name these repeating units ‘‘poly(A�
GA�GGX).’’

The peak-to-peak distances are uniform for the other recom-
binant modular proteins studied by force spectroscopy to date
(31, 32, 34). Titin, for example, is composed of tandem Ig
domains, and each rupture event corresponds to the unfolding of
one independently folded Ig domain. This independent unfold-
ing of titin’s Ig domains suggests weak interactions or no
interactions between the Ig domains of titin. Titin also differs
from pS(4�1) silk protein in that much ‘‘hidden’’ polypeptide
length is released when a domain unfolds, because only a few of
the amino acids in Ig domains are subjected to the mechanical
load during pulling (31).

Unlike titin’s ruptures, the ruptures of pS(4�1) silk protein
often release two or more repeating units of poly(A�
GA�GGX). Furthermore, according to our model in Fig. 3A,
poly(A�GA�GGX) silk protein repeats are not independently
folded. Instead, these poly(A�GA�GGX) repeats are bonded to
distant sequences on the pS(4�1) protein molecule. Specifically,
the poly(A�GA) repeats form �-sheets within the protein mol-
ecule. We rarely observe a catastrophic unfolding of an entire
pS(4�1) protein molecule. Therefore, the intramolecular forces
hold the pS(4�1) molecule together even after one or more
poly(A�GA�GGX) repeats have been pulled from it.

Model for Silk Structure. The pS(4�1) nanofiber morphology, as
well as its mechanical unfolding pattern, can be explained by the
model in Fig. 5. In this model, a single pS(4�1) protein molecule
folds into a well defined structure in which �-strands of poly(A�
GA) sequences in SPI modules form four H-bond-stabilized
�-sheets (Fig. 5A). These �-sheets alternate with the non-�
(GGX)n sequences of the SPI modules, which form random coils

Fig. 4. Histogram analysis of length increase (peak-to-peak distances) for
rupture events in pS(4�1) silk protein molecules. Note that most of the data
coincide with �N � 14 nm in length increase, where N � 1, 2, or 3. (Inset)
Length increase vs. corresponding rupture force.

Oroudjev et al. PNAS � April 30, 2002 � vol. 99 � suppl. 2 � 6463



or non-�-helices. These folded molecules have the shape of an
elongated slab with a pattern of alternating hydrophobic and
hydrophilic regions formed by �-sheets and by non-� (GGX)n
regions, correspondingly. Each slab is a single pS(4�1) molecule,
as in Figs. 1 and 5A. The calculated dimensions of a slab are
�0.54 nm high � 2 nm wide � 40 nm long. The height and width
come from the spacing between typical antiparallel �-sheets
(estimated as 0.53–0.55 nm) and the interchain distance along
the H-bond direction (estimated as 0.47 nm; refs. 37 and 38). The
length comes from the length of four folded SPI domains,
calculated from their amino acid sequences [0.32–0.35 nm�aa in

�-strand poly(A�GA) and �0.2 nm�aa in non-�-helical (GGX)n
sequences]. The calculated length of the slabs—�40 nm—is
close to the measured segment length in AFM images of pS(4�1)
silk nanofibers, which is 35 � 9 nm.

In an aqueous environment, these molecular slabs will tend to
aggregate, because of intermolecular hydrophobic interactions
between their �-sheets. This aggregation is modeled in Fig. 5B
as a stack of pS(4�1) molecular slabs. The silk protein molecules
are aligned along the axis of the �-strands, as is known from
NMR and x-ray diffraction (7, 15). In our diagram of Fig. 5B,
these stacks are six slabs high and five slabs wide, based on the
dimensions and estimated molecular weight of nanofiber seg-
ments in AFM images (Fig. 2 B and C). Because of strong and
uniform hydrophobic interactions and H-bonds, the �-sheets in
these slabs will form crystalline three-dimensional structures like
ones found in native spider dragline silks (6, 7). The H-bonds
between �-strands in a �-sheet (and the hydrophobic interac-
tions between �-sheets to a lesser degree) can be viewed as the
major stabilizing forces in such structures. The ends of each stack
seem to carry signals�structures that facilitate pS(4�1) nanofi-
ber formation. Thus, we suggest that each nanofiber segment
corresponds to a separate pS(4�1) stack (Fig. 5 B and C).

The draw-down process, occurring as one of the last steps in
a silk fiber production pathway (5), causes major structural
rearrangements in silk proteins, resulting in a significant im-
provement in the fiber mechanical strength (39, 40). During this
draw-down step, the glycine-rich part of silk proteins can par-
tially transition from random coil or non-�-helical to the more
extended structures, such as 31-helix (10) or �-strand (11).
Similar structural rearrangements occur in the silk fibers when
they are under a force load (41).

We propose that, during single-molecule force spectroscopy,
one or more repeating units [poly(A�GA�GGX)] are pulled
from the edge of a slab (Fig. 3A). The spacing between rupture
peaks occurs in multiples of �14 nm (Fig. 4), which is longer than
the 10-nm length of a poly(A�GA�GGX) repeat in the compact
‘‘slab’’ form. This extension from 10 nm to 14 nm is predicted to
occur primarily in the non-� GGX sequences, because they have
much smaller amino acid spacings in their compact form than in
their extended forms.

Spider dragline silk, like lustrin in abalone shell and titin in
muscle, thus appears to derive much of its combination of
strength and toughness from its modular sacrificial bonds (31,
42). Of course, detailed structural and mechanical studies on
spider dragline silk proteins should be performed in the future
to validate our model, which remains highly speculative at this
point.

Our results show that pS(4�1)-like proteins can be used as a
test model for additional studies on recombinant modular SPI�
SPII proteins with structurally modified modules. Research on
such model systems is enhancing our understanding of the rela-
tionship between the spider dragline silk proteins’ sequences�
structures and their mechanical properties.
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