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ilamentous protein structures are
Fwidely studied and are important in

many fields of research. They are cru-
cial for several biological functions,'? play
an important role in certain diseases,>* and
have a major influence on food structures.>’
Understanding the process of filament for-
mation is essential to be able to control their
final size and shape and therefore their
function. We developed a new class of
stimulus-responsive biopolymers that can
self-assemble into filamentous structures.
These biologically synthesized protein poly-
mers form a monodisperse system with
an exactly defined length and sequence,
stored in one genetic template. These prop-
erties are superior to those achieved with
any established chemical polymerization
method.

In this article we present our experimen-
tal work on the self-assembly behavior of
silk-collagen-like triblock copolymers into
filamentous structures. These triblocks con-
sist of a hydrophilic and inert collagen-
based part (C), which is 198 amino acids
long and is very rich in glutamine, arginine,
and serine, and a silk-based part (S) that con-
sists of 24 octapeptide repeats (GAGAGAGX).
We use three different silk blocks, where the
X position in the glycine- and alanine-rich
octapeptide is taken by either glutamic acid
(E), histidine (H), or lysine (K). This way we
have three different silk blocks that are all
pH-responsive, of which one is acidic (SF)
and two are alkaline (S" and S¥). We pro-
duced triblocks in two different arrange-
ments, either with the collagen blocks on
the outside and two silk blocks on the inside
(CSSCQ) or with the silk blocks on the outside
and two collagen blocks on the inside
(SCCS). Together with the three variants in
silk blocks, this gives us six different pro-
teins. This study shows experimental results
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We produced several pH-responsive silk-collagen-like triblocks, one acidic and two alkaline. At

pH values where the silk-like block is uncharged the triblocks self-assemble into filaments. The

pH-induced self-assembly was examined by atomic force microscopy, light scattering, and

circular dichroism. The populations of filaments were found to be very monodisperse,

indicating that the filaments start to grow from already present nuclei in the sample. The

growth then follows pseudo-first-order kinetics for all examined triblocks. When normalized to

the initial concentration, the growth curves of each type of triblock overlap, showing that the

self-assembly is a generic process for silk-collagen-silk triblocks, regardless of the nature of

their chargeable groups. The elongation speed of the filaments is slow, due to the presence of

repulsive collagen-like blocks and the limited number of possibilities for an approaching

triblock to successfully attach to a growing end. The formation of filaments is fully reversible.

Already present filaments can start growing again by addition of new triblocks. The structure

of all filaments is very rich in /3-turns, leading to 3-rolls. The triblocks attain this structure only

when attaching to a growing filament.

KEYWORDS: pH-responsive - biopolymer - protein - hydrogel - kinetics

on the three silk-collagen-silk triblock pro-
teins, indicated in Table 1.

Previous work showed that the histidine-
bearing triblocks (CSHSHC and s"ccs™) self-
assemble upon increasing the pH to a value
higher than the pK of histidine. The glutam-
ic acid-bearing triblock shows similar be-
havior at a pH below the pK of the side group.
The self-assembled triblocks have a filamen-
tous structure with stacked S-rolls made up
of the uncharged silk block and a dilute
hydrophilic corona (loop) of the collagen-
like block2 These f-rolls are composed of
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TABLE 1. Overview of Different Triblocks Described in
This Research

acidic alkaline alkaline
silk-collagen-silk sEecst sfecs™ sfeesk
pk ~41 ~6.5 ~10

10.0 nm

0.0 10.0um

Figure 1. AFM tapping mode image of SFCCSF triblock
filaments formed at pH 2.3 and adsorbed on a silica surface.

two parallel 3-sheets, oriented in opposite directions
and connected via -turns. This way hydrogen bonds
can be formed within each parallel 3-sheet and be-
tween the oppositely oriented f-sheets. The f-rolls
differ from the antiparallel S-sheets that are formed
when crystallizing the silk domains in methanol.’ The
combination of a silk-like domain and a collagen-like
one can yield interesting properties. These bioinspired
triblock copolymers make use of the unique combina-
tion of flexibility and strength of silk°~'* and the
excellent biocompatibility of collagen, which has been
widely studied as a basis for tissue engineering.'>~'®

In this work we elucidate the self-assembly kinetics
of three different silk-collagen-like triblock copolymers.
Using microscopy, light scattering, and circular dichro-
ism we investigate the formation of supramolecular
filaments after charge neutralization. We use both
acidic and alkaline triblocks to study the self-assembly
of the neutralized polymer under different pH condi-
tions. We look at the concentration dependence of the
self-assembly process and at the structure of the
different triblocks in the self-assembled state. Further-
more, we look into the reversibility of the pH-induced
self-assembly.

