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ABSTRACT: The self-assembly of micellar structures from di-block polymers that contain hydrophilic and hydrophobic domains
has been of great interest for the encapsulation of drugs and other hydrophobic molecules. While most commercially used surfac-
tants are derived from hydrocarbon sources, there have been recent efforts to replace these with biodegradable, non-toxic, biologi-
cally synthesized alternatives. Previous examples have primarily examined naturally occurring self-assembling-proteins, such as
silk and elastin-like sequences. Herein, we describe a new series of fusion proteins that have been developed to self-assemble spon-
taneously into stable micelles that are 27 nm in diameter after enzymatic cleavage of a solubilizing protein tag. The sequences of
the proteins are based on a human intrinsically disordered protein, which has been appended with a hydrophobic segment. The mi-
celles were found to form across a broad range of pH, ionic strength, and temperature conditions, with critical micelle concentration
(CMC) values below 1 uM being observed in some cases. The reported micelles were found to solubilize hydrophobic metal com-
plexes and organic molecules, suggesting their potential suitability for catalysis and drug delivery applications. Furthermore, the
inherent flexibility in the design of these protein sequences enables the encoding of additional functionalities for many future appli-
cations. Overall, this work represents a new biomolecular alternative to traditional surfactants that are based on non-renewable and

poorly biodegradable hydrocarbon sources.

Introduction

It has been estimated that greater than 30% of eukaryotic proteins
are disordered or contain disordered regions of 50 consecutive
amino acids or more.! These intrinsically disordered proteins
(IDPs) and intrinsically disordered protein regions (IDRs) lack the
traditional secondary and tertiary structural motifs found in con-
ventional proteins. Algorithms and databases developed for the
purpose of identifying IDPs and IDRs have accelerated our under-
standing of the various roles this class of proteins can play in cel-
lular regulation and disease.” Furthermore, the disordered nature
of certain IDPs have been shown to be vital to the phase separation
that is implicated in the formation of membrane-less organelles.®
IDPs based on elastin-like protein (ELP) sequences that exhibit the
ability to undergo thermo-responsive phase transitions have been
exploited to develop genetically tailorable protein-based polymers
for applications in drug delivery and protein-based materials that
are naturally biodegradable.!%-12

In contrast to the abundant examples of synthetically produced self-
assembling peptides,!>!7 the recombinant expression of protein-
based materials is more amenable to scale up and allows for precise
genetic manipulation. To date, successful examples of using this
approach to prepare micellular materials have started with naturally
occurring motifs that are already known to self-assemble, including
the formation of vesicles from the sunflower protein oleosin'® and
the formation of hydrogels by leucine zipper proteins.'® Most nota-
bly, the self-assembly of the naturally phase separating elastin-
based IDPs can be controlled by appending these sequences with
hydrophobic-rich,2*23  or  post-translationally ~ modified

hydrocarbon tails.!! These proteins have been shown to form a va-

riety of temperature-sensitive structures (including micelles),?!-?*

and they have been evaluated for their drug delivery potential in
i 25,26

Vivo.?

However, given their great abundance and chemical diversity, IDPs
remain an underutilized source of biologically derived and biode-
gradable polymers, with the majority of research being conducted
on a small number of sequences that have shown utility in the de-
velopment of protein-based self-assembled materials.!>2327 In an
effort to expand the sequence space of self-assembling IDPs, we
have explored methods to introduce self-assembly, through genetic
modification, to a novel IDP sequence that normally shows no
phase separation or aggregation behavior.

Herein, we describe the construction and characterization of a new
class of self-assembling proteins based on an intrinsically disor-
dered sequence derived from the human neurofilament heavy arm
side chain (NF-H) protein.?® In vivo the NF-H domain of interest,
referred to as IDP herein, forms extended protrusions that flare out
from the core regions of cylindrical fibers, providing mechanical
integrity to the axons of neurons and acting as a regulator of
neurofilament transport.?*=2 These disordered protein regions in-
volve a characteristic repeat sequence that can be generalized as
“SPAE(A/V)K”, which has been found to expand and contract in
response to pH, phosphorylation, and ionic strength conditions.33-34
These sequences do not assemble or aggregate on their own, instead
behaving more like unstructured organic polymers. As a result,
there is significant interest in using this sequence to create "smart
biomaterials" in the form of protein-based environmentally



sensitive polymer brushes.3>?* By designing and adding a hydro-
phobic domain to the C-terminus of the IDP sequence, we sought
to generate an IDP-based di-block copolymer that, through entropic
and enthalpic forces, undergoes self-assembly in aqueous solu-
tions, Figure 1.

