Engineered disulfides improve mechanical
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Abstract: Nature’s high-performance polymer, spider silk, is composed of specific proteins,
spidroins, which form solid fibers. So far, fibers made from recombinant spidroins have failed in
replicating the extraordinary mechanical properties of the native material. A recombinant miniature
spidroin consisting of four poly-Ala/Gly-rich tandem repeats and a nonrepetitive C-terminal domain
(4RepCT) can be isolated in physiological buffers and undergoes self assembly into macrofibers.
Herein, we have made a first attempt to improve the mechanical properties of 4RepCT fibers by
selective introduction of AA — CC mutations and by letting the fibers form under physiologically
relevant redox conditions. Introduction of AA — CC mutations in the first poly-Ala block in the
miniature spidroin increases the stiffness and tensile strength without changes in ability to form
fibers, or in fiber morphology. These improved mechanical properties correlate with degree of
disulfide formation. AA — CC mutations in the forth poly-Ala block, however, lead to premature
aggregation of the protein, possibly due to disulfide bonding with a conserved Cys in the C-
terminal domain. Replacement of this Cys with a Ser, lowers thermal stability but does not
interfere with dimerization, fiber morphology or tensile strength. These results show that
mutagenesis of 4RepCT can reveal spidroin structure-activity relationships and generate
recombinant fibers with improved mechanical properties.
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Introduction

Spider silk is nature’s high-performance biopolymer
with extraordinary mechanical properties. Its remark-
able and unsurpassed toughness is due to a unique
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combination of high tensile strength and elasticity."
Spiders can make up to seven different silks using spe-
cialized glands. Dragline silk, which is used as a safety
line or for radial orb web fibers, is one of the toughest
of all fibers analyzed.” Dragline silk contains two pro-
teins with similar amino acid sequences, referred to as
major ampullate spidroin (MaSp) 1 and MaSp2.3
MaSps are mainly composed of highly repetitive amino
acid sequences, with recurrent poly-Ala blocks inter-
rupted by Gly-rich regions. Spidroins also contain
nonrepetitive N- and C-terminal domains of about
100-150 amino acids but with different sequences.*
The C-terminal domain can form disulfide-mediated
dimers and is important for fiber formation.>™® So far,
fibers from recombinant spidroins, as well as fibers
made from regenerated silk have failed in replicating
the extraordinary mechanical properties of the spider’s
dragline. It has been suggested that the spider’s
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intricate spinning procedure and the large sizes of the
native spidroins are of key importance for obtaining a
very strong biopolymer, but crucial factors contribut-
ing to the silk characteristics still remain elusive.'°™*

The impressive mechanical properties of spider
dragline silk combined with its biocompatibility'3~'>
make this material an interesting target for use as a
biomaterial, with potential applications in tissue engi-
neering.’® For example, the use of spidroin fibers as
scaffolds for generation of bone, ligaments, and nerv-
ous tissue replacements has been envisioned.'#'7>°
However, such attempts have been hampered by the
inability to obtain sufficient quantities of native spider
silk, or fibers from recombinant spidroins. Full length
MaSp polypeptides are large, containing 3—4000 resi-
dues,® and no attempts to produce full length spi-
droins recombinantly have been published so far. Sev-
eral ways to produce recombinant spidroin fragments
or simplified sequences inspired by the MaSp poly-
Ala/Gly-rich pattern have been established®* but sub-
sequent formation of fibers has proved more challeng-
ing. Some of these systems yield high amounts of pro-
tein, but the repetitive and hydrophobic character of
the spidroins makes them prone to aggregate in aque-
ous solutions, why the use of denaturing agents or
salts for resolubilization often is required.

Our group recently introduced a new way to pro-
duce an Euprosthenops australis MaSp1 fragment that
allows isolation using aqueous buffers and spontane-
ous formation of macroscopic-sized fibers.®9 This was
possible by the use of a comparatively short MaSp1
fragment, containing only four poly-Ala/Gly-rich
regions and the nonrepetitive C-terminal domain,
4RepCT, and a cleavable fusion partner that prevents
aggregation during protein production and isolation.
The amenability of this system for site-directed muta-
genesis raises interesting possibilities such as rational
design of customized fibers, and also gives the oppor-
tunity to test the importance of specific spidroin
sequence features for fiber formation. Herein, we
investigate whether the mechanical properties of the
recombinant MaSp1 fibers can be improved by intro-
duction of intermolecular disulfide bridges between
poly-Ala blocks, which lack Cys in the native fibers.
Moreover, the importance of the native disulfide-medi-
ated dimerization of the nonrepetitive C-terminal do-
main for fiber formation is investigated.

Results

Three mutants based on 4RepCT were generated; CC1,
CC2, and S (see Fig. 1). Two adjacent Ala were altered
to Cys in the middle of either the first or fourth poly-
Ala block. As the poly-Ala blocks are thought to form
B-sheets in the fibers, adjacent Cys side-chains will
point in opposite directions, which was assumed to
maximize the chances of forming intermolecular disul-
fides. In S, the conserved Cys in the nonrepetitive C-
terminal domain was changed to Ser, to investigate
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the importance of this Cys for dimerization and fiber
formation.

