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Abstract

Self-assembly of three-dimensional solid-state nanostructures containing approximately 33% by

weight globular protein is demonstrated using a globular protein-polymer diblock copolymer,

providing a route to direct nanopatterning of proteins for use in bioelectronic and biocatalytic

materials. A mutant red fluorescent protein, mCherryS131C, was prepared by incorporation of a

unique cysteine residue and site-specifically conjugated to end-functionalized poly(N-

isopropylacrylamide) through thiol-maleimide coupling to form a well-defined model protein-

polymer block copolymer. The block copolymer was self-assembled into bulk nanostructures by

solvent evaporation from concentrated solutions. Small-angle X-ray scattering and transmission

electron microscopy illustrated the formation of highly disordered lamellae or hexagonally

perforated lamellae depending upon the selectivity of the solvent during evaporation. Solvent

annealing of bulk samples resulted in a transition towards lamellar nanostructures with mCherry

packed in a bilayer configuration and a large improvement in long range ordering. Wide-angle X-

ray scattering indicated that mCherry did not crystallize within the block copolymer nanodomains

and that the β-sheet spacing was not affected by self-assembly. Circular dichroism showed no

change in protein secondary structure after self-assembly, while UV-vis spectroscopy indicated

approximately 35% of the chromophore remained optically active.
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Enzymes have garnered a great deal of attention for incorporation into a variety of

biocatalytic and bioelectronic devices1–3 because of their substrate specificity, high catalytic

rates, and ability to operate under mild reaction conditions. Enzymes have been incorporated

into highly selective and sensitive biosensors for applications such as glucose detection and

medical diagnostics.4–5 Biofuel cells have been prepared that operate on nontraditional fuels

such as sugars, utilize low operating overpotentials, and do not require an electrolyte

membrane.6–8 Enzymes also continue to be widely used to catalyze the synthesis of
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pharmaceutical compounds,9 and more recently, biocatalysts are being pursued for a wide

variety of energy applications, including carbon sequestration,10 carbon dioxide

reduction,11–13 and hydrogen production.14–16 Photodiodes or photovoltaics have been

prepared from reaction center proteins,17 photosynthetic complexes,18 and fluorescent

proteins19 in attempts to exploit the high absorption cross section and quantum efficiency of

the proteins. All of these protein-based devices offer the added advantages of

biodegradability and renewability, making them attractive as green chemistry techniques

become increasingly prevalent.

Although proteins offer the aforementioned desirable advantages, the incorporation of these

complex molecules into highly efficient and functional devices presents a large number of

challenges. In order to increase the enzyme activity per unit area, a high density of enzyme

should be achieved by structuring the material in three dimensions. Diffusion of substrate/

product or charge carriers into and out of the material must be rapid to minimize transport

limitations, and control over the orientation of the enzyme is desired to maintain access to

the substrate and cofactor binding areas. Finally, the material should be engineered to

improve the stability and lifetime of the protein. These engineering design goals have

motivated the development of a number of strategies for immobilizing or nanopatterning

enzymes.20 Operational stability, efficiency and lifetime of enzymes have been shown to

increase through immobilization with multiple tethers on porous supports or within a

crosslinked material.21

Nanopatterning of proteins is required to increase the density of enzymes at the surface and

to ensure continuous pathways for transport of electrons, substrates, and products through

the material. Nanopatterning may also be used as a method to enforce proper orientation and

stabilize the fold of the protein. Layer-by-layer techniques have been used to pattern

proteins and polyelectrolytes on surfaces by taking advantage of electrostatic, hydrophobic

and hydrogen bond interactions between the materials.22–23 Alternately, a variety of

lithographic methods including microcontact printing, photolithography and dip-pen

lithography have been used to create templates for protein immobilization by patterning an

attachment site where the protein selectively binds.24–26 Covalent binding using lysine-NHS

or cysteine-maleimide chemistries,27 or non-covalent binding using biotin-avidin28 or His

tag-NTA29 interactions are then employed to immobilize enzymes on the pre-formed

patterns. In a third approach, nanostructured templates are self-assembled from amphiphilic

molecules and the proteins are inserted into the templates. This type of template has been

demonstrated with the use of block copolymer thin films,30 nanostructures formed from

surfactants in solution,31 and through the self-assembly of lipid materials.32

Block copolymer self-assembly provides a simple, low cost method for fabricating

nanopatterns in three dimensions that may be of high value for producing enzyme-based

materials. Block copolymers prepared with two or more Gaussian coil polymer blocks are

well-known to self-assemble into a wide variety of nanostructures with characteristic length

scales from 5–100 nm.33–35 The multidomain structures formed by these block copolymers

make them ideal candidates for building three-dimensional structures with efficient mass or

charge carrier transport.36–37 However, the thermodynamics of coil-coil block copolymers

do not generalize to more complex systems. Changes in the topology of the polymer chain
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and liquid crystalline or other specific interactions between polymers result in large changes

in the phase behavior of these systems, as has been demonstrated for rod-coil block

copolymers.38 Incorporating a globular protein as one block in a block copolymer to direct

the protein’s self-assembly into nanostructured materials introduces a great deal of added

complexity beyond both coil-coil and rod-coil systems due to the specific chain fold in the

protein domain, the strong, directional interactions between proteins that lead to

macromolecular crystallization, and the complex thermodynamics of interactions between

proteins and synthetic polymers. It is unclear how the traditional concepts of block

copolymer self-assembly will apply to globular protein-polymer block copolymers,

particularly when the constraint of maintaining protein fold and function during processing

and nanostructure self-assembly is imposed.