In an effort to develop and characterize a new class of self-assem-
bling proteins, we report an engineered protein construct that al-
lows facile expression and purification, with the potential for scal-
able production. Upon cleavage of an initial soluble domain, the
construct self-assembles into micelles that are highly stable with
respect to temperature, pH, and ionic strength conditions. Micelle
structures were observed at sub-micromolar concentrations, and the
ability of these constructs to solubilize hydrophobic cargo mole-
cules in their core regions was demonstrated. These IDP-based mi-
celles provide tunable, bio-renewable, biodegradable, protein-
based surfactants with similar properties to commonly used surfac-
tants found in detergents, drug delivery systems, and encapsulating
agents that are traditionally derived from chemically modified hy-
drocarbons which pose a great health and environmental im-
pact.3%37 Furthermore, this approach shows promise for the devel-
opment of new protein-based materials from previously overlooked
sequences that may pose new or interesting biomaterials properties.
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Figure 1. Inspiration for the design of self-assembling IDPs. (Left)
IDP proteins derived from neurofilament heavy arm side chains ex-
tend as hair-like protrusions from a cylindrical protein core. (Right)
by genetically encoding a hydrophobic domain at the C-terminus
of the IDP sequence, self-assembly around an artificial hydropho-
bic core is achieved.

Results and Discussion

Design of Sequences. A major challenge in the recombinant expres-
sion of new amphiphilic proteins is that, by their very nature, these
constructs are prone to assembling into higher ordered systems.
Aggregation of the proteins during expression can lead to trunca-
tion due to premature ribosome departure and toxicity to host cells.
Self-assembly properties can also lead to difficulties during purifi-
cation, and the highly disordered nature of these proteins can result
in increased protease susceptibility.>® To allow the expression and
purification of a fully-soluble protein, our construct consisted of a
161 amino acid segment of the human neurofilament IDP region
that was fused to the C-terminus of maltose binding protein (MBP)
with an N-terminal 6xHis tag (Figure 2). A thrombin cleavage site
was positioned between the two protein segments. The MBP region
both enhanced the solubility of the protein constructs during ex-
pression and purification and increased the overall production
yields.>

The IDP sequence itself was mostly composed of 25 repeats of the
amino acid sequence SPAEAK (see Supporting Information for

specific sequences). To the C-terminus of this region was added a
YWCA sequence to allow fluorescence detection of the peptides
and the potential for chemical labeling with maleimides. To engen-
der self-assembly properties, some constructs were also appended
with the hydrophobic segments shown in Figure 2b,c:

The self-assembling regions of these peptides are referred to as
“2Yx#A” herein, where # = 2,3,4. A higher number indicates a
longer hydrophobic sequence.

Construction of Plasmids and Expression of Proteins. The IDP seg-
ment was initially prepared as a fusion to a 6xHis-MBP protein and
was constructed using two gene blocks due to cloning difficulties
arising from its repetitive sequence. The generated MBP-IDP plas-
mid served as the basis for all additional constructs. The MBP-IDP-
2Yx(2-4)A plasmids were constructed by performing overhang
PCR on the MBP-IDP (or subsequent) plasmid.

Pure monomeric IDP protein was obtained in a similar manner to
IDP-2Yx(2-4)A proteins, as reported in Supporting information.
Characterization using DLS revealed an average diameter of
11.3+0.8 nm, which was consistent with literature reports.3> The
MBP-IDP-2Yx(2-4)A constructs were expressed in Rosetta (DE3)
pLysS competent cells, as this strain has been shown to stabilize
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Figure 2. Design of an amphiphilic protein construct. (a) An in-
trinsically disordered protein (IDP) segment is fused to a hydro-
phobic sequence. Following cleavage of the MBP protein, the am-
phiphilic portion self-assembles. (b) Hydrophobicity plots of the
designed sequences are shown, following cleavage of the MBP re-
gions. The values are from the Kyte-Doolittle hydrophobicity
scale*® with a window size of 9. Values greater than 0 indicate a
hydrophobic region (blue) while those less than zero are hydro-
philic (red). The plots were generated using the Expasy ProtScale
tool  (https://web.expasy.org/protscale). (c) The specific
hydrophobic sequence regions are shown for the constructs used in
this report. The c-terminal residues of IDP are shown in red while
the hydrophobic extensions are in blue.

pET recombinants that encode proteins that can affect cell growth
and viability. This cell line also improves the performance of rarely
used E. coli codons through the additions of non-native tRNA
genes on a separate plasmid.*!