Effects of mutations on expression, secondary,
and quaternary structure and thermal stability
The miniature spidroins were expressed as fusions
with a HisTrxHis tag, which was removed after prote-
olysis by subsequent IMAC purification. All purifica-
tion steps were done under nondenaturing conditions,
which yielded soluble, highly pure (>95% judged by
SDS-PAGE) 4RepCT, CC1, and S [Fig. 1(B)]. On SDS-
PAGE under nonreducing conditions S migrates as a
monomer while 4RepCT and CC1 migrates as dimers
[Fig. 1(B)], confirming the disulfide mediated dimeri-
zation through the Cys in the C-terminal domain.

In contrast to 4RepCT and the CCi1 and S
mutants, the CC2 spidroin was not recovered in the
soluble fraction after cell lysis, although produced by
the cells, as shown by SDS-PAGE of pellets dissolved
in 8M urea [Fig. 1(B)]. 4RepCT and CC1 could likewise
be found in pellets after cell lysis, but to a much lower
extent than for CC2. Attempts to obtain soluble CC2
by adding reducing agents to the cell lysis- and purifi-
cation buffers were not successful.

The far-UV CD spectra of 4RepCT, CC1, and S are
very similar, indicating that their secondary structure
contents do not differ significantly [Fig. 2(A)]. The
melting curve for S shows that this mutant, lacking
the disulfide bridge between C-terminal domains, is
slightly less temperature stable than 4RepCT
[Fig 2(B)]. Reduced 4RepCT is equally temperature
stable as the nonreduced protein, and the CD changes
are not reversible by cooling (not shown). In line with
this, most of the protein has gone out of solution after
heating and small aggregates appear in the cuvette.
Thus, the thermal melting curve of 4RepCT captures
both unfolding and conversion to B-sheet aggregates.
The melting curve of CC1i is shifted to the right
compared to 4RepCT, both under nonreducing and
reducing conditions. CC1 does not form disulphide-
dependent oligomers in solution [Fig. 1(B)], which
suggests that the shift of the curve is more likely
caused by a reduced tendency for conversion into f-
sheet aggregates, rather than an increased stability due
to disulphide bridges.

Upon size exclusion chromatography (SEC), S,
CC1, and 4RepCT elutes at the same position, which
corresponds to a molecular mass of ~46 kDa, indicat-
ing that all three proteins are dimers (data not
shown).

Fiber formation and appearance

Macroscopic fibers were formed spontaneously and
with similar kinetics for 4RepCT, CC1, and S, inde-
pendent of the conditions used (see Table I). For all
three variants, the major part of the protein resulted
in well-defined fibers, with only a minor fraction
(<5%) trapped in aggregates, and no detectable
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Figure 1. Properties of the proteins analyzed. (A) Primary structure of 4RepCT. The poly-Ala blocks are in bold and the C-
terminal domain is in italics. Mutated residues in CC1, CC2, or S are underlined. (B) Left: SDS-PAGE of purified S, CC1, and
4RepCT, under reducing and nonreducing conditions + mercaptoethanol (2-ME). Migration of low-molecular mass markers
(kDa) is shown in the middle. The gel on the right side depicts reduced samples of HisTrxHis-CC2 cell lysate, urea dissolved
pellet and isolated protein. Migration of HisTrxHis-CC2 is marked by an arrow. (C) Schematic description of 4RepCT, CC1,
CC2, and S. White boxes labeled A represent poly-Ala stretches, and black lines represent Gly-rich regions. CC corresponds
to the AA — CC mutations, and the C (S mutation in the C-terminal domain is indicated.

protein in the final soluble fraction. The macroscopic
appearances of 4RepCT, CC1, and S fibers in a wet
state were similar (see Fig. 3). Air-drying of the fibers
while fixed in a straightened state resulted in homoge-
nous fibers and no differences in morphology could be
detected under a light microscope or by scanning elec-
tron microscopy (SEM) (see Fig 3). The different con-
ditions used for promoting disulfide linkage during
fiber formation did not affect the fiber morphology
(Fig. 3 and data not shown).

Determination of the diameter was done nondes-
tructively for each fiber using light microscopy. The di-
ameter varied from 40 and 9o pm between different
fibers. Birefringence of fibers makes diameters meas-
ured by light microscopy overestimated.>®> However,
this will not affect the conclusions from this study, as
they are based on comparisons between different
fibers measured in the same manner.

CD spectra of suspensions of the different fibers
all showed a minimum at 220 nm and a maximum at

1014 PROTEINSCIENCE.ORG

193 nm (data not shown), as shown before for 4RepCT
fibers,® indicating a substantial fraction of B-sheet
structure.

Effects of intermolecular disulfides on
mechanical properties of the fibers

Fibers from CC1 (and 4RepCT as a control) were made
under different conditions to promote disulfide forma-
tion and formed fibers were treated with DMSO or O,
with the same purpose. See Table I for a survey of
conditions used.

