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Supramolecular self-assemblies with well-ordered structures
and few defects are potential candidates for the next genera-

tion of advanced bionanomaterials due to their applications in
diverse fields like healthcare and energy-related technologies.1�6

The major challenge in the production of these materials is
reliable and rapid self-assembly with minimal kinetic defects. The
levels of organization achieved are dictated by a number of
factors, including the balance among intermolecular interactions,
the solution environment, geometric templating, and mass
transfer.7 A number of enzyme types, including esterases, pro-
teases, and phosphatases, have been used to control the molec-
ular self-assembly. These enzymes switch on a molecular cascade
by structural modification of nonassembling precursors to self-
assembling molecular entities that transform to self-assembled
structures.2

In a recent study,3 we made the counterintuitive observation
that the level of order obtained in one of these systems (as
evidenced by several spectroscopy and microscopy methods)
shows a positive correlation with the concentration of catalyst
used. This was unexpected as one would expect faster self-
assembly rates to result in more, rather than fewer, defects, as
has indeed been observed in salt-induced assembly of beta-
hairpin-based hydrogels.8 The key to this difference in behavior
is likely linked to the unique nucleation and growth mechanisms

observed in biocatalytic self-assembly involving poorly soluble
peptide gelators, where the biocatalyst can act as a spatial
confinement for the early nucleation stage of self-assembly by
localizing the precursors and achieving a local concentration
above the critical aggregation concentration.9 It was proposed
that enzyme molecules act cooperatively within clusters and that
these clusters have lower mobility and higher rigidity due tomore
extensive networking at higher enzyme concentrations, as con-
firmed by dynamic light scattering measurements.3 This cluster-
ing and lowered mobility may help to reduce discontinuities in
fibrillar self-assembly and yield better ordered structures. Due to
the important and unexpected role of catalytic clusters in these
systems, these warranted further investigation. In the current
Letter, we provide a structural characterization of the enzyme
clusters formed using synchrotron small-angle X-ray, dynamic,
and static light scattering measurements.

The use of enzymes for localized formation of nanostructures
has also been described in the formation of inorganic structures.
Matsui et al. demonstrated that crystalline ZnO nanoshells could
be synthesized by using urease as a nanoreactor by exploiting the
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ABSTRACT:The structural characterization of subtilisinmesoscale clusters, which
were previously shown to induce supramolecular order in biocatalytic self-assembly
of Fmoc�dipeptides, was carried out by synchrotron small-angle X-ray, dynamic,
and static light scattering measurements. Subtilisin molecules self-assemble to form
supramolecular structures in phosphate buffer solutions. Structural arrangement of
subtilisin clusters at 55 �C was found to vary systematically with increasing enzyme
concentration. Static light scattering measurements showed the cluster structure to
be consistent with a fractal-like arrangement, with fractal dimension varying from
1.8 to 2.6 with increasing concentration for low to moderate enzyme concentra-
tions. This was followed by a structural transition around the enzyme concentration
of 0.5 mg mL�1 to more compact structures with significantly slower relaxation
dynamics, as evidenced by dynamic light scattering measurements. These concen-
tration-dependent supramolecular enzyme clusters provide tunable templates for
biocatalytic self-assembly.
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local pH change around the enzyme molecule.10 Formation of
protein clusters has been observed before. Various proteins have
been shown to spatially order themselves into self-assembled
clusters due to the balance of long-range repulsive and short-
range attractive interactions. These interactions mainly arise
from electrostatic and dispersion interactions due to protein
structure or the presence of cosolvents and cosolutes in the bulk
medium.11,12 Enzymes have been shown to self-associate by
changing pH, temperature, pressure, and concentrations, which
can have either adverse or propitious effects on enzyme activity.
Homogeneous solutions of lysozyme at pH = 4.5 with volume
fractions as low as 0.016 were found to contain networks of
weakly bound chains of protein molecules with relatively short
characteristic lifetimes.13 The multifunctional Calmodulin kinase
ll holoenzyme, which regulates diverse cellular processes, forms
loosely packed clusters, and their further self-association upon
changing pH from 7.5 to below 7.0 yields large networks of
micrometer size. This self-association contributes to transloca-
tion and inactivation of the enzyme.14 The enzyme subtilisin
Carlsberg aggregates in organic solvents to clusters of about 60
molecules. Interestingly, it has been shown that these aggregates
have enhanced activity and can provide a microenvironment for
catalysis.15 It has also been suggested that the mineralization of
biosilica structures of glass sponge is templated on hydroxyl
collagen (a naturally occurring protein), revealed by the presence
of an unusual motif of hydroxylated fibrillar collagen obtained by
slow alkali etching of biosilica.16