Following cell lysis, the constructs were purified by nickel
nitroloacetic acid (Ni-NTA) affinity chromatography owing to the
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Figure 3. Analysis of the protein constructs. (a) LCMS analyses
are shown for MBP-IDP-2Yx2A (red), IDP-2Yx2A after MBP re-
moval with thrombin (green), and IDP-2Yx2A after HPLC purifi-
cation (blue). The MBP-IDP-2Yx2A expected molecular weight is
63605 Da. In the IDP-2Yx2A spectra, the cysteine residue is
capped as a disulfide with beta-mercaptoethanol, corresponding to
an expected molecular weight of 18366 Da. The IDP-2Yx2A di-
sulfide dimer appears at 36580 Da in the bottom spectrum. (b) DLS
analysis of IDP-2Yx2A throughout the purification process shows
changes in the diameters of the constructs. Prior to cleavage, the
MBP-IDP-2Yx2A protein has a similar diameter to that of IDP
itself, and is presumably monomeric. Following thrombin cleav-
age, a diameter between that of the MBP monomer and IDP is ob-
served. After removal of the MBP, a sharp increase in the average
diameter is observed, indicating self-assembly in both pure water
and in buffer (phosphate, pH 5.7). The polydispersity indices
(PDIs) of the IDP-2Yx2A samples above the CMC are generally
between 0.2-0.5, depending on the buffer conditions (see Support-
ing Information Figure S4 for full DLS traces for IDP and IDP-
2Yx2A). (c¢) A Coomassie-stained SDS page gel of HPLC purified
IDP-2Yx2A is shown, indicating >95% purity. (d) MD simulations
of IDP and IDP-2Yx2A at 50 ns. Residues in red indicate the IDP
portion of each construct, blue residues indicate the hydrophobic
c-terminal residues.

binding affinity of the 6xHis group encoded on the MBP portion of
the fusion protein. By LC-MS and SDS-PAGE analysis, the MBP-
IDP-2Yx2A constructs were found to express well and with high
purity following affinity purification (Supporting Information Fig-
ure S3).

By DLS, MBP-IDP-2Yx2A showed a similar diameter to IDP
(11.1£1.3 nm), indicating that it was still monomeric at this stage.

Constructs MBP-IDP-2Yx3A and MBP-IDP-2Yx4A, which only
differ from MBP-IDP-2Yx2A in the addition of 4 and 8 hydropho-
bic amino acids, respectively, resulted in lower bacterial titers.
Additionally, for MBP-IDP-2Yx3A and MBP-IDP-2Yx4A,
smaller cell pellets were observed after expression, soapy foams
formed upon sonication, and truncations were observed in the LC-
MS traces following NiNTA purification (Supporting Information
Figure S1). Additionally, a DLS hydrodynamic diameter of 36+15
nm was observed for MBP-IDP-2Yx3A and a diameter of 115+6
nm was observed for MBP-IDP-2Yx4A (Supporting Information
Figure S2). Taken together, it appears that the MBP-IDP-2Yx3A
and MBP-IDP-2Yx4A constructs are aggregation-prone prior to
MBP cleavage, making them more difficult to express and purify.

MBP cleavage and purification of the IDP-2Yx2A constructs. Fol-
lowing Ni-NTA purification, MBP-IDP-2Yx2A was cleaved using
thrombin and purified by preparative scale reversed phase chroma-
tography to ensure high purity for this study; however, ion ex-
change chromatography could also be used to purify the final con-
struct on a larger scale (albeit at slightly lower purity, see
Supporting Information Figure S3). The resulting protein was
stored as a solid following lyophilization. For use, the dry powder
was resuspended in MilliQ water by vortexing and sonicating prior
to the addition of the desired buffer.

Following MBP cleavage and protein purification, a hydrodynamic
diameter of 26.9 + 4.6 nm was observed in MilliQ water (Figure
3b). This size correlates with micelle-like structures with an 11 nm
hydrophilic IDP portion and a 2.5 nm hydrophobic interior, as
would be expected given the apparent size of the IDP segment
alone by DLS (11.1 nm) plus a 16 amino acid hydrophobic exten-
sion if an alpha-helical configuration is assumed (2.4 nm, 1.5A per
residue). The two constructs were further analyzed using molecular
dynamic (MD) simulations. After running the simulations for 50
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Figure 4. pH and temperature effects on micelle size, as measured
by DLS. (a) DLS measurements of IDP-2Yx2A micelles were per-
formed under varying pH and buffer conditions. Over all pH values
and salt concentrations examined, the average diameter was
26.2+4.3 nm. (b) The diameter changes occurring upon pH and salt
variation are summarized as a topographical plot. The largest vari-
ability in diameter is observed as the pH changes from 7 to 8, but
disassembly was not observed. (c) The influence of temperature on
micelle size is determined by DLS. As the temperature increases,
the micelle diameter decreases from 27.0+1.1 nmto 16.5 + 0.5 nm.