While significant effort has been directed towards the self-assembly of bulk and thin film

block copolymers with α-helical, β-sheet, coiled-coil, and cyclical peptide blocks,39–41

studies of globular protein-polymer conjugates have been restricted primarily to self-

assembly in solution. Giant amphiphiles consisting of globular proteins and synthetic

polymers have been synthesized and their self-assembly has been studied in solution.42–44

The variety of observed morphologies including spherical, rod-like and toroid micelles is

due primarily to changes in relative coil fraction as well as processing conditions which

kinetically favor certain morphologies.45 Among these amphiphilic conjugates are

PEGylated proteins which have been used to improve the stability and lifetime of proteins in

serum.46–48 However, there is currently a lack of fundamental knowledge on the self-

assembly of globular protein-polymer conjugates in concentrated solutions or solid-state

materials, and these materials have not been evaluated as a means to nanopattern protein-

based devices.

Here, we demonstrate block copolymer self-assembly as an effective technique for

producing nanostructured plastics from globular proteins. A model globular protein-polymer

diblock copolymer is synthesized based on the site-specific conjugation of poly(N-

isopropylacrylamide) (PNIPAM) to the fluorescent protein mCherry. Self-assembly is

induced by evaporation of water from concentrated solutions of the copolymers, and the

kinetic effects of evaporation method and post-evaporation solvent annealing are shown to

influence nanostructure formation. The fold and optical activity of mCherry within the

nanostructured assembly is investigated, and the packing of mCherry within the self-

assembled nanostructure is explored.

Results and Discussion

Globular Protein-Polymer Diblock Copolymer Synthesis

A model globular protein-polymer conjugate with a single well-defined bioconjugation site

was synthesized using the red fluorescent protein mCherry and the thermoresponsive

synthetic polymer PNIPAM. The protein mCherry was selected because the native sequence

lacked cysteine residues, the high yield expression and purification of folded protein are

well-established, and the fluorescent nature provided a simple and robust spectrophotometric

method for conjugate characterization. The protein mCherry49–50 was mutated to introduce a

unique thiol conjugation site into its sequence by replacing serine with cysteine at residue
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131, yielding the mutant mCherryS131C. The mutation is located in a loop region on the end

of the β-barrel structure opposite both the N and C termini, as illustrated in Scheme 1. A

6xHis-tagged variant of this protein was expressed in Escherichia coli (E. coli) and then

purified using metal affinity chromatography under native reducing conditions to preserve

the delicate chromophore bond and prevent thiol inactivation. The yield of purified protein,

determined spectrophotometrically at 586 nm based on the known extinction coefficient of

mCherry,49 was 121 mg/L culture.

The diblock copolymer was synthesized by conjugating mCherryS131C to maleimide-

functionalized PNIPAM. A reversible addition-fragmentation chain transfer (RAFT) agent

containing a protected maleimide group was used to synthesize low polydispersity PNIPAM

(Scheme 1). After polymerization, the maleimide group was thermally deprotected to yield

maleimide end-functionalized PNIPAM with a molar mass of 51.3 kg/mol and a

polydispersity of 1.24. Gel permeation chromatography (GPC) analysis is shown in Figure

1. The polydispersity in these samples originates in part from a small shoulder at twice the

peak molecular weight in the GPC trace that represents 8% of the total polymer mass. This

minor high molecular weight fraction is believed to originate from a slight reactivity of the

double bond in the protected maleimide group on the RAFT agent during polymerization to

conversions greater than 50%. When an identical RAFT agent is used without the protected

maleimide functionality, no coupling is observed.

Bioconjugation was then performed at room temperature in 20 mM Tris buffer (pH 8) using

a eight-fold excess of PNIPAM. SDS-PAGE of the crude conjugation product and purified

fractions is shown in Figure 2. The band at approximately 70,000 g/mol corresponds to the

mCherry-PNIPAM conjugate with a PNIPAM volume fraction of 0.66 and a weight fraction

of 0.66. The band at 28,000 g/mol corresponds to unconjugated mCherry, while the bands at

19,000 g/mol and 9,000 g/mol correspond to the partial hydrolysis of the mCherry

chromophore acylimine bond during SDS-PAGE analysis.50–53 Lane analysis of the crude

reaction mixture revealed a conversion of approximately 78%, comparable to previously

reported conversions for thiol-maleimide couplings to globular proteins.54–56 Although the

eight-fold excess of PNIPAM used gave maximum conversion of the mCherryS131C,

decreasing to a five-fold excess still yielded approximately 70% conversion. After

conjugation, unreacted mCherry was removed using ammonium sulfate precipitation; SDS-

PAGE showed that after the first precipitation no additional unreacted mCherry is removed.