RESULTS AND DISCUSSION

Atomic Force Microscopy. Samples that contained fila-
ments after self-assembly of individual triblocks were
analyzed by tapping mode AFM. An example can be
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Figure 2. Elongation of growing filaments of SSCCS® mea-
sured with AFM tapping mode for different triblock con-
centrations. Error bars represent standard deviations of 10
measured filaments per time step. The lines represent
calculated values according to eq 4.

I
TABLE 2. Initial Filament Elongation Speed of SECCSF

Triblock at pH 2.3

triblock concentration elongation speed

1.5 uM 0.11nm/s
7.5 uM 0.58 nm/s

seen in Figure 1. Interestingly, the filaments visible in
this image have a remarkably narrow length distri-
bution.

For different times after the start of the self-assembly,
we imaged the adsorbed and dried filaments and mea-
sured their contour length. Results are shown in Figure
2. As can be seen, in the initial phase the length
increases linearly in time; from the slope a value for
the elongation speed of the growing filaments can be
obtained (Table 2).

The presence of a very monodisperse system of
filaments at all times shows that an initial fast nuclea-
tion step is followed by elongation by the attachment
of new triblocks. This experiment shows that the in-
dividual filaments have a growth speed that has a first-
order dependency on the triblock concentration c(t).

% = kac(t) (1)

From Figure 2, the value of the rate constant k, can
be determined as being 7.7 x 10 8 m*mol~' s .

The monodisperse population of filaments, which is
visible in Figure 2, suggests a nucleated growth me-
chanism with a fixed number of initial nuclei n (mol m™—).
The same is found for the two alkaline triblocks that
were examined. These nuclei can be impurities that
were not removed during the purification or partially
digested triblocks. As for a certain triblock, per batch,
the length of the filaments that are visible on AFM
pictures after completion of the self-assembly does not
depend on concentration, we conclude that the ratio
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of the concentration of nuclei (n) to the initial concen-
tration of triblock is a constant. This aggregation
number N also corresponds to the average number of
triblock molecules in one filament after completion of
the self-assembly:

(0)

N=— (2)
n

The concentration of free triblocks that determines
the growth speed of the filaments can be expressed as
a function of the total concentration of protein ¢(0) and
the concentration of proteins in the filaments.

c(0)

c(t) = c(0) _WL(” (3)

with n = ¢(0)/N the concentration, L(t) the contour
length of the filaments, and / the length per molecule
of triblock in the filament.

Substituting this equation for c(t) in eq 1 gives us a
differential equation that can be solved into

<o) c(0)

This equation gives an excellent match with the
measured data presented in Figure 2.

If we compare the elongation speed of the growing
filaments with the flocculation of Brownian particles
according to Smoluchowski, we can compare the
elongation speed with that of a diffusion-limited case.
The Smoluchowski equation for our case gives the
decrease of the concentration of triblocks dc/dt as a
function of the concentration of the triblocks ¢, the
concentration of filaments n, Avogadro's number N,
and the kinetic parameter Kg,own-

dc

*a = KBrownanA (5)

The parameter Kg,own is @ function of the absolute
temperature T, the viscosity of the solution 7, and
Boltzmann constant ky,:
4k, T
KBrown = 5 (6)
37

We can express dc/dt in terms of the elongation speed
dL/dt, the concentration of filaments n, and the length
per triblock molecule in the filament /.

_dc_din )
dt — dt !