ns, both constructs were similar to the sizes measured by DLS for
a single monomer. Between 40 and 50 ns of simulation, the radius
of gyration (Rg) fluctuated between 3-4 nm for IDP and 4-5 nm for
2Yx2A (Supporting Information Figure S10). In both constructs,
the IDP portion showed no indication of collapse over the 50 ns
simulation time (Supporting Information movie 1 and 2).

Effects of salt, pH, and temperature on IDP-2Yx2A micelles. The
effects of changes to salt concentration and pH were evaluated for
the protein assemblies using DLS. Structures consistent with mi-
celles were observed at pH values ranging from 3.7 -9.7 and salt
concentrations of 0-200 mM KxPOs4 (Figure 4a), NaCl, and CaClz
(Supporting Information Figure S5). At most pH values, the micelle
sizes were consistent at ~27 nm with low polydispersity. However,
at pH 7.9, significant heterogeneity and polydispersity in the micel-
lar diameters were observed (Figure 4a,b). Interestingly, this pH
corresponded to the most collapsed state of the hydrophilic IDP
portion, as determined in previous studies.’>33 This may affect the
self-assembly behavior of IDP-2Yx2A, and was a property we
sought to explore further.’

To examine the thermal stability of the micelles, DLS measure-
ments of IDP-2Yx2A were taken upon heating from 25 to 70 °C.
As the temperature increased, the average diameter and polydisper-
sity of the sample decreased, Figure 4c. No precipitation was ob-
served, and the size change was found to be reversible upon cool-
ing. Similar trends are reported in the literature for conventional
SDS micelles and casein micelles, where the micellar volume de-
creases with increasing temperature.*>* This is likely due to fac-
tors including the hydrophobic tail packing and the interactions
between water and the hydrophilic headgroups.

Determination of the critical micelle concentration (CMC). As pol-
ymeric micelles often find use in biomedical* and aquatic environ-
ments*, we sought to explore their stability in buffers that reflect
the pH of blood (1xPBS, pH 7.4) and rainwater (phosphate buffer,
pH 5.7, 100 mM; see Supporting Infomration S1 for specific buffer
compositions).*¢ Herein these buffers will be referred to as pH 7.4
buffer and pH 5.7 buffer, respectively.

The CMC values of IDP-2Yx2A in these buffers was determined
using fluorescence spectroscopy. The emission ratios of the first
and third vibronic bands of pyrene were measured at varying con-
centrations of protein at room temperature. The 11/13 ratio is known
to increase with increasing polarity of the probe environment.'“*7
At high concentrations, an 11/13 ratio of 0.9-1.0 was observed in the
IDP-2Yx2A samples for both buffers. This indicated that the me-
dium surrounding the pyrene was more hydrophobic than when in
phosphate buffer alone (I1/I3 = 1.33) In contrast, no change in the
I1/13 band ratio was observed for the IDP protein lacking the
2Yx2A sequence at any concentration in the pH 5.7 buffer (I11/13 =
1.33-1.36 over a range of 1 uM to 100 pM).

The 11/13 ratios of the IDP-2Yx2A samples in both buffers were fit
to a logistic function (R? for pH 7.4 = 0.97; R? for pH 5.7=0.97),
with ECso values of 26 uM for pH 7.4 buffer and 13 uM in pH 5.7
buffer. However, because the CMC was so low, and the final con-
centration of pyrene must be maintained at 2 uM to obtain good
quality fluorescence spectra, this assay can only provide an upper
limit of the CMC.*® A more accurate determination of CMC may
be simply the emergence of the I3 band, which indicates a CMC of
2.5 uM (the lowest concentration at which a distinct 13 band was
observed) (Figure 5). This value is reflected by the EC2o of the lo-
gistic fit. From the ECz, IDP-2Yx2A CMC values were deter-
mined to be 17.5 uM in pH 7.4 buffer and 2.6 pM in pH 5.7 buffer.
These results again agree with the reported behavior of the IDP se-
quence at near-neutral pH, where the sequence is known to be in its
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Figure 5. CMC evaluations at pH 5.7 and pH 7.4. (a) Fluorescence
traces of pyrene with 0-100 uM IDP-2Yx2A in pH 5.7 buffer are
shown. An enhanced /3 fluorescence band of pyrene is observed at
concentrations as low as 2.5 uM. (b) Pyrene fluorescence was
similarly evaluated for IDP-2Yx2A in pH 7.4 buffer and for the
non-assembling IDP in pH 5.7 buffer. The ratios of the first and
third vibronic bands (/1/13) are plotted and fit to logistic functions
to determine upper limits of the CMC values. Both IDP-2Yx2A
samples show enhancement of the pyrene /3 band, indicating mi-
celle formation. IDP-2Yx2A has a lower CMC value in pH 5.7
buffer than in pH 7.4 buffer, with EC20 values of 2.6 uM and 17.5
uM, respectively. No /3 band enhancement was observed for IDP
at any concentration. (c) DLS analysis of IDP-2Yx2A micelles is
shown at decreasing concentrations in pH 5.7 buffer and pH 7.4
buffer.