Unconjugated PNIPAM was subsequently removed by metal affinity chromatography;

washing with 7 column volumes of buffer was used to ensure complete removal of the free

PNIPAM. Analysis of the second elution lane (lane 8) suggests that the conjugate is > 90%

pure, while the third elution lane (lane 9) demonstrates that at lower protein concentrations

only the conjugate band is visible. The purified conjugate was obtained in a final yield of

30%. Circular dichroism and UV-vis spectroscopy (Supporting Information) confirmed that

the protein structure and optical properties in the purified mCherry-PNIPAM diblock

remained unchanged from that of the mCherryS131C in solution. Cloud point measurements

(Supporting Information) show that the thermal transition of the conjugate increases by ~ 5

°C relative to that of the homopolymer due to addition of the large hydrophilic protein.
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Nanostructure Formation

Self-assembly of mCherry-PNIPAM diblock copolymers was accomplished through

evaporation of water from diblock copolymer solutions to form nanostructured bulk plastics.

The formation of nanostructures strongly depends on the processing conditions used to

prepare the material, as demonstrated by small-angle X-ray scattering (SAXS), shown in

Figure 3, and transmission electron microscopy (TEM) images, shown in Figure 4. In the

TEM images, the mCherry areas appear dark due to staining with ruthenium tetroxide which

reacts with alcohols, amines and aromatics present on the protein surface.57 Two processing

pathways were explored for water evaporation: a protein-selective solvent (40 °C water,

above the lower critical solution temperature (LCST) of the PNIPAM homopolymer) and a

nonselective solvent (room temperature water), as illustrated in Figure 5.

Both as-cast samples contain multiple peaks in their SAXS patterns, indicating the formation

of long-range ordered nanostructures. The nanostructures formed from a nonselective

solvent exhibit two sets of peaks, a relatively intense set that can be indexed to a lamellar

structure and a weaker set that may be indexed to a hexagonal lattice. The primary peak is

asymmetric, composed of a 001 peak and a low q 100 shoulder. The first higher order

reflections may be indexed to 110, 200, 002, and 003, corresponding to peaks from both a

hexagonal and a lamellar lattice. These peak observations are consistent with a hexagonally

packed lamellar (HPL) morphology with a lamellar domain spacing of 23.4 nm and a

hexagonal domain spacing of 26.5 nm. The 002 and 003 scattering peaks, corresponding to

the lamellar spacing, are much more intense than the 110 and 200 scattering peaks

corresponding to the hexagonal perforations, as is typical for HPL structures.58 TEM images

of the sample provide evidence for HPL formation and are consistent with previously

reported images of HPL from coil-coil diblock copolymers.59–60 The micrograph in Figure

4b shows areas of lamellar structure with perforations parallel to the lamellar normal as well

as regions of the sample that have a hexagonally packed structure. These two structures are

consistent with different orientations of the HPL unit cell in the sample. The formation of an

HPL morphology at a PNIPAM volume fraction of 0.66 is similar to that found in coil-coil

block copolymer systems where HPL morphologies are typically seen as non-equilibrium

structures in a narrow window between lamellae and cylinders.59 Even though the protein is

the minority block in these copolymers, the protein domains perforate the coil regions. This

suggests that the protein remains more highly hydrated than the PNIPAM during sample

casting, increasing its effective volume fraction.

The assembled nanostructures from a protein-selective solvent show poorer ordering than

those obtained from a nonselective solvent. The protein-selective solvent results in a

relatively broad primary peak with a broad second order shoulder centered around a q value

twice that of the primary peak. While the observed peak positions are consistent with the

formation of lamellar nanostructures, the broad peaks indicate that the order in this sample is

poorer than that in the sample cast from nonselective solvent. The TEM images in Figure

4a,e show the structurally heterogeneous nature of this sample containing small lamellar

regions with hexagonally packed areas interspersed. These images show that the sample is

composed of undulating lamellae along accompanied by regions of hexagonal structures

with PNIPAM centers similar to the structure of the sample cast from a nonselective solvent.
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These structures may be the result of micelles which merged to form sheets. A lower

magnification image (Figure 4e) reveals that these lamellar regions are interspersed with

spherical protein aggregates, and that these domains are inverted from the observed HPL

morphologies. Because this sample was prepared from a state where the protein and polymer

are segregated due to immiscibility of the solvent and polymer, it is likely that kinetic

barriers to nanoscale structural rearrangement during solvent evaporation result in the

structural heterogeneity and a relatively low degree of order.