Combining these equations gives a value for dL/dt:

dL
E = KBrowndNA (8)

For the solution of SECCSE of 1.5 uM and a value for
I of 0.95 nm'® this leads to a value for dL/dt of 4.6 um/s,
which is more than 4 orders of magnitude higher than
experimentally found and shown in Table 2. We have
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several explanations for this difference. First of all the
Smoluchowski equation does not account for the
limited part of the growing filament that is available
for aggregation. Only a collision between a growing
end of a filament and a free triblock can lead to the
elongation of that filament. Furthermore, the steric
nature of the glutamic acid leads to a lower number
of successful collisions. There must be a parallel stack-
ing of the triblocks in order for the glutamic acid
groups not to overlap.'”"?' As a consequence, the
conformation and orientation of the triblocks when
approaching a growing end is essential for attachment
to the filament. An unfavorable conformation will thus
not lead to the attachment of the new triblock. Finally,
the good solubility of the collagen part induces a
repulsive interaction between the filament and the
approaching triblock that leads to an energy barrier to
be overcome. This energy barrier also leads to a lower
success rate of elongation per collision.

Static Light Scattering. According to the Rayleigh the-
ory, the light scattered by a solution is given by the sum
of the scattered intensity of all particles in solution. The
light scattered is usually given as the Rayleigh ratio R
and can be written as the sum of the scattering by the
individual particles in solution:

R = ch,M,ZPi(q)S(q) (9)

where c is the concentration, M the molar mass, P(q)
the form factor that accounts for interference of scat-
tered light within one particle, and S(q) the structure
factor that accounts for interference of scattered light
from different particles in the solution. The optical
constant K is given by

2
K = 47°ny? (@> /NaA* (10)
dc
where nyg is the refractive index of the solvent, dn/dc is
the refractive index increment of the solute (0.18 cm3/g
for our triblocks), N is Avogadro's number, and 1 is the
wavelength of the light in vacuo.

The Rayleigh ratio R can be determined by measur-
ing the scattered intensity of a sample, the pure
solvent, and a reference sample of which the Rayleigh
ratio is known:

lsam — I Nsam?
Rsam = ! X Rref X nsam2 (11)

/ ref ref

As a reference, toluene was taken, which has a known
Rayleigh ratio of 1.98 x 107> cm ' at the used wave-
length.??

Figure 3 shows the development of R/c for a solu-
tion of SECCSE after decreasing the pH to 2.3.

We see that, directly after acidification of the sam-
ple, there is a steady increase of the scattered light
intensity, showing that the size of the particles in
solution is increasing continuously. From the rate of
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Figure 3. Static light scattering data of a 1.5 M SFCCSE
solution at pH 2.3.

increase we can obtain information about the kinetics
of the self-assembly process.

For a monodisperse population of linear particles in
adilute solution as in our study, we can assume S(q) =1,
and eq 9 can be rewritten as

My, 212
/2

R = Kn P(ql) (12)
with n being the filament concentration, M,, the molar
mass of the individual triblock, / the length per triblock
in the filament, and L the contour length of the scat-
tering particles.

Combining eqs 4 and 12 gives an expression for R(t)
for a monodisperse population of growing filaments:

2 2 2
R(O) — K’V’WC(O)[1 _ exp( _ ka@t) P(gL) (13)

n NI

Rewriting this equation shows that for a system that
displays pseudo-first-order kinetics, plotting R/c(0)
against c(0)t for different concentrations of triblock
gives graphs that will overlap if the shape of the
filaments and thus the form factor P(gL) develops in
the same way. Equation 4 shows that the length of the
filaments L(t) is a function of the combined variable
c(0)t. The wavevector g is constant, which means that
the form factor P(qL) is also a function of c(0)t. Dividing
eq 13 by c(0) leads to the expression below that
contains the values K, N, I, and k,, which are all
constants for a given triblock. The only variables in
the equation are c(0), t, and P(qL).

2
5@¢:mwaP<—ap<hdmv

O N P(gL) (14)

From the AFM pictures it is clear that the shape of the
filaments does not depend on the concentration of
triblock in a sample. The development of the form
factor P(qL) depends only on L(t), which according to
eq 4 scales with c(0)t. Figure 4 shows plots in which the
Rayleigh ratio per concentration of triblock R/c(0) is
plotted against c(0)t.
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Figure 4. Static light scattering data for self-assembly of
different triblocks. (A) SECCSE triblock solutions of different
concentrations at pH 2.3. (B) S"CCS" triblock solutions of
different concentrations at pH 11. (C) S*CCSX triblock solu-
tions of different concentrations at pH 12.