Despite the fact that the enzyme (protein) molecules them-
selves can act as geometric constraints/confinements, which
directs complexity and higher order and fewer defects in self-
assembled structures, we are not aware of any previous studies on
the structural arrangements of enzyme clusters in the solution
phase. In this study, we analyze the structure of supramolecular
clusters of enzyme subtilisin using synchrotron small-angle X-ray
scattering (SAXS), dynamic, and static light scattering. We show
that enzyme molecules self-assemble into extensive fractal-like
clusters with structural arrangements systematically depending
on the enzyme concentration. These supramolecular structures
then act as templates that may be used to direct biocatalytic self-
assembly.

We have demonstrated in a recent study3 that subtilisin self-
associates in phosphate buffer solutions to extended clusters at
55 �C, which is the optimal temperature where it exhibits the
highest biocatalytic activity. This was evidenced by dynamic light
scattering measurements through the presence of decreased
initial decay rates of density fluctuations and increased promi-
nence of slow relaxation modes with increasing enzyme con-
centration. It was proposed that extended interconnected
networks are formed in the enzyme solutions, which become
more rigid with enhanced degree of interconnection at higher
concentration. In order to further investigate subtilisin clustering
in phosphate buffer solutions, we performed synchrotron SAXS
measurements at different concentrations of subtilisin, which
exhibited distinctly different relaxation times at 55 �C, as shown
by dynamic light scattering.

First, we performed measurements at 25 �C in order to assess
self-association of subtilisin in solutions at ambient conditions
where the biocatalytic activity is not optimal. The background-
corrected SAXS intensity measured at ambient temperature
along with the calculated scattering intensity of monomeric
subtilisin (form factor P(Q) computed using the CRYSOL17

software for the crystal structure of subtilisin based on its PDB

entry 1BE8) is shown in Figure 1. The Guinier analysis for the
theoretical form factor P(Q) of the monomeric subtilisin yields
the radius of gyration (Rg) of 1.8 nm.

Normalized structure factors S(Q) (inset in Figure 1) for
subtilisin solutions at two different concentrations are signifi-
cantly increasing at low Q values, which is consistent with the
presence of clusters of much larger dimension than that of the
monomeric subtilisin, even at ambient temperature. Dynamic
light scattering measurements on subtilisin solutions at 25 �C
showed a single nearly exponential decay of the autocorrelation
function, indicating a relatively narrow distribution of decay rates
independent of subtilisin concentration for a range of concentra-
tions from 0.05 to 0.8 mg mL�1 (data not shown). Further
measurements were done at 55 �C, which is the temperature
where subtilisin shows the maximum biocatalytic activity and
which is also the temperature that was used in our previous
biocatalytic self-assembly work.3 The dynamics of subtilisin clusters
for various concentrations of subtilisin was again followed by
dynamic light scattering, and the normalized autocorrelation func-
tions are shown in Figure 2a. For comparison, we also show the
theoretical autocorrelation function formonomeric subtilisin (Rh of
about 2 nm) assumed to be subject to free diffusive motion.

The apparent diffusion coefficients calculated from the initial
decay rate of the autocorrelation function using the cumulant
method are shown in Figure 2b. The corresponding apparent
mean hydrodynamic radius at low enzyme concentrations is very
similar at both temperatures (with anRh of about 80 nm) because
the solvent viscosity at 55 �C is about twice lower than that at
25 �C. It can be seen that, unlike at ambient conditions, the
cluster dynamics at 55 �C is concentration-dependent, with
decreased initial decay rates of density fluctuations and slow
relaxation modes becoming more apparent at higher concentra-
tion, as observed previously.3 The appearance of slow decay
modes at lag times of τ > 10 �3 s in normalized autocorrelation
functions indicates that the relaxation is nonexponential and the
clusters are not freely moving via Brownian motion but are likely
exhibiting some degree of interconnectivity.

In order to investigate structural arrangements of these inter-
connected clusters, we performed SAXS as well as static light
scattering on subtilisin solutions at 55 �C. The measured scatter-
ing intensities are shown in Figure 3. The presence of large-scale
structures over length scales of at least 2 orders ofmagnitude larger
than the dimension of themonomeric subtilisin can be clearly seen
from combined SAXS and static light scattering data.