During tensile testing most fibers, irrespective of
minispidroin and treatment, broke at the grip point.
This may be caused by structural defects introduced
by fixation or as a consequence of that the fibers are
difficult to align perfectly with the direction of pulling.
For this reason we studied a large number of different
fibers to be able to analyze the results statistically.
However, breakage at the grip point may result in an
underestimation of the maximum stress and maximum

Engineered Recombinant Spider Silk
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Figure 2. Secondary structure and temperature stability of
4RepCT, CC1 and S. (A) CD spectra of 4RepCT (dark grey),
S (light grey) and CC1 (black) at 20°C. (B) Thermal
unfolding of 4RepCT (dark grey), S (light grey), and CC1
(black). The residual molar ellipticity at 208 nm (0) is
expressed in kdeg x cm? x dmol™".

strain. These values are therefore used mainly to com-
pare different groups, and comparisons with literature
data should be made with caution.

The initial modulus was higher, with statistical
significance, for all fibers made from CC1i compared
with those made from 4RepCT (Fig. 4, Tables II and III).

Further analysis of a large number of fibers from two
different batches of minispidroins analyzed at two dif-
ferent occasions confirmed this conclusion (n = 10
and n = 25 for 4RepCT and n = 30 and n = 51 for
CC1. P values 0.0037 and < 0.0001, respectively).
Also the maximum stress tolerated before breakage
was higher for all fibers made from CC1, except for
CC1 fibers treated with 10% of DMSO (Fig. 4, Tables II
and III). Different buffer conditions (Table I) were
used to find optimal redox-conditions. The CC1 fibers
made in the presence of 3 mM reduced glutathione
(GSH) 0.3 mM oxidized glutathione (GSSG) appeared
to have higher initial modulus than the other CCifib-
ers, but the differences did not reach statistical signifi-
cance (Fig. 4, Tables II and III). The maximum strain
tolerated before breakage did not show any clear trend
between 4RepCT and CC1 fibers, while S fibers toler-
ated less strain than 4RepCT fibers (Fig. 4, Tables II
and III). The initial modulus and maximum stress,
however, did not differ significantly between 4RepCT
and S fibers (Fig. 4, Tables II and III).

Irrespective of redox conditions used, appearances
upon nonreducing SDS-PAGE of CC1 before onset of
fiber formation were very similar to that of 4RepCT
and showed no protein larger than dimer (in which
the subunits are held together with a disulfide between
two C-terminal domains). However, the presence of
GSH promotes reduction of the disulfide between the
C-terminal domains [Fig. 5(A)]. To evaluate to what
extent intermolecular disulfide linkages had formed
during or after fiber formation, fibers were dissolved
in formic acid and analyzed by SDS-PAGE under
reducing and nonreducing conditions. CC1 fibers
showed bands corresponding to tetramers, which dis-
appeared after reduction [Fig. 5(B)]. This indicates
that the Cys introduced in the first Ala block mediate
intermolecular disulfide formation. Moreover, the
extent of disulfide formation can be modulated by
varying the conditions under which fibers are formed.
CC1 fibers self-assembled in the presence of GSH/
GSSG also showed bands corresponding to penta- and

Table I. Conditions and Miniature Spidroins Used for Fiber Formation and Post-Treatment

Fiber type
Redox treatment pH CC1 4RepCT S
No treatment 8.0 X X X
9.5 X X
Fibers formed in GSH/GSSG 3 mM/0.3 mM 8.0 X X
9.5 X
0.3 mM/3 mM 8.0 X X
9.5 X
1.65 mM/1.65 mM 8.0 X
0/5 mM 8.0 X
Fibers incubated in 10% DMSO 8.0 X
Oxygen 8.0 X

X denotes fibers tested for tensile strength and analyzed by SDS-PAGE.

Grip et al.
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Figure 3. Fiber morphology. Macroscopic, light microscopic and SEM pictures of fibers made from 4RepCT, S, CC1, and
CC1 fibers formed in 3 mM GSH/0.3 mM GSSG. The macroscopic pictures show fibers in buffer before drying, the light
microscopic pictures are of dried fibers before tensile testing and the SEM images depict fibers after tensile testing. The
scale bar is 1 cm in the macroscopic pictures and 100 pum in light microscopic and SEM images.

hexamers [Fig. 5(B)]. However, only a rather minor
fraction of molecules are linked via disulfides between
Cys in Ala blocks, because dimeric CC1 (in which the
dimers are formed via the disulfide between the C-ter-
minal domains) dominates in all fibers (see Fig. 5).