Figure 4 shows that indeed for every separate
triblock plots of R/c(0) against c(0)t for different con-
centrations overlap. This confirms our hypothesis that
the self-assembly process follows pseudo-first-order
kinetics. It also shows that this behavior is generic for
silk-collagen-silk triblocks, regardless of the nature of
the chargeable group.

After completion of the self-assembly process it is
possible to restart the growth of the filaments by
adding a fresh solution of triblocks, similar to that in
a living polymerization process.?®> This is shown in
Figure 5 for a solution of 7.5 uM SFCCSF at pH 2.3.
The first part of the plot shows an increase in Rayleigh
ratio by the self-assembly of individual triblocks into
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Figure 5. Static light scattering data for the self-assembly of
a 7.5 uM solution of SFCCSE at pH 2.3. At t = 75000 s half of
the solution was removed and a fresh solution of free
SECCSE triblocks and acid was added to reach the same
concentration, volume, and pH as before.
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Figure 6. AFM tapping mode image of a bidisperse popula-
tion of filaments formed in a 7.5 «M solution of SFCCSF at
pH 2.3. The two populations have an average length for 20
filaments each of 320 + 43 and 850 + 67 nm.

filaments. The solution was left until the scattered light
intensity was stable and all triblocks were present in
filaments. Then half of the solution was removed, and
fresh triblock and acid was added to obtain the same
concentration and pH. As expected, this resulted in a
Rayleigh ratio that is exactly the average of that of both
solutions. The Rayleigh ratio immediately starts to
increase again, indicating that self-assembly has
started again. The final value of the Rayleigh ratio is
higher than the first plateau value. Therefore, we
conclude that the already present filaments start grow-
ing again once new triblock is added to the solution. If
only new filaments would be formed, the second
plateau would be the same as the first, as a mono-
disperse population of filaments of size L would be
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Figure 7. Staticlight scattering data for SFCCSE directly after
lowering the pH to 2.3 (30 uM). The two other graphs show
data obtained after increasing the pH to 10 again and
acidifying to pH 2.3 a second time (28 uM), and repeating
this procedure once more (26 uM).

formed. Due to the quadratic dependence of the
scattered intensity on particle size, the bidisperse
population that consists half of flaments of size L — x
and half of filaments of size L + x has a higher total
scattered intensity, as shown in Figure 5.

In addition we see that an AFM image taken at the
end of this experiment shows a bidisperse population
of filaments. This image is presented in Figure 6. This
supports our light-scattering data that the present
filaments start growing again and that new filaments
are formed when fresh solution is added.

When the pH of a solution with filaments is changed
to a value well above the pK for the acidic triblock or
below the pK for the alkaline triblocks, we observe an
instant drop in scattered light intensity to a value that
corresponds to the scattering of triblocks in their
unassembled state. This indicates the breakup of fila-
ments into individual charged triblocks. After this, self-
assembly into filaments can be induced again by
changing the pH to an appropriate value. In Figure 7
we show static light scattering data for a solution of
SECCSE that was acidified for a second time to a pH of
2.3 after breaking up the filaments by adding NaOH.
Previous work shows that the critical pH at which these
filaments break up is 5.4.2*

In Figure 7 we see that again lowering the pH to 2.3
gives us the same development of the signal R/c(0),
after correction for the dilution by the extra added acid
and base. Repeating this procedure again gives us a
corresponding development of R/c(0). These data
show that the self-assembly of triblocks is a fully
reversible process. It also confirms that the concentra-
tion of nuclei is proportional to the concentration of
triblock in the sample. We attribute the small vertical
shifts of the plots to the increase of salt due to the
addition of acid and base.

Circular Dichroism. CD measurements were used to
compare the secondary structure of the three triblocks
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Figure 8. Circular dichroism spectra of three different tri-
blocks in their charged colloidal state and after self-assem-
bly into filaments. (A) A 1.5 uM solution of SECCSF at pH 11
and 24 h after acidification to pH 2.3. (B) A 1.5 uM solution of
sHccsH at pH 3 and 24 h after changing the pH to 7.9. (C)
A 4.5 uM solution of S*CCS® at pH 3 and 24 h after changing
the pH to 12.