most collapsed state.>> This can be rationalized by a balancing of
the glutamic acid and lysine residue charges, causing an overall de-
crease in the charge of the hydrophilic domain (and therefore a de-
crease in hydrophilicity). This results in a less stable assembly. At
pH 5.7, side chain protonation results in a net positive charge (in-
creased hydrophilicity) for the hydrophilic domains and thus pro-
motes a more stable and extended assembly.

These results were also compared to a dilution study performed us-
ing dynamic light scattering under the same buffer conditions. By
DLS, the micelle size (~27 nm) and low polydispersity were main-
tained at concentrations above 10 uM in both buffers. As the con-
centration decreased further, the micelles swelled and became less
uniform at pH 7.4. In agreement with the fluorescence data, the
samples in pH 5.7 buffer showed consistent diameters and low pol-
ydispersities down to 0.5 uM. It should be noted that the data point
at 0.1 uM in pH 5.7 buffer, where a dramatic increase in size is
observed, occurs near the detection limit of the DLS instrument.

Validation of size, shape, and CMC by Cryo-TEM and SAXS. Cry-
ogenic transmission electron microscopy (Cryo-TEM) and Small
Angle X-ray Scattering (SAXS) analysis confirmed the size, shape,
and CMC of the micelles. SAXS analysis was conducted on IDP-
2Yx2A in pH 7.4 buffer and in pH 5.3 buffer, compared to IDP
itself as a non-assembling control. The SAXS intensity curves
showed a clear difference between the IDP-2Yx2A samples and the



Figure 6. Cryo-TEM analysis of a 0.4 uM suspension of IDP-
2Yx2A micelles in pH 5.3 buffer. Image analysis using ImageJ re-
vealed an average diameter of 50.5+12.1 nm. This value is con-
sistent with the hydrodynamic diameter of 48.4+10.6 nm for 0.4
UM samples measured by DLS.

IDP sample, with both IDP-2Yx2A samples showing a dramatic
increase in the low q region. This indicated the presence of large
particles. Unfortunately, due to the high concentration of protein
required for SAXS analysis, a monodisperse core-shell model can-
not be applied to the data. We hypothesize that this could be due to
inter-micelle interactions, leading to a small fraction of larger and
elongated particles in the sample at higher concentrations that are
not observed by Cryo-TEM. However, a lower limit (excluding the
presence of larger aggregates) radius of gyration (Rg) and radius of
the cross-section (Rc) can be calculated. For the IDP-2Yx2A sam-
ples, Rg values obtained from the Guinier analysis were greater than
9.0 nm, while the R¢ values were between 3.6 and 5.2 nm. For non-
assembling IDP the Rg was calculated to be greater than 4.0 nm and
an R value was not observed. This indicates a clear difference in
the assembly states of IDP and IDP-2Yx2A (Supporting Infor-
mation Figure S6).

The spherical shapes of the micelles ware confirmed by Cryo-
TEM. At a concentration of 0.4 uM IDP-2Yx2A, spherical micellar
structures were observed. The low concentration of particles
resulted in slightly larger diameters and more polydispersity (see
Figure 5). This was confirmed by DLS prior to Cryo-TEM analysis,
where the IDP-2Yx2A samples used for Cryo-TEM showed an av-
erage diameter of 48.4+£10.6 nm (Supporting Information Figure
S7). Cryo-TEM images were obtained by pre-exposing the grid to
photons prior to image acquisition to remove ice crystals from the
samples. Embedded in the remaining vitrified ice, spherical mi-
celles were observed (Figure 6). Image analysis using ImageJ re-
vealed an average diameter of 50.5+12.1 nm. Additionally, in some
particles, a core-shell like structure could be observed. We hypoth-
esize that this is due to the hydration differences between the mi-
celle core and shell. This should be especially prominent at low
concentrations, at which the micelles swell.