Discussion

The extreme mechanical properties of spider silk have
since long attracted the attention of researchers aiming
to design durable materials for a number of pur-

poses.’® MaSp genes sequenced so far are large,*

which indicates that a large number of repeat units
improve mechanical properties. Large fibroin genes is
also a feature independently selected for in insects'®>!
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Figure 4. Mechanical properties of fibers. Stress versus
strain for median fibers within each group. For fiber groups
with even number of fibers tested, the one with the highest
initial modulus of the two middle fibers is displayed. CC1,
GSH stands for CC1 made in 3 mM GSH/0.3 mM GSSG;
CC1, O, stands for CC1 treated with O,; and CC1, DMSO
stands for CC1 treated with 10% DMSO.
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which further implies that large silk proteins are bene-
ficial for producing strong silks. In line with the sup-
position that spidroin length correlates with strength
of fibers, many attempts to produce recombinant silks
have aimed at maximizing length of spidroins used.
This ambition, however, is likely to give also decreased
yields and lowered solubility, which has resulted in
frequent use of denaturing agents and organic solvents
for solubilization to allow artificial spinning from a
concentrated spidroin dope.>* Several strategies to
convert the spidroin dope into solid fibers have been
tried, including variants of wet spinning'*#7>° and
electro spinning.2®3° Most artificial spinning strategies
require post-treatment in dehydrating solvent and fur-
ther postspinning procedures that increase pB-sheet
content and structural orientation in the fibers, before
demanding handling procedures such as mechanical
testing are practically possible. So far, recombinantly
produced spidroin analogues that have been denatured
and artificially spun have given rise to fibers that are
much weaker than the native spider silk, both in terms
of stress and initial modulus, no matter of the length
of the protein."»*472° Not even artificial spinning of
regenerated natural spider silk, likely containing full-
length spidroins in a denatured form, has delivered
fibers that match native spider silk.'>'* The mechani-
cal properties of silk reeled from spiders vary with fac-
tors such as speed and environmental conditions dur-
ing spinning.3' This implies that both the protein size
and the spinning conditions affect the properties of
the resultant fibers. Moreover, the structure of the
soluble spidroin might be important for an optimal
conversion into a solid fiber.® The relative impor-
tance of protein sequence, length, and structure com-
pared to the spinning conditions remain to be
delineated.

Engineered Recombinant Spider Silk



Table II. Mechanical Properties of 4RepCT, CC1 and S fibers, Made Under Different Conditions

Mean maximum

Mean maximum Mean initial

Protein Treatment n stress (MPa) + SD strain (%) + SD modulus (GPa) + SD
4RepCT — 16 80 + 20 1.0 + 0.1 9+t2
CC1 — 9 110 £+ 30 1.2 + 0.3 12 + 4
CC1 DMSO? 8 90 + 20 0.9 + 0.1 12 +£3
CC1 0,° 10 100 + 30 0.9 + 0.1 13+ 3
CC1 GSH/GSSG*® 16 110 + 30 1.0 + 0.3 14 + 4
S — 8 80 + 30 0.9 + 0.2 10 + 4

@ Fibers treated over night in 20 mM Tris-HCI, pH 8 containing 10% DMSO.

b Fibers treated 3 h with gentle bubbling of O,.

¢ Fibers formed in 20 mM Tris-HCl, pH 8, with 3 mM GSH/0.3 mM GSSG

If medical applications of the synthetic spider silk
are the main objective, it needs to be biocompatible,
which further complicates the endeavor of finding suit-
able production methods that do not include noxious
solvents. Thus, production of long spidroins that do
not aggregate before fiber formation have been
attempted. Genetic introduction of Met residues in a
recombinant consensus repeat of dragline silk from N.
clavipes allowed control of assembly via oxidation and
reduction; oxidation prevented assembly, whereas
reduction allowed assembly as for the nonmodified
protein.?*33 In a similar manner, a genetically intro-
duced kinase recognition motif allowed control of as-
sembly via enzymatic phosphorylation/dephosphoryl-
ation.?* However, no fibers were formed from these
constructs.

In an attempt to survey spontaneous fiber forma-
tion we recently investigated a miniature spidroin,
4RepCT, produced recombinantly in soluble form
under nondenaturing conditions, and then induced to
assemble into macroscopic fibers.® The mechanical
strength of 4RepCT fibers® compares favorably to arti-
ficial silk made from larger but denatured spi-
droins,*”~° but it is below that of native dragline silks.
To improve the mechanical properties of fibers made
of the comparatively small 4RepCT, we envisioned
that covalent multimerization could be employed.
Herein it is shown that the initial modulus of 4RepCT
fibers can be improved by introduction of cova-
lent linkages between poly-Ala blocks. The present

study is the first where the mechanical properties of
recombinant spider silk has been increased by genetic
engineering.

The fibers of 4RepCT are self assembled in an
aqueous environment without the usage of any spin-
ning apparatus and rely thus on the organizational
ability of the protein. CD spectra and X-ray diffrac-
tion® of the 4RepCT fibers show a substantial fraction
of B-sheet structure although the orientation is lower
than in the native fibers (L. Serpell, personal commu-
nication). The mechanical properties can be improved
by postdrawing of the wet fibers,® which probably
increases the molecular orientation. The alignment
through postdrawing and the presence of water have a
great impact on the strength of artificial silks."®3% To
avoid multiple handlings steps when comparing
4RepCT with genetic variants thereof, the mechanical
analysis is herein done directly on self assembled and
dried fibers. This, in combination with biochemical
analysis of disulfide formation, is used to correlate me-
chanical properties with cross-linking of the protein
chains. As the mechanical properties of spider silk are
affected by conditions, including climate at testing®3°
only fibers tested at the same occasion are compared.