In comparison to the sample cast in the nonselective solvent, the sample cast from protein-

selective solvent has a larger domain spacing of 32.1 nm, as measured by SAXS. However,

TEM images suggest that the domain sizes for the more highly ordered (Figure 4a) and more

disordered (Figure 4e) regions of the protein-selective solvent cast sample differ

significantly. Fourier transforms of the images of well-ordered lamellar regions and the

disordered regions indicate that the disordered regions are 40% larger than the lamellar

regions. This increased domain spacing observed at larger length scales is consistent with

the 37% larger domain spacing observed by SAXS of the protein-selective solvent compared

to the lamellar sample from a nonselective solvent. The observed difference in domain

spacing for disordered and lamellar regions of the protein-selective solvent condition

suggests that the equilibrium lamellar spacing would be quite similar for both casting

conditions; however, the processing-dependent effects that lead to the high degree of

structural heterogeneity and kinetic trapping of nonequilibrium structures for the protein-

selective solvent result in a large increase in the average domain spacing.

Solvent annealing of samples cast from the nonselective solvent condition was used to probe

whether the HPL structure was at equilibrium. Annealed samples show enhanced ordering of

the nanodomains with a clear lamellar symmetry and a domain spacing corresponding to the

lamellar spacing observed in the as-cast sample, suggesting that the lamellar phase is closer

to thermodynamic equilibrium for this sample. After annealing in water at either 4 °C or

room temperature for 8 hours, the primary peak shifted to slightly lower q* than in the as-

cast sample, all reflections in the SAXS pattern became sharper, and the two higher order

reflections now occur at 2q* and 3q*, consistent with the formation of lamellae. TEM

confirms the formation of lamellar nanostructures in the room temperature annealed sample

while some hexagonally perforated lamellae are still present in the sample annealed at 4 °C.

Both annealed samples show clear layered structures and larger grain sizes than the as-cast

sample. In addition, dislocations typical of lamellar block copolymers may be observed in

the annealed samples. The improvements in translational and orientational order are

consistent with the sharpening of scattering peaks and the observation of the third order

reflection. In addition, the lamellae are relatively straight as compared to the typical

fingerprint patterns observed in coil-coil diblocks. The nanodomain persistence length

appears to be longer than that of coil-coil block copolymer domains, but shorter than that of

typical rod-coil block copolymer domains.61 This observation is likely due to the small, yet

well-defined rigid shape of the mCherry protein which may introduce an enhanced bending

rigidity within the nanodomains relative to that of a coil-coil diblock copolymer.

Although both solvent annealed samples show an evolution towards lamellar structures, the

disappearance of the low q shoulder on the primary peak and the appearance of the third
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order peak are both more pronounced in the sample annealed at room temperature. In

addition, the domain spacing of the sample annealed at room temperature (24.0 nm) is larger

than the domain spacing of the sample annealed at 4 °C (23.1 nm). While both annealing

conditions were chosen to occur in the nonselective solvent regime, both the chemical

potential of water and the water-PNIPAM interactions are strongly temperature dependent.

The PNIPAM block is anticipated to have a more favorable interaction with water at lower

temperature, but the chemical potential of water vapor during solvent annealing decreases as

a function of temperature. Both the slightly larger domain spacing and the increased degree

of ordering observed in the room temperature annealed sample suggest that the increased

chemical potential of water at higher temperature dominates the annealing behavior,

resulting in increased swelling of the lamellar nanostructures and accounting for the increase

in domain spacing. In addition, both higher temperature and higher water content will

increase the mobility of the polymer, consistent with the observation of more intense higher

order peaks and a stronger depletion of the hexagonally perforated lamellar phase in the

sample annealed at room temperature.

Using scaling relationships for domain spacing as a function of molecular weight, the

proteins may be inferred to pack in a bilayer structure within the lamellae. Based on the

crystallographic structure of mCherry,50 the protein has a length of approximately 4.2 nm in

the folded state. Because the folded proteins are rigid, the same scaling analysis for domain

spacing in rod-coil diblock copolymers61 is expected to apply. For the mCherry-PNIPAM

diblocks, this would yield an expected domain spacing of ~12.4 nm in the monolayer

configuration. Because this value is approximately half that of the experimentally observed

domain spacing, it is most likely that the mCherry is packed in a bilayer configuration

within the lamellar nanodomains.

Protein Assembly Within the Nanodomain Structure

To enable the fabrication of nanostructured protein-based materials, the protein in these self-

assembled block copolymers must remain properly folded and functional. The functionality

of mCherry in solid-state mCherry-PNIPAM materials was quantified using both UV-vis

spectroscopy and circular dichroism, demonstrating that the self-assembly process preserves

a large fraction of the protein structure and optical activity. UV-vis spectra were measured

for solid-state samples (Figure 6a) and for rehydrated diblock copolymers (Figure 6b). In the

solid state, the peak absorption of the mCherry chromophore at 586 nm remains unchanged,

but the shoulder near 550 nm increases in intensity relative to the peak, suggesting a change

in absorbance in the solid state. This change is reversed when the materials are rehydrated.