SFCCSF, sfccs™, and S“CCS®. For each triblock we
recorded a spectrum in the charged colloidal state
and in the self-assembled state. We left the solutions
for 24 h for the self-assembly to complete.

It has already been shown that glutamic acid-bear-
ing triblocks are very rich in S-turns once filaments are
formed.® These 8-turns are present in so-called S-rolls,
as demonstrated by molecular dynamics simulations.
The data on S*CCS¥ presented in Figure 8 show a
spectrum very similar to that of the other two triblocks.
In the charged form (pH 3) it has a clear negative
ellipticity around 197 nm. After the formation of

BEUN ET AL.

0.6 -

0.4 -

0.2 A

Relatvie change in ellipticity (-)

0 T T T T 1
0 10000 20000 30000 40000 50000

t(s)

Figure 9. Relative change of the ellipticity at 197 nmofa 1.5
uM solution of SECCSE during the self-assembly process at
pH 2.3. The curve shows a monoexponential decay of the
fraction of triblock in the unassembled state.

filaments this negative ellipticity almost disappears,
very much like the spectrum of SFCCSE. The most
significant difference is that the spectrum for SKCCSK
is somewhat less pronounced, as we need a higher
concentration to obtain the same ellipticity. The spec-
trum of SHCCSH looks like an intermediate form of the
random coil spectrum and the S-roll structure. This can
be a result of the bulky and hydrophobic nature of the
histidine side chain. The bulky nature of the histidine
side chain at the turn can disturb this structure and
decrease its impact on the CD spectrum. The hydro-
phobic character of the uncharged histidine side chain
can lead to the incorporation of improperly folded
triblock molecules in the filament. These molecules are
then kinetically trapped and do not contribute to the
signal of the S-roll structure, but are visible as random
coiled structures in the CD spectrum.

We measured the spectrum of a 1.5 uM solution of
SECCSE in time to determine the evolution of the
secondary structure during the self-assembly into fila-
ments. We observed no clear shift in the spectrum
directly after lowering the pH to 2.3. The shift from
random coil to 3-roll structure is slow and occurs on the
same time scale as the formation of the filaments.
Therefore we conclude that the triblock attains the
B-roll structure only when attaching to a growing end
of afilament. In Figure 9 we plotted the relative change
of the ellipticity 6 at 197 nm, calculated as [6(e) —
0(t)1/[6(=) — 6(0)]. This ratio expresses the fraction of
triblock that is still in the unassembled state.

The plot in Figure 9 shows a monoexponential
decay of this fraction, which is consistent with pseu-
do-first-order kinetics. This supports our conclusion
that a triblock attains a S-roll structure during self-
assembly into filaments.

CONCLUSIONS

Silk-collagen-like triblock copolymers follow pseu-
do-first-order kinetics during self-assembly in dilute
solutions. The slow growth in these dilute solutions
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enabled us to follow the length development of po-
pulations of filaments in time. Using light scattering we
could investigate the growth kinetics in a system
without dealing with a steep increase in viscosity
during gel formation. The formation of filaments after
charge neutralization shows generic behavior for the
acidic (SFCCSF) and alkaline (S"CCS" and S*CCSX) tri-
blocks. Each triblock forms ribbonlike filaments when
the pH is adjusted to a value at which the triblock is
uncharged. The narrow length distribution of the
population of filaments suggests a nucleated growth
mechanism from already present nuclei in the sample.
The consecutive elongation of the growing filaments
shows a first-order concentration dependence. Elon-
gation can be restarted by addition of new triblocks.
The elongation speed is much slower than expected
for a random aggregation mechanism. This is attribu-
ted to the repulsive nature of the collagen block, the
limited size and availability of the growing end of a
filament, and the orientation and conformation that is
needed for an approaching triblock to successfully

EXPERIMENTAL SECTION

Protein Sequence and Synthesis. The amino acid sequences of
SECCSE, CSESEC, and SHCCSH have been described previously.25
The S*CCS® triblock differs from the SECCS® and SMCCS™ tri-
blocks only in the silk part, where the GAGAGAGX repeat bears
a lysine (K) in the X position instead of glutamic acid (E) or
histidine (H), respectively. All triblocks were produced in a fed
batch fermentation of Pichia pastoris as previously described for
the glutamic acid- and histidine-bearing triblocks. The S¥CCS®
was produced and purified in the same way as the S"ccs!
triblock.