Natural spider silk has been identified as a semi-
crystalline material made of amorphous, flexible
chains reinforced by strong and stiff crystals.?” In the
fibers, the Gly-rich regions of the spidroins likely form
amorphous regions that are important for elasticity
while the poly-Ala blocks are thought to form

Table III. Statistical Analysis of Mechanical Properties Using Students Unpaired-t Test

Properties compared and P values

Mean maximum

Mean maximum Mean initial

Compared groups stress strain modulus
4RepCT/CC1, GSH/GSSG 0.001 0.22 <0.0001
4RepCT/CC1 0.001 0.12 0.02
4RepCT/CC1, DMSO 0.28 0.01 0.01
4RepCT/CC1, O, 0.02 0.01 0.0001
4RepCT/S 0.94 0.01 0.24
CC1/CC1, GSH/GSSG 0.91 0.05 0.13
CC1/CC1, DMSO 0.06 0.02 0.89
CC1/CC1, O, 0.52 0.01 0.38

See Table II for exact treatment procedures.

Grip et al.
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Figure 5. Intermolecular disulfides in soluble minispidroins
and fibers. (A) SDS-PAGE of CC1 in the presence of
different GSH/GSSG concentrations before fiber formation.
Lane 1, no GSH/GSSG; lane 2, 3 mM GSH/0.3 mM GSSG;
lane 3, 1.65 mM GSH/1.65 mM GSSG; lane 4, 0.3 mM
GSH/3 mM GSSG; lane 5, 5 mM GSSG. (B) Fibers of
4RepCT and CC1 formed under different conditions
dissolved in formic acid as described in the “Materials and
Methods” section, and analyzed for intermolecular covalent
linkages by SDS-PAGE. Lane 1, 4RepCT formed in 3 mM
GSH/0.3 mM GSSG; Lane 2 CC1 formed with no GSH/
GSSG; lane 3, CC1 formed in 3 mM GSH/0.3 mM GSSG;
lane 4, same as in lane 3 but analyzed under reducing
conditions. (C) Dissolved fibers of CC1 formed in the
presence of different GSH/GSSG concentrations. Lane 1,
1.65 mM GSH/1.65 mM GSSG; lane 2, 0.3 mM GSH/3 mM
GSSG; lane 3, 5 mM GSSG. M lanes show molecular mass
markers (kDa).

intermolecular B-sheets that mediate the tensile
strength.?” A calculated stress strain curve based on
this model gives a value of the initial modulus of 10
GPa,3” which is in good agreement with experimental
observations of native spider silk.3® According to this
model hydrogen bonds start to break at a tensile
strength of 100 MPa and ~2% elongation leading to
the formation of a yielding point.373% These features
of a stress strain curve have later been experimentally
shown to be typical for silk.3°74* Tensile testing of self
assembled, dried 4RepCT fibers (see Fig. 4) shows a
linear stress-strain relationship and no clear yielding
point, in good agreement with predictions for a crys-
talline and brittle material. The initial modulus is com-
parable to that of native spider silk but the point
where 4RepCT breaks corresponds roughly to the yield
point of its native counterpart.®*>#°~47 The lack of
strain-hardening might be due to the comparatively
short polypeptide chain of 4RepCT, which probably
limits entanglements.*®49

The stress-strain curve of CC1 resembles that of
4RepCT, with the main difference being a higher ini-
tial modulus and a higher breaking stress (Fig. 4,
Table II). The CC1 mutations do not alter the ratio
between the primary structure elements thought to
contribute to crystallinity (poly-Ala blocks) and elastic-
ity (Gly-rich blocks) but allow intermolecular disulfides
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to form between poly-Ala blocks, see further below.
Apparently this results in increased initial modulus
without change in extensibility. This implies that the
stiffness of the fibers is mainly due to the intercon-
necting forces between f-strands.

In CC1 and CC2, the two central Ala in the first
and fourth poly-Ala block, respectively, were substi-
tuted for Cys (see Fig. 1). The fact that CC2 could not
be recovered in soluble form implies that the position-
ing of the Cys is of importance, and that future
attempts to modulate fiber mechanical strength by
introduction of Cys need to cover a large set of
mutants. The drastically different consequences of
introduction of Cys in the fourth (i.e., most C-termi-
nal) compared to in the first (i.e., most N-terminal)
poly-Ala block might be due to disulfide formation
with the naturally occurring Cys in the C-terminal do-
main, which is highly conserved among major ampul-
late spidroins.®® Alternatively, the Cys in the fourth
poly-Ala block gives increased availability for intermo-
lecular disulfide bridges that collapses the soluble
structure. The fact that fibers could be formed from
both mutant spidroins that could be produced in solu-
ble form, CC1 and S, suggests that the fiber formation
is quite robust. This makes it likely that further geneti-
cally engineered variants can be successfully expressed
and used to form fibers.