The diminishing of the absorbance peak at 586 nm and the enhancement of the shoulder at

510 nm and the peak at 390 nm in both solid-state and rehydrated samples indicates that the

chromophore for some fraction of the material has been disrupted. A peak at 386 nm has

been observed previously in similar red fluorescent proteins and has been attributed to the

addition of water across the acylimine chromophore bond.52

Because quantum overlap in the solid state may influence the spectrum, a quantitative

measure of the functionality of the materials was performed by measuring their absorbance

spectrum upon rehydration in milli-Q water. Compared to the UV-vis data for as-
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synthesized protein-polymer conjugates in solution (Supporting Information), the rehydrated

samples show a decrease in the ratio of A586:A280 from approximately 1.3 to 0.5. This

indicates that for all four samples 30–40% of the protein remains active when compared to

the conjugate in solution. Consistent with preservation of approximately 35% of the

protein’s optical activity, the bulk material appears to have a deep red color (Supporting

Information). Rehydration also results in a decrease in the peak absorbance at 390 nm to

some level intermediate between the as-synthesized and the solid-state materials. This

suggests the presence of three types of mCherry chromophore in the solid state: active,

irreversibly inactive, and spectrally shifted. The active fraction is responsible for the major

absorbance peak at 586 nm. The peak at 390 nm increases in the solid-state material then

decreases upon rehydration, suggesting that a significant contribution to this peak comes

from the spectrally shifted material. The shoulder at 510 nm also increases upon rehydration,

suggesting that there is a fraction of irreversibly inactivated chromophore that absorbs at this

wavelength only after rehydration. Some of the irreversibly inactivated chromophore may

also have no absorption within the visible region.

In the dehydrated samples, it is observed that the extent of processing correlates with a loss

of optical function in the protein. The relatively rapid casting process at 40 °C tends to

promote a higher fraction of active chromophore compared to other samples by about 10%.

Because the sample cast at 40 °C was never exposed to high vacuum, it is likely that it

contains residual water that enhances the stability of the protein through hydrogen bonding.

The room temperature cast sample has the next highest fraction of active chromophore,

followed by the two solvent annealed samples which show a further decrease in absorbance

at 586 nm and an increase in absorbance at 390 nm. By comparison, a control sample of

lyophilized mCherry retains less than 15% of its optical activity at 586 nm, worse than any

of the self-assembled materials. Upon rehydration, the relative order of peak intensities in

the solid-state and rehydrated spectra changes. While all samples show an increase in the

absorbance at 586 nm after rehydration, the sample solvent annealed at 4 °C shows the

largest increase, indicating that it contains the largest fraction of reversibly inactive material.

Circular dichroism spectra of the rehydrated conjugates show very little change from the

conjugate before self-assembly. This indicates that the majority of the protein retains

identical secondary structure as the native protein, even after having been dehydrated and

rehydrated. Quantitative analysis of the spectra showed that the mCherry alone was

composed of 50% β-sheet, as compared to a theoretically predicted 57% β-sheet content

from the crystal structure. The discrepancy between the measurement and prediction is

accounted for by the presence of the 6xHis tag region in the experimental protein but not in

the crystal structure. The mCherry-PNIPAM block copolymer in solution after purification

was 43% β-sheet, and the rehydrated samples contained 41–48% β-sheet, indicating no loss

of secondary structure upon PNIPAM conjugation within the resolution of the measurement.

Taken together, the circular dichroism and UV-vis data illustrate that it is possible to

maintain a substantial degree of globular protein fold and function in a solid-state self-

assembled block copolymer. Because the fold is maintained to a much higher degree than

the chromophore activity, it is likely that the activity of the sensitive chromophore is lost

during self-assembly without large changes in the protein structure.
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The packing and crystallinity of the mCherry within the block copolymer nanodomains was

investigated using wide-angle X-ray scattering (WAXS), shown in Figure 7. The scattering

patterns of self-assembled conjugates contain the same two peaks as a bulk sample

composed of solid mCherry prepared by evaporation from solution. This demonstrates that

the WAXS peaks seen for the block copolymer samples are a result of the mCherry structure

and not affected by the PNIPAM. No peaks are present corresponding to the mCherry

crystal structure, indicating that the mCherry is in an amorphous state. This is consistent

with both kinetic limitations to crystallization during the self-assembly process, which

occurs on a timescale of ~ 2 hrs, and with UV-vis results that suggest a portion of the protein

may be structurally perturbed in the solid state and therefore unable to crystallize within the

mCherry unit cell.