Figure 1. SAXS intensity (in au)measured for subtilisin (0.2 mgmL�1)
in phosphate buffer at 25 �C along with the calculated form factor P(Q)
for subtilisin monomer based on its crystal structure (PDB entry 1BE8).
Normalized low Q structure factors S(Q) for two different concentra-
tions of subtilisin (0.2 and 1 mg mL�1) are shown in the inset.
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It can also be seen that some characteristic length scales are
emerging at various enzyme concentrations, as indicated by
vertical dotted lines in Figure 3, at Q ≈ 0.7 nm�1 (corresponding
to monomeric subtilisin, cf. Figure 1) for both enzyme concen-
trations, then atQ≈ 0.15 nm�1 (length scale about 5 times larger
than that of the monomer) at the lower enzyme concentration,
and finally at Q ≈ 0.006 nm�1 (length scale about 100 times
larger than that of the monomer) at the higher enzyme con-
centration. The observed length scales indicate a concentration-
dependent hierarchical arrangement, where the two smaller
length scales correspond to small primary clusters and the longest
length scale corresponds to large superclusters. At the lower

concentration, the primary cluster length scale corresponds to
about 5 times the monomer size, and these primary clusters then
appear to be arranged in fractal-like superclusters over at least
further two orders magnitude in size. At the higher concentra-
tion, primary clusters appear to be smaller, close to the subtilisin
monomer length scale, and these are then arranged in fractal-like
superclusters with a characteristic length scale about 100 times
larger than that of the monomer.

In order to further characterize the structure of these large-
scale networks of enzyme clusters, we have used static light
scattering measurements over a wide range of enzyme concen-
trations at 55 �C. The background-corrected static light scatter-
ing intensities for various concentrations are shown in Figure 4.

The scattering curves show varying power law behavior with
increasing enzyme concentrations, indicating that the enzyme
clusters have long-range structures with varying degrees of
compactness. At the lowest subtilisin concentration (0.05
mg mL�1 ), the power law exponent was found to be 1.8, which
indicates that the enzyme clusters form fairly open mass fractal
structures. The fractal dimension of these supramolecular struc-
tures increases to 2.3, 2.6, and 2.6 with increasing enzyme
concentration to 0.2, 0.3, and 0.5 mg mL�1, respectively. This
indicates that fractal structures become more compact and
presumably more rigid with increasing subtilisin concentration.

A structural transition for these fractal structures can be
observed at concentrations higher than 0.5 mg mL�1. The shape
of the scattering curves is markedly different at higher concen-
trations (0.7, 0.8, and 1 mg mL�1), where it shows a more
complex, multiscale structure with a lower value of the power law
scaling exponent (around 2.0) at intermediate Q values
(0.01�0.1 nm�1; see Figure 3), as well as an emergence of a
characteristic length scale at Q around 0.006 nm�1, which is not
seen at lower enzyme concentrations (cf. Figure 3). This is
consistent with a structural rearrangement of cluster networking,
which is also reflected in the decreased initial decay rateΓ, reflecting
the internal dynamics of relaxationof supramolecular structures rather
than diffusivity due to Brownian motion of freely diffusing clusters.18

While we are not aiming here to develop a more detailed structural
model of these observed multiscale hierarchical arrangements of
enzyme clusters, it is clear that their structure can be systematically
controlled by enzyme concentration and temperature.

We have, for the first time, shown direct evidence of long-
range supramolecular structures in biocatalyst solutions and demon-
strated structural transition in the supramolecular arrangement
on submicrometer length scales. The supramolecular structures
of enzymes play an important role in biocatalytic-induced

Figure 2. (a) Normalized autocorrelation functions (dimensionless) from dynamic light scattering measurements for various subtilisin concentrations
in phosphate buffer at 55 �C along with the calculated autocorrelation function for monomeric subtilisin (Rh = 2 nm). (b) Apparent diffusion coefficients
measured for various subtilisin concentrations at 25 and 55 �C.

Figure 3. SAXS and static light scattering intensities (in au) for 0.2 and
1 mg mL�1 of subtilisin in phosphate buffer at 55 �C. Characteristic
length scales are indicated by vertical dotted lines.