It has been suggested that the C-terminal domain
directs fiber formation® and contributes to the me-
chanical properties of the fibers by mediating covalent
linkage.”* In the S mutant the Cys in the C-terminal
domain was changed to Ser (see Fig. 1). Fibers made
from S had occasionally a more fimbriated appearance
compared to 4RepCT and CCi fibers. However, the
maximum stress tolerated and the initial modulus of S
fibers are not significantly different from those of
4RepCT fibers, while they tolerate less strain before
breakage (Fig. 4, Tables II and III). These results, to-
gether with the data for CC1 fibers, suggest that the
stiffness of 4RepCT based fibers is largely independent
on covalent interactions between nonrepetitive C-ter-
minal domains, but relies mainly on intermolecular
interactions between poly-Ala blocks.

To covalently multimerize CC1, Cys in the poly-
Ala block must form intermolecular disulfide bridges.
This likely requires a precise molecular alignment and
oxidizing conditions. As fiber formation involves a
structural change it is important that formation of
disulfides that hinders this conversion is avoided.
GSH/GSSG is often used to allow disulfide shuffling
during refolding and renaturation procedures when
proteins are purified from inclusion bodies dissolved
in urea or other denaturing agents.>>>3 Analysis of the
soluble CC1 in the presence of different GSH/GSSG
ratios shows that the redox conditions used allow
reduction of disulfides giving rise to monomeric CC1
[Fig. 5(A)]. No higher order oligomers than dimers
can be seen in the soluble fraction. In contrast,
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analysis of the oligomerisation status of dissolved CC1
fibers shows tetramers, and even higher oligomers,
from fibers formed under redox conditions. In parallel,
it appears that fibers made from CC1 in the presence
of GSH/GSSG results in stronger fibers compared to
when they are allowed to form without redox agents
(Fig. 4, Tables II and III). In an attempt to favor high-
oligomeric CC1 fibers, different redox conditions were
used (Table I) to find optimal conditions. However,
differences, if existent, were too small to be verified by
tensile testing and SDS-PAGE analysis. However, it is
clear that CC1 allows oligomerisation (see Fig. 5) and
gives mechanically stronger fibers, since all CC1 fibers,
irrespective of treatment, were significantly improved
compared to the 4RepCT fibers (Fig. 4, Tables II and
I10).

The self-assembled fibers analyzed herein are
much thicker (= 40-90 pm) than natural dragline
silk, that is usually only a few microns thick.>3-3554
However, fibers of 4RepCT and mutants thereof are
composed of smaller subfiber filaments down to a di-
ameter of ~200 nm.® The tensile strength of a bundle
is generally less than that of the individual compo-
nents. Therefore, possible differences in mechanical
strength between CC1 filaments formed under different
redox conditions may be masked in the current experi-
mental setup. This possibility could be analyzed using
smaller scale indentation measurements, for example
by atomic force microscopy.

To avoid disulfide formation before and during
fiber formation, oxidizing treatments can be applied to
formed fibers. DMSO is able to oxidize free thiols to
disulfides. However, post-treatments of CC1 fibers
with DMSO did not improve the mechanical properties
of the CCi fibers compared to the other methods
employed. Possibly, post-treatment of fibers is compa-
ratively inefficient, if the polypeptide chains are locked
in conformations where Cys can not form disulfides,
but other reasons for the differences can not be
excluded. Also the fibers that were bubbled in oxygen
did not show improved mechanical properties, further
suggesting that post-treatments are less efficient.

Disulfide bonds; one of natures way to covalently
link polypeptide chain(s) and thereby confer stability,
is used frequently in widely different proteins, for
example, immunoglobulins,3® antimicrobial peptides>®
and keratin.”” Most silks are covalently stabilized by
disulfide bonds, although not all through a Cys in the
C-terminal domain, as in MaSps. Egg-case protein-1
and 2 in the silk from the tubuliform gland of the cob-
web weaver Latrodectrus hesperus contain a large
number of Cys in the N-terminal region, believed to
mediate higher-aggregate complexes.5® It is noted that
after prolonged treatment of solubilized egg case mate-
rial with reducing agents there is an increase in mono-
mers.”® The heavy and the light chain of the fibroin
comprising the monofilament of the silkworm,
Bombyx mori, are interconnected through a disulfide
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bridge with implications for structure and mechanical
properties of the silk. Disulfide dependent cross-link-
ing of proteins is also speculated to be a crucial factor
in the structure and polymerization of silk produced
by the larvae of Chironomus tentans, which is spun
into insoluble threads used to construct underwater
feeding and pupation tubes.®°

Other intermolecular connectors have been specu-
lated to be of importance for the strength of spider
silk. Some Arthropods rely on cross-linking of mole-
cules in resilient structural materials through Tyr-Tyr
connections, possibly enhancing the mechanical prop-
erties of the polymers.®*~%3 Together with indication of
peroxidase activity in the major ampullate gland of the
Nephila edulis spider,” it was suggested that spidroins
can be interconnected through covalent Tyr-Tyr for-
mation, but experimental evidence could not be docu-
mented.” However, Tyr-Tyr connections might be an
alternative way of improving mechanical properties of
recombinant spider silk through genetic engineering
and optimized conditions during fiber formation.