WAXS data for the mCherry protein indicate that the material retains a predominantly β-

barrel structure in the solid state. All of the block copolymers contain two peaks, one at

approximately 6.23 nm−1 and the other at 14.32 nm−1 corresponding to 1.0 and 0.45 nm,

respectively, in real space. The larger domain spacing peak is attributed to either inter-sheet

spacing or inter-helix spacing for proteins containing β-sheets or α-helices, respectively.62

The smaller domain spacing peak arises from inter-strand hydrogen bonding in β-sheet

proteins, or backbone hydrogen bonding in α-helices.62 Given that circular dichroism and

the known crystal structure of mCherry suggest a predominantly β-sheet secondary structure,

these peaks are inferred to result from inter-sheet spacing and inter-strand hydrogen bonding

between β-strands. Because the q values of these peaks do not change between samples, it is

concluded that the inter-sheet and inter-strand spacing is not changed significantly by the

processing method used to induce self-assembly. The block copolymer samples all show

similar intensities for both peaks with the ratio of the 6.23 nm−1 to the 14.32 nm−1 peak

equal to approximately 0.98. In contrast, mCherry shows a higher intensity for the second

peak with a ratio of 0.84. An increase in this ratio has previously been correlated with a

decrease in β-sheet content,62 suggesting that the β-sheet content is slightly lower in the self-

assembled block copolymers than in the bulk mCherry. This result is consistent with the

minor decrease in β-sheet content upon bioconjugation observed by CD.

Conclusions

Protein-polymer diblock copolymers composed of mCherryS131C and PNIPAM were

synthesized and self-assembled into nanostructured materials, demonstrating an attractive

route towards high density three-dimensional protein nanopatterning with precise control

over protein orientation and placement. Self-assembly was induced by solvent evaporation,

and the selectivity of the solvent during the evaporation process was shown to have a large

effect on the nanostructure formed, resulting in a heterogeneous nanodomain structure for a

protein-selective solvent and a hexagonally perforated lamellar phase for a nonselective

solvent. Subsequent solvent annealing resulted in an evolution towards well-ordered

lamellar structures, suggesting that this lamellar structure may be closer to thermodynamic

equilibrium. After annealing at room temperature, SAXS indicated a domain spacing for the

material of 24.0 nm, suggesting that the mCherry packs in bilayers within the lamellae. The

mCherry structure within the lamellar domains was largely amorphous, with the only

observed WAXS peaks assigned to inter-sheet and inter-strand spacing of β-strands. While
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circular dichroism indicated no irreversible change in protein secondary structure after self-

assembly, UV-vis spectroscopy showed that one third of the protein chromophores remained

active in the solid-state material.

Methods

Synthesis of 2-ethylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid (EMP)

This procedure was adapted from the work of You and Oupický.63 First, ethanethiol (7.21

mL, 0.1 mol), acetone (73 mL), and tricaprylylmethylammonium chloride (1.0 g, 2.5 mmol)

were combined and the mixture was cooled on ice under nitrogen. Next, 9 mL of 50% (w/v)

of sodium hydroxide was added dropwise. After an additional 20 minutes, carbon disulfide

(6.03 mL, 0.1 mol) and acetone (12.6 mL) were combined and added dropwise. Chloroform

(12 mL, 0.15 mol) was added, followed by the addition of 80 mL of 50% (w/v) sodium

hydroxide over 10 minutes. The yellow-orange mixture was stirred overnight. Water (200

mL) was added, followed by concentrated hydrochloric acid (80 mL) to drop the pH below

1. The mixture was extracted three times into diethyl ether and concentrated to a dark red

oil. Crude product was purified via silica gel chromatography (1:1 hexanes:ether) and then

distilled to yield 11.0 g of a bright orange, viscous liquid (49% yield). 1H NMR (CDCl3, δ):

1.33 (t, 3H, -CH2CH3), 1.72 (s, 6H, -C(CH3)2COOH), 3.30 (q, 2H, -CH2CH3).

Synthesis of exo-3a,4,7,7a-tetrahydro-2-(3-hydroxypropyl)-4,7-epoxy-14-isoindole-1,3(2H)-
dione (1)

Following the work of Neubert and Snider,64 3-amino-1-propanol (4.08 g, 54.2 mmol) was

added dropwise to a solution of exo-3,6-epoxy-1,2,3,6-tetrahydrophthalic anhydride (9.0 g,

54.2 mmol) in 500 mL methanol. The reaction was stirred at 56 °C for 3 days, after which

the solvent was removed by rotary evaporation to give a clear yellow oil. 100 mL

dichloromethane was added and washed three times with 100 mL brine. The organic fraction

was dried over sodium sulfate and the solvent removed under reduced pressure to give 2.71

g of a white solid (22% yield). 1H NMR (CDCl3, δ): 1.75 (tt, 2H, -CH2(CH2)CH2-), 2.88 (s,

2H, -NC(O)CH-), 3.52 (t, 2H, -NCH2-), 3.65 (t, 2H, -CH2O-), 5.27 (s, 2H, -CH(O)-), 6.52

(s, 2H, -CHCH-).