Static Light Scattering. Static light scattering data were all
obtained at a 90° angle using an ALV-SP/86 goniometer with
an ALV7002 external correlator and a Thorn RFIB263KF photo-
multiplier detector with 200/400 u#m pinhole detection system.
It was operated using a 300 mW Cobolt Samba-300 DPSS laser at
a wavelength of 532 nm. The setup corresponds to a wavevec-
tor of 0.022 nm™~". All samples were measured in round quartz
cuvettes, including solvent blanks, for which water was used. As
a reference sample we used toluene. Samples were prepared by
mixing the appropriate amount of protein stock solution and
demineralized water. After adding a 50 mM HCl or NaOH
solution to reach a final concentration of 10 mM the sample
was immediately shaken and filtered with a Nalgene 200 nm
syringe filter. Subsequently the solution was transferred to the
quartz cuvette and the measurement was started. The average
time between the start of the experiment and the start of
the measurement was 1 min. After the experiment had finished,
we measured the pH of each sample.

AFM Imaging. AFM samples were made by dippinga 10 x 10 mm
hydrophilic silicon wafer bearing a thin oxide layer into the
protein solution, rinsing with demineralized water to remove
any nonadsorbed material, and drying it under a stream of
nitrogen. The samples were analyzed using a Digital Instru-
ments Nanoscope Il in tapping mode with NANOSENSORS
SSS-NCH-20 silicon tips with a typical tip radius of 2 nm.

Circular Dichroism. CD measurements were performed on a
Jasco J-715 spectropolarimeter at room temperature. The
spectra were recorded between 190 and 260 nm with a re-
solution of 0.2 nm and a scanning speed of 1 nm/s. Spectra
were recorded for three different triblocks: SECCSF, sHccs™,
and SKCCSX. First spectra were recorded for each triblock in the
unassembled state. For SECCS® we used a 1.5 M solution in
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attach to a growing filament. Charging up the fila-
ments by altering the pH creates a very unstable
situation in which the filaments immediately fall apart
into individual triblocks. The self-assembly into fila-
ments can then be triggered again by altering the pH
to a value at which the triblocks are uncharged. The
kinetic properties of this repeated self-assembly, when
corrected for dilution, are identical to those of the
freshly prepared solution. Therefore, we conclude that
the nuclei present in the sample stay intact and the
pH-induced self-assembly is reversible. The structure of
the filaments of all three types of triblocks is very rich in
B-turns, forming f-rolls. Surprisingly, the formation of
these f-rolls does not occur directly after neutraliza-
tion, but only upon attachment to a filament, illu-
strated by the slow evolution of the CD spectrum
from random coil to fS-rolls. The kinetic properties
of the self-assembly process are very similar to those
of a living polymerization reaction, with the exception
that the self-assembly is a reversible supramolecular
process.

1 mM NaOH, for S"CCS™ we used a 1.5 «M solution in 1 mM HCl,
and for SKCCSK we used a 4.5 uM solution in 1 mM HCI.
Measurements of the three triblocks in the assembled state
were performed as follows. For the acidic SFCCSF triblock a
1.5 uM solution in 10 mM HCl was prepared (final pH of 2.3), for
the SHCCS™ triblock a 1.5 uM solution in 20 mM phosphate
buffer (final pH 7.9) was used, and measurements with the
SKCCsK triblock were performed with a 4.5 uM solution in
20 mM NaOH (final pH 12.1). The solutions were left overnight
to complete the self-assembly process before measuring the
spectrum. The spectrum of a 1.5 uM solution of SECCSF was
recorded during the self-assembly process at different time
intervals to examine the evolution of the secondary structure
in time. Each measurement was performed in a 1 mm quartz
cuvette.
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