In conclusion, a 4RepCT miniature spidroin was
used to address questions related to the structural ba-
sis for fiber formation and strength. It was found that
artificial silks made from recombinant spidroins can
be tailored to improve their mechanical properties
without using potentially noxious cross-linking agents,
and that the conserved Cys in the C-terminal domain
is not necessary for dimer formation or fiber self-
assembly.

Materials and Methods

Construction of mutants

pET32TrxHisS® containing a ¢cDNA fragment encoding
four poly-Ala and Gly-rich blocks followed by the C-
terminal domain of MaSp1 from E. australis, denoted
4RepCT, was used as template for generation of three
mutants, named CCi, CC2, and S (see Fig. 1 for a
description of the structures of the mutants and
4RepCT). For construction of these mutants, Quick-
Change (II Site-Directed Mutagenesis Kit (Stratagene)
and the following primers were used: CCi-sense (5'-
GTT CTG CAG CCG CTG CCG CCT GCT GCG CAG
CCG CCG CAG CAG GTG G-3'), CCr-antisense (5'-CCA
CCT GCT GCG GCG GCT GCG CAG CAG GCG GCA
GCG GCT GCA GAA C-3), CC2-sense (5-CCG CTG
CTG CTG CTG CTG CTT GTT GTG CCG CTG CTG
CTG CTG CAG G-3'), CC2-antisense (5'-CCT GCA GCA
GCA GCA GCG GCA CAA CAA GCA GCA GCA GCA
GCA GCG G-3'), S-sense (5'-GCT CCT GGT GCT TCT
GGA TCT GAG GTC ATA GTG CAA GCT C-3'), and S-
antisense (5'-GAG CTT GCA CTA TGA CCT CAG ATC
CAG AAG CAC CAG GAG C-3'). The resulting PCR
products were Dpn I treated and used to transform
XL1-Blue Supercompetent Cells (Stratagene) for nick-
repair and subsequent amplification. The constructs
were checked for correct sequences and then restricted
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with BamHI and HindII for subsequent ligation into
the pHisTrxHis vector,” encoding a Hise tag, thiore-
doxin, another Hisg tag and finally a thrombin cleav-

age site. The resulting constructs were denoted
pHisTrxHisCC1, pHisTrxHisCC2 and pHisTrxHisS,
respectively.

Expression and isolation of 4RepCT

and mutants thereof

The three mutant constructs and pHisTrxHis4RepCT®
were used to transform E. coli BL21 (DE3) cells
(Merck Biosciences). The cells were grown to an
ODgoo Of 0.8—1.2 at 30°C in Luria-Bertani medium
containing kanamycin, and then induced with isopro-
pyl B-p-thiogalactopyranoside, and further incubated
for up to 2.5 h at 20°C. Thereafter, cells were har-
vested and resuspended in 20 mM Tris-HCI, pH 8.0,
supplemented with lysozyme and DNase I. After com-
plete lysis, the 15,0009 supernatants were loaded onto
a column packed with Ni-NTA Sepharose (GE Health-
care, Uppsala, Sweden). The column was washed
extensively before bound proteins were eluted with
300 mM imidazole in 20 mM Tris-HCl, pH 8.0. Frac-
tions containing the target proteins were pooled and
dialyzed against 20 mM Tris-HCI, pH 8.0.

Purification of CC2 was performed as described
earlier, and also in the presence of 2-mercaptoethanol
(2-ME) (Sigma). 2-ME (0.5 mM) was added to the
lysis buffer, and after 1 h, 2-ME was added to a con-
centration of 10 mM. The lysis reaction was continued
for 30 min and thereafter 15,0009 supernatants were
loaded onto a Ni-NTA Sepharose (GE Healthcare,
Uppsala, Sweden) column equilibrated with 20 mM
Tris-HCl, pH 8.0, containing 10 mM 2-ME. Washing,
elution and dialysis buffers were supplemented with
10 mM 2-ME.

Target proteins were released from the HisTrxHis
tag by proteolytic cleavage using a thrombin:fusion
protein ratio of 1:1000 (w/w) at 20°C for up to 1.5 h.
Prolonged proteolysis results in unspecific cleavage,
probably at an RG-site in the spidroins, and further
proteolysis was therefore blocked by addition of Pefa-
bloc (Fluka, Germany) to 1 mM. The released HisTrx-
His tag was removed by passage over a Ni-NTA
Sepharose column and the target protein was eluted
with 20-30 mM imidazole in 20 mM Tris-HCI, pH
8.0. Proteins were analyzed by SDS-PAGE and stain-
ing with Coomassie Brilliant Blue R-250. Purified pro-
teins were concentrated by ultra-filtration over a 3
kDa cut-off cellulose filter (Millipore). Protein contents
were determined from the OD,g, and calculated molar
extinction coefficients.