Synthesis of RAFT agent

Functional RAFT agent was prepared by carbodiimide coupling.54 EMP (1.88 g, 8.40

mmol), 1 (1.50 g, 6.72 mmol), 4-dimethylaminopyridine (103.8 mg, 0.84 mmol), and N,N′-

dicyclohexylcarbodiimide (3.46 g, 16.8 mmol) were combined in 58 mL dry tetrahydrofuran

and stirred under nitrogen at room temperature overnight. The reaction mixture was filtered

and concentrated, and the product was purified by silica gel chromatography (1:1

hexanes:ethyl acetate) to yield 1.23 g of a bright yellow solid (34% yield). 1H NMR

(CDCl3, δ): 1.29 (t, 3H, -S-CH2CH3), 1.69 (s, 6H, -C(CH3)2-), 1.85–2.00 (tt, 2H, -

CH2(CH2)CH2-), 2.83 (s, 2H, -NC(O)CH-), 3.26 (q, 2H, -CH2CH3), 3.55 (t, 2H, -NCH2-),

4.05 (t, 2H, -CH2O-), 5.24 (s, 2H, -CH(O)-), 6.49 (s, 2H, -CHCH-).
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Polymerization

The RAFT agent and azobisisobutyronitrile (AIBN) (recrystallized twice from methanol)

were added to a 2.0 M solution of NIPAM (sublimated) in acetonitrile in the ratio 600:1:0.2

(monomer:RAFT agent:initiator). The solution was degassed by three freeze-pump-thaw

cycles. The polymerization was carried out in a sealed flask at 65 °C and terminated after 75

minutes by removal of heat and exposure to oxygen. The polymer was then precipitated in

cold diethyl ether and dried under vacuum. The maleimide was deprotected by heating to

120 °C under vacuum for 2 hours. The molecular weight and polydispersity were

determined by gel permeation chromatography using a Waters Breeze 1525 HPLC system

with a series 2414 refractive index detector, calibrated with poly(methyl methacrylate)

standards, and N,N-dimethylformamide with 0.01 M LiBr as the mobile phase.

Cloning and Protein Expression

The gene for mCherry, optimized for prokaryotic codon usage, was subcloned into the pQE9

vector (Qiagen) which encodes for an N-terminal His tag. Site directed mutagenesis was

used to create the mutant mCherryS131C by replacing a serine with a cysteine at residue

131, located in a loop region on the end of the β-barrel opposite the N and C termini. The

protein was expressed in the E. coli strain SG13009 containing the pREP4 repressor

plasmid, grown in Terrific Broth at 37 °C, and induced with 1 mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG) at OD600 = 1. The cells were cultured for 4.5 hours after

induction and were then harvested. The cell were resuspended in lysis buffer (50 mM

NaH2PO4, 300 mM sodium chloride, 10 mM imidazole, 10 mM β-mercaptoethanol (BME),

pH 8.0), incubated with 1 mg/mL lysozyme at 4 °C for 30 minutes and sonicated. The lysate

was clarified, and the protein was purified using Ni-NTA metal affinity chromatography.

Throughout the purification, 10 mM BME was used in all buffers. Elution fractions

containing purified protein were dialyzed into 20 mM Tris buffer, pH = 8. The yield in the

elution fractions was determined spectrophotometrically using the absorbance peak at 586

nm (extinction coefficient of 72,000 M−1cm−1).49, 65

The purity of the protein was confirmed by denaturing gel electrophoresis (SDS-PAGE),

native state gel electrophoresis, and matrix assisted laser desorption ionization mass

spectrometry (MALDI-MS). SDS-PAGE (Supporting Information) shows three bands near

28 kg/mol, 19 kg/mol and 9 kg/mol due to partial cleavage of the protein during sample

boiling before loading the gel.51 The highest molecular weight band corresponds to the

expected molar mass of the whole mCherry molecule, and the sum of the molar masses of

the two lower mass bands also corresponds to the mass of the whole protein, consistent with

hydrolysis of the sensitive acylimine bond within the mCherry chromophore.50 The native

gel (Supporting Information), run at a high protein concentration, shows only a single

prominent protein band corresponding to the mCherry and a higher molecular weight band

corresponding to dimerization through the formation of a disulfide bond. Consistent with

previously reported expressions of mCherry,53, 66 it is noted that the lower molar mass

fragments are not observed by SDS-PAGE in more dilute samples. The observation of a

single dominant band in the native gel indicates that cleavage occurs only during SDS-

PAGE sample preparation. The purity of the protein was further confirmed by MALDI-TOF

mass spectrometry; the measured molar mass of the protein was 28,201 g/mol compared to
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the expected mass of 28,134.48 g/mol. No peak was observed for the higher molar mass

hydrolysis product (18,896 g/mol calculated molar mass), although a small peak was

observed for the low molecular weight fragment (9,256 g/mol calculated molar mass),

consistent with the preferential observation of low molecular weight species by MALDI.