Solubilization of hydrophobic molecules and chemical modifica-
tion of the micelle exterior. A key application of surfactants and
micelles stems from their ability to solubilize hydrophobic mole-
cules in aqueous solution. To evaluate the ability of IDP-2Yx2A
micelles to do this, three molecules with unique functions were
chosen. The antifungal agent pyraclostrobin, with a solubility of 1.9
mg/L in water, was first loaded into the micelle structure by com-
bining both pyraclostrobin and lyophilized IDP-2YX2A in a small
volume of THF, followed by dilution with pH 5.7 buffer. Any re-
maining insoluble pyraclostrobin was removed by centrifugation,
and the THF was removed under vacuum. Following an additional
round of resuspension in water and subsequent centrifugation, the
supernatant was diluted 1:1 with acetonitrile before HPLC analysis

to quantify the amount of pyraclostrobin that had been solubilized
(Supporting Information Figure S8). In the presence of IDP-
2Yx2A, substantially more pyraclostrobin was solubilized than oc-
curred in buffer alone (Figure 7a). Based on UV measurements,
15.2+8 molecules of pyraclostrobin were loaded per protein mono-
mer. Assuming each IDP-2Yx2A molecule is a cone of with a
length of 13.5 nm and a base radius of 1.25 nm, it can be estimated
that each 27 nm micelle sphere contains about 470 protein mole-
cules. This suggests that thousands of pyraclostrobin molecules are
contained within each micelle.
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Figure 7. Evaluation of small molecule loading into IDP-2Yx2A
protein micelles. (a) Pyraclostrobin shows substantially greater sol-
ubility (0.620.3 nmol) in 3 uM IDP-2Yx2A solution vs. water
alone (0.01+ 0.01 nmol). The molar ratio of pyraclostrobin to IDP-
2Yx2A protein monomers is 15.2+8. (b) The loading of tetra-
phenyl-porphyrin (TPP) for singlet oxygen generation was evalu-
ated by fluorescence emission. When solubilized in the hydropho-
bic environment of IDP-2Yx2A, the characteristic emission spectra
of TPP was observed. No material dissolved in water alone. (¢) Un-
stained TEM images of hydrophobic Suzuki coupling reagent
Pd(dppf)Cl2 show loading into IDP-2Yx2A micelles. The heavy
metals Pd and Fe provide sufficient contrast to image the micelle
interior, which have a measured diameter averaging 15+8 nm (over
4000 particles analyzed).

As a second cargo type, a singlet oxygen-generating tetraphenyl-
porphyrin (TPP) molecule used for photodynamic therapy (PDT)
was evaluated similarly. TPP is completely insoluble in water and



thus is non-fluorescent. However, upon incubation with IDP-
2Yx2A, characteristic emission peaks around 650 and 715 nm were
observed (Figure 7b). Finally, a Suzuki coupling catalyst
(Pd(dppf)Cl2) with poor water solubility was added to IDP-2Yx2A
micelles. Loading was then analyzed by TEM without additional
staining. Consistent with the catalyst being concentrated in the in-
terior of the micelle structures, small, spherical concentrations of
metal complexes were observed at the expected sizes of 15+8 nm
(Figure 7c). This result indicates that upon the loading of this hy-
drophobic catalyst precursor, the spherical micelle-like shape of the
particles is maintained and does not undergo aggregation. Further-
more, this demonstrates potential applications in the micellar cata-
lyst and the templating of metal nanoparticles.

Conclusion

Developing biologically-derived and biodegradable surfactants
could help to alleviate the environmental effects of detergents that
have been traditionally hydrocarbon-based. The move to replace
these compounds with synthetic peptide-based amphiphiles has re-
sulted in many highly successful self-assembling systems; how-
ever, their syntheses typically involve the use of organic solvents
and the costs associated with their production can limit scale-up
potential. The new IDP-based proteins described herein offer high
yields using inexpensive bacterial expression systems, and exhibit
CMC values that are lower than many other types of surfactants.
They offer excellent thermostability and remain assembled across
a broad range of pH, ionic strength, and temperature conditions.
These features suggest that, even in their current form, they can find
use in a number of industrial applications. The ability to house hy-
drophobic cargo molecules, along with the overall nanoscale di-
mensions, open the door to applications in targeted drug delivery.
Perhaps the greatest opportunity is the potential for tuning the se-
quences to obtain desired solubilizing, assembling, and response
properties, as every position along the polypeptide chain can be
specified on the genetic level. We are currently exploring the po-
tential of this promising class of surfactants for use as paint emul-
sifiers, antifungal dispersants, and bioremediation materials.