Circular dichroism spectroscopy

and size exclusion chromatography

Circular dichroism (CD) spectra from 250 to 190 nm
were recorded in a 0.1-cm path length quartz cuvette
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using a J-810 spectropolarimeter (Jasco, Tokyo, Ja-
pan). The scan speed was 50 nm/min, response time
2 s, acquisition interval 0.1 nm, and bandwidth 1 nm.
Typically, protein concentrations of 20-30 uM in
20 mM Tris, pH 8.0, were used. For reduction, dithio-
threitol was added to 2 mM and the samples incubated
for at least 45 min at 20°C. Temperature scans from
20 to 90°C, 0.5°C increase/min, were performed using
cuvettes equipped with a Teflon lid. After measure-
ment at 90°C, the samples were cooled to 20°C, equili-
brated for 20 min and scanned again. For thermal
unfolding curves, the residual molar ellipticities at 208
nm were used, since the change in signal was found to
be most pronounced at this wavelength. For CD meas-
urements of fibers, they were cut into small pieces and
suspended by vigorous vortexing in 2% SDS buffer.

SEC of soluble 4RepCT, CC1, and S was per-
formed using a Sephacryl S-100 HR (GE Healthcare)
column, with 1.0-cm inner diameter and 37-cm bed
height, equilibrated with 20 mM Tris, pH 8.0, and an
AKTA basic system (GE Healthcare) at a flow rate of
0.5 mL/min.

Fiber production and promotion

of disulfide formation

Fibers were made essentially as previously described.®
4RepCT, CC1, or S proteins in 20 mM Tris-HCl, pH
8.0, were incubated in glass tubes at room tempera-
ture until no soluble protein could be detected in the
supernatant (>48 h), implying that essentially all pro-
tein had polymerized into fibers.

To promote formation of intermolecular disulfide
bridges, fibers were either made under different redox
conditions or treated in different ways after fiber for-
mation was completed. For Cys oxidation during fiber
formation, reduced (GSH) and oxidized (GSSG) gluta-
thione (Saveen & Werner AB, Sweden) in 20 mM Tris-
HCI, pH 8.0, or 9.5 were used in the following ratios:
(i) 3 mM GSH/0.3 mM GSSG; (ii) 1.65 mM GSH/
1.65 mM GSSG; (iii) 0.3 mM GSH/3 mM GSSG; and
(iv) 5 mM GSSG (see Table I).

For post-treatment of fibers, dimethyl sulfoxide
(DMSO) or O, was used. For DMSO treatment, fibers
were agitated by rocking in 20 mM Tris-HC], pH 8.0,
containing 10% (v/v) DMSO at 20°C over night. For
O, treatment, fibers in 40 mL of 20 mM Tris-HCI, pH
8.0 were gently bubbled with O, (medical oxygen class
2, Air Liquide, Sweden) for 3 h at 20°C. The buffer
was saturated by vigorous bubbling for 30 min prior
to adding the fibers.

After the different treatments, the fibers were
gently stretched until straight, as judged by visual
inspection, and air-dried for ~20 min, when no fur-
ther visible change of the fiber could be detected. The
dried fibers were stored in capped plastic tubes at
22°C until further analysis.
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Determination of fiber diameter and scanning
electron microscopy

Dried fibers were photographed using a Leica DMLB
light microscope at 20x magnification. The diameter
was determined at 3—5 positions along each fiber
using a length reference and the imageJ software,
whereof the lowest value was used.

Representative fibers (before and after drying and
tensile testing) were applied on SEM stubs where they
were air-dried and vacuum coated with gold and palla-
dium. The samples were photographed with a LEO
1550 FEG microscope (Carl Zeiss, Oberkochen, Ger-
many) using an acceleration voltage of 5 kV.

Tensile strength measurements

Stress versus strain (% length extension) of dried
fibers was measured under ambient conditions
(~22°C, 30—40% relative humidity) with a DMA Q800
V7.4 (TA instruments) using a ramp force of 0.2 N/
min. The fiber ends were glued with a small amount
of cyanoacrylate (Loctite® Super Attak™) between thin
sheets of cardboard paper and mounted in the clamps.
The fibers were fixed with the same force each time.
Fibers with macroscopic defects or that were obviously
maltreated during mechanical testing were excluded
(<10% of all fibers). A circular initial cross section of
the fibers was used for the calculation of stress. The
data was analyzed with the TA Universal Analysis soft-
ware (TA instruments).

Assessment of intermolecular disulfide
formation in fibers

Dried fibers, ~3 cm in length, were dissolved in neat
formic acid supplemented with SDS. The solvent was
evaporated and pellets were suspended in 60 pL gel
loading buffer containing SDS, resulting in a final SDS
concentration of 6%. For reduced samples the gel
loading buffer contained 2.5% (v/v) 2-ME. The sam-
ples were subsequently separated by SDS-PAGE.
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