Bioconjugation

The coupling reaction between mCherryS131C and maleimide end-functionalized PNIPAM

was performed in 20 mM Tris buffer, pH 8.0. Tris(2-carboxyethyl)phosphine (TCEP)

(0.0185g, 0.0646 mmol) was added to the mCherryS131C solution (0.173g, 0.00646 mmol,

1.8 mg/mL) one hour prior to PNIPAM addition to reduce all thiol groups. Maleimide

functionalized PNIPAM (2.61201g, 0.0451 mmol) was added to the solution and allowed to

react overnight. The conjugate was purified by precipitation in 1.0 M ammonium sulfate

solution followed by centrifugation at room temperature. The pellet containing conjugate

and unreacted PNIPAM homopolymer was then resuspended in 20 mM Tris buffer (pH 8)

and precipitated a second time. The excess PNIPAM was removed from the second pellet

using Ni-NTA affinity chromatography to yield purified conjugate. After collecting the

flowthrough, the column was washed with approximately 7 column volumes of wash buffer

before elution to completely remove unconjugated PNIPAM. The purified conjugate was

dialyzed into pure water. Purity was analyzed using SDS-PAGE and the yield was

determined spectrophotometrically.

Sample Preparation and Characterization

Conjugate solution was concentrated to approximately 44 mg/mL conjugate using Millipore

Ultra-15 centrifugal filters with a molecular weight cutoff of 3 kDa. Bulk samples were

prepared by evaporation of water either at 40 °C under ambient pressure or at room

temperature under vacuum. Solvent annealing was performed at 4 °C or room temperature in

sealed jars using nanopure water as the solvent. UV-vis spectra were collected at ambient

temperature on a Cary 50 UV-vis spectrophotometer using a quartz cuvette and normalized

to the absorbance at 280 nm. CD spectra were obtained using an Aviv Model 202 circular

dichroism spectrometer operating at 25 °C and converted into molar ellipticity by correcting

for the water background and using the concentration determined by the A280. CDPro was

used to analyze spectra to determine the secondary structure content using CONTINLL,

SELCON3 and CDSSTR methods. Disk-shaped samples for x-ray scattering were cast on

kapton tape using 7 mm diameter washers as a mold. SAXS and WAXS data were collected

using a Molecular Metrology ASSY 610-004378 system, and corrected for empty cell and

dark field scattering. Bulk samples were cryo-microtomed using a Leica EM UC6 at −100

°C to a thickness of 50–60 nm for TEM analysis. Samples were stained with ruthenium

tetroxide vapors from a 0.5% aqueous solution for 20–40 minutes. Due to the greater

number of alcohol, amine and aromatic functional groups on the protein compared with the

polymer, the protein domains were selectively stained and appear dark in images. A JEOL

2000FX Transmission Electron Microscope was used to obtain bright field images using an

accelerating voltage of 120 kV and a LaB6 filament. Images were captured using an ORCA

camera in a fixed bottom mount configuration.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Normalized gel permeation chromatography trace of deprotected poly(N-

isopropylacrylamide) product with a poly(methyl methacrylate)-equivalent molecular weight

of 51.3 kg/mol and a polydispersity of 1.24.
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Figure 2.
Denaturing SDS-PAGE gel showing purification of mCherryS131C-PNIPAM conjugate.

The crude reaction mixture (lane 1) was purified by repeated precipitation of the conjugate

using ammonium sulfate to remove unconjugated mCherryS131C. The discarded

supernatants (lanes 2 and 3) contained most of the unconjugated mCherry. Next, metal

affinity chromatography was used to remove excess PNIPAM. Minimal conjugate is lost

from the column flow through (lane 4) and the two wash steps (lanes 5 and 6). The

conjugate is then eluted in four fractions (lanes 7–10).
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Figure 3.
Small-angle x-ray scattering (SAXS) data of as-cast and solvent annealed mCherry-

PNIPAM block copolymers. Samples were cast from both protein-selective (40 °C water)

and nonselective (room temperature water) solvents. The materials form long-range ordered

nanostructures with weak order. After solvent annealing in water, the samples transition to

lamellar nanostructures with improved long-range order. Traces have been offset for clarity.
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Figure 4.
TEM images of mCherry-PNIPAM block copolymers demonstrate the formation of lamellae

and hexagonally perforated lamellae in bulk samples cast at 40 °C (a) or room temperature

(b), and samples cast at room temperature followed by solvent annealing in water at 4 °C (c)

or room temperature (d). Panel e shows the 40 °C cast sample at a lower magnification.
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Figure 5.
This schematic depicts two possible pathways towards self-assembly of mCherry-PNIPAM

block copolymers. Room temperature water provides a nonselective solvent, whereas 40 °C

water is a protein-selective solvent. Self-assembly is induced by increasing the block

copolymer concentration through solvent evaporation.

Thomas et al. Page 21

ACS Nano. Author manuscript; available in PMC 2014 June 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6.
a) Solid state UV-vis spectra of mCherry-PNIPAM conjugate normalized by A280 b)

Rehydrated solid state UV-vis spectra of mCherry-PNIPAM conjugate normalized by A280

showing retention of the characteristic absorbance peak shape of mCherry at 586 nm c)

Rehydrated solid-state circular dichroism spectra of conjugate showing protein fold is not

disturbed by self-assembly
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Figure 7.
Wide-angle x-ray scattering data of as-cast and solvent annealed mCherry-PNIPAM block

copolymers shows scattering