Experimental Procedures

Expression and purification MBP-IDP. MBP-IDP plasmids were
prepared as described in the Supporting Information and trans-
formed into E. coli BL21(DE3) competent cells. Starter cultures
(20 ml Lauria Broth (LB, VWR Life Sciences), including 50 mg/L
kanamycin) were grown from single colonies, grown overnight at
37 °C, and used to inoculate 1 L of Terrific Broth (TB. Sigma) me-
dia that contained 50 mg/L kanamycin. Cultures were grown to an
OD ~ 0.5, cooled for 20 min at 16 °C, induced with 0.5 mM IPTG,
and expressed (~ 18 h) at 25 °C. Cells were harvested by centrifu-
gation for 15 min at 4,000xg at 4 °C. The resulting pellet was lysed
in 30 mL of lysis buffer (20 mM HEPES, pH = 7.5, 300 mM NaCl,
10 mM B-mercaptoethanol, 10 mM imidazole = buffer A) supple-
mented with one tablet of EDTA-free SigmaFast Protease Inhibitor
(Sigma Aldrich), 2 mM PMSF, and 10 mg of lysozyme. The resus-
pended sample was lysed by sonication (amplitude 50%, 2:4 sec-
onds on:off for 10 min), followed by 20 min of centrifugation at
24,000xg at 4 °C. The supernatant was filtered through a 40 um
Steriflip filter (Millipore), and loaded onto a 5 ml NiNTA column
(Protino, Machery Nagel) connected to an Akta purifier that was
pre-equilibrated with buffer A. The column was washed with 50
mL (10 column volumes) of 20 mM HEPES (pH = 7.5), 300 mM
NaCl, 10 mM BMe, and 10 mM imidazole. The protein was eluted
with 20 mM HEPES (pH = 7.5), 300 mM NacCl, 10 mM B-mercap-
toethanol, and 250 mM of imidazole. Imidazole was removed by
spin concentration with 20 mM HEPES (pH=7.5) buffer containing
100 mM NaCl.

Expression and Purification IDP-2Yx(2-4)A. Plasmids were trans-
formed into E. coli Rosetta 2 pLys competent cells. Starter cultures
in 20 mL of LB with 50 mg/L kanamycin were grown overnight at
37 °C from single colonies and used to inoculate 1 L of TB media
containing 50 mg/L kanamycin. Cultures were grown to an OD ~
0.5, cooled for 20 min at 16 °C, induced with 0.1 mM IPTG, and
expressed for about 6 h at 16 °C. Cells were harvested by centrifu-
gation for 15 min at 4,000xg at 4 °C. The pellet was transferred to
a 50 ml Falcon tube in PBS buffer, and spun down for 10 min at
4000 rcf (g). The resulting pellet (~5 g) was lysed in 30 ml of lysis
buffer 20 mM HEPES, pH = 7.5, 300 mM NaCl, 10 mM imidazole
= buffer A) supplemented with one tablet of EDTA-free SigmaFast
Protease Inhibitor (Sigma Aldrich), 2 mM PMSF, and 10 mg lyso-
zyme. The resuspended sample was lysed by sonication (amplitude
50%, 2:4 seconds on:off for 10 minutes) followed by 20 min of
centrifugation at 24,000 rcf (g) at 4 °C. The supernatant was filtered
through a 40 pum Steriflip filter (Millipore), and loaded onto a 5 ml
NiNTA column (Protino, Machery Nagel) connected to an Akta
purifier that was pre-equilibrated with buffer A. The column was
washed with 50 m1 (10 CV) of 20 mM HEPES (pH =7.5), 300 mM
NaCl, 10 mM imidazole. The protein was eluted with 20 mM
HEPES (pH = 7.5), 300 mM NacCl, 250 mM imidazole. Purity and
identity of the recovered protein were analyzed by gel and LC/MS.
Imidazole was removed by spin concentration with 20 mM HEPES
(pH=7.5), 100mM NaCl.

MBP cleavage procedure. MBP-IDP and MBP-IDP-2Yx(2-4)A
samples were subsequently digested with 1 mg of thrombin prote-
ase (high purity from Bovine, MP Biomedicals). Complete diges-
tion was achieved at room temperature after 1 h, as confirmed by
ESI-TOF LCMS.