Figure 4. Static light scattering intensities (in au) of different concentra-
tions of subtilisin (inmgmL�1 as indicated) in phosphate buffer at 55 �C.
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self-assembly of short peptide derivatives. We have recently
shown that libraries of structurally diversemolecular and network
assemblies of Fmoc�dipeptidemethyl ester can be achieved simply
by varying the concentration of the enzyme. The underlying
mechanism for this rich and complex behavior of the self-
assemblies is based on the supramolecular structures of the
enzyme clusters themselves, which act as catalytic and geometric
templates and control the morphology of the supramolecular
self-assembly of aromatic peptide amphiphiles by providing a
structural environment for catalysis. It is tempting to hypothesize
that biocatalytic supramolecular self-assemblies can be controlled
not only by tuning the molecular structure of building blocks
but also by modulating the interactions of enzyme molecules
themselves.

’EXPERIMENTAL SECTION

Subtilisin solutions were prepared by mixing and vortexing of
1.25, 5, 8, 12.5, 15, 17.5, 20, and 25 μL of subtilisin stock solution
(Sigma Aldrich, Catalogue number P4860; Lot 056K1213)
per mL of 100 mM phosphate buffer (pH = 8, filtered with a
0.25 μm Anotop filter), which yielded enzyme solutions at
concentrations of 0.05, 0.2, 0.3, 0.5, 0.6, 0.7, 0.8, and 1
mg mL�1. These concentrations correspond to 1.5, 6, 9.6, 15,
18, 24, and 30 U mL�1, expressed in activity units used in our
previous report.3

SAXS measurements were carried out at Beamline 7T-MPW-
SAXS19 at BESSY II synchrotron source in Berlin, Germany,
using an X-ray energy of 9650 eV. Enzyme solutions at various
concentrations as well as pure buffer (as background) were
injected in glass capillaries and placed in a capillary holder. The
capillary holder was then mounted on the sample cell chamber,
evacuated, and heated to 25 or 55 �C. The individual samples
were then exposed to the X-ray beam to record scattering
intensity patterns by using a gas detector placed in the vacuum
chamber. The integration and processing of the scattering data
was carried out by using the software provided at the beamline.

Static and dynamic light scattering measurements were carried
out using the 3DDLS instrument (LS instruments, Fribourg,
Switzerland) using vertically polarized He�Ne laser light (25
mW with a wavelength of 632.8 nm) with an avalanche photo-
diode detector at angles between 15 and 135� at 55 �C. The
background scattering intensities (from pure buffer) were sub-
tracted from the scattering intensities of the enzyme solutions. At
each scattering angle, dynamic light scattering measurements
were also performed by recording the intensity autocorrelation
function g2(τ) as a function of lag time τ. The autocorrelation
functions were analyzed by means of the cumulant method in
order to determine the initial decay rate and the corresponding
average apparent diffusion coefficient Dapp.

18 The decay of the
normalized autocorrelation function was modeled as g1(τ) =
(g2(τ)� 1)1/2 = exp(�Γτ), whereΓ =DappQ

2 is the initial decay
rate, Q = (4πn/λ) sin(θ/2) is the scattering vector magnitude, n
is the refractive index of the solvent, and λ is the wavelength of
the laser. The average hydrodynamic radius Rh can be calculated
from the Stokes�Einstein equation, Rh = kBT/6πηDapp, where
kB is the Boltzmann constant, T is the absolute temperature, and
η is the solvent viscosity at the given temperature.

The scattering intensity patterns from static light and X-ray
scattering experiments can be described as I(Q) ≈ KP(Q)S(Q),
whereK is an instrument- and sample-dependent constant, P(Q)
is the form factor, which depends on the size and shape of the

primary particles, and S(Q) is the structure factor giving informa-
tion about the spatial arrangement of the primary particles at
length scales larger than that of the primary particles (radius of
Rp). Please note that Q = (4π/λ) sin(θ/2) for SAXS measure-
ments. In the limit of QRg < 1, the mean radius of gyration Rg of
randomly distributed (e.g., freely diffusing) primary particles or
clusters can be determined from themeasured scattered intensity
I(Q) by using the Guinier analysis.20 In the limit of 1/Rg , Q
, 1/Rp, where Rg is the mean radius of gyration of a
sufficiently large cluster composed of primary particles with
radius Rp, the structure factor for fractal clusters with fractal
dimension df scales with Q through a power law relation as
I(Q) ≈ S(Q) ≈ Q�df.
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