Molecular dynamic simulations. MD simulations were carried out
using the Desmond software package and run with the OPLS 2005
force field* available through Maestro. Both 2Yx2A and IDP were
modeled in an alpha helical conformation at time zero. Simulations
were carried out at 300 K and a constant pressure of 1.01325 bar.
Each structure was fully solvated with SPC water in a cube with an
edge length of 20A. Each simulation was run for a total of 50 ns.

Protein purification. The IDP sample was diluted to a final volume
of 50 mL with 20 mM HEPES (pH = 7.5) containing 10 mM f-
mercaptoethanol and loaded onto a 1 mL HiTrap HP cation ex-
change column connected to an Akta purifier (GE Healthcare). The
column was washed with 10 column volumes of 20 mM HEPES
(pH = 7.5) buffer containing 10 mM B-mercaptoethanol and eluted
with 20 mM HEPES (pH = 7.5) buffer containing 10 mM B-mer-
captoethanol and 1 M NaCl. The protein was >95% pure by SDS-
PAGE gel electrophoresis and LCMS.The IDP-2Yx(2-4)A samples
were purified using reversed phase purification on a Biotage chro-
matography system. To these samples were added 10% acetonitrile
(ACN), and the resulting solutions were loaded onto a 10 g C18
Biotage SNAP Bio 300A reversed phase column that had been
equilibrated with 10% ACN in H2O + 0.1% TFA. The column
eluted using a gradient of 10-100% ACN, with the desired product
eluting around 40% ACN. The fractions containing IDP-2Yx2A
were analyzed by ESI/TOF LC/MS for purity. Pure fractions were
collected and lyophilized to dryness, yielding the protein product
as a white powder. SDS-PAGE analysis with Coomassie staining
indicated >95% purity.

DLS Analysis. DLS analysis was performed on a Malvern Instru-
ments Zetasizer Nano ZS. Data plots and standard deviations were
calculated from an average of three measurements, each of which
consisted of 13 runs. Measurement data are presented as a diameter
determined by the %Number distribution. Unless otherwise stated,



all measurements were taken at 25 °C after a 2 min period of tem-
perature equilibration.

CMC determination by pyrene fluorescence. To each sample, a 2
1M solution of pyrene in the appropriate buffer was added, and the
solutions were allowed to equilibrate for 5 min. Each protein solu-
tion was then diluted with an additional portion of a 2 uM pyrene
solution in the appropriate buffer to keep the pyrene and salt con-
centrations constant, but decrease the protein concentration. Fluo-
rescence emission spectra were collected on a Fluoromax-4 Spec-
trofluorometer (HORIBA Scientific) exciting at 335 nm with a 5
nm window and monitoring emission from 350-600 nm. The flo-
rescence emission intensities of the first and third vibronic bands
of pyrene were recorded.

Cryogenic Transmission Electron Microscopy (Cryo-TEM). These
experiments were run on a JEM 2100F electron microscope (JEOL,
Tokyo, Japan) that was equipped with a field emission gun and a
F224HD CCD camera (TVIPS, Gauting, Germany). The micro-
scope was operated at a 200 kV accelerating voltage, and the spec-
imen was cooled to —180 °C using a liquid-nitrogen-cooled cryo-
holder.

Resuspension of protein micelles with hydrophobic compounds. To
load hydrophobic molecules into the IDP-2Yx2A micelles, the ly-
ophilized protein power and a hydrophobic molecule of interest
were first suspended in THF. The sample was then diluted with the
appropriate aqueous buffer to the desired protein concentration. To
remove hydrophobic molecules that wee not solubilized, the sam-
ples were centrifuged at 13.1xg for 1 min. The supernatants were
then recovered, ransferred to clean 1.5 mL Eppendorf tubes, and
centrifuged again. The supernatants were recovered and transferred
to another set of clean 1.5 mL tubes, and the process was repeated
for a total of three rounds of centrifugation. The sample was then
lyophilized. The lyophilized samples were then reconstituted in
MilliQ water, resulting in clear solutions. Even through hydropho-
bic molecules were observed to precipitate from solution, three
rounds of centrifugation and supernatant removal were again per-
formed to ensure that all insoluble material was removed from each
solution. The amount of solubilized pyraclostrobin was then deter-
mined using HPLC, as detailed in the Supporting Information.
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LB = Lauria Broth
TB = Terrific Broth
DOTA =1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid
2PCA = 2-pyridine carboxaldehyde
DLS = Dynamic Light Scattering
CMC = Critical micelle Concentration
IDP = Intrinsically Disordered Protein
MBP = Maltose Binding Protein
SAXS = Small Angle X-Ray Scattering
TPP = Tetraphenyl porphyrin
Ni-NTA = Nickel-nitrilotriacetic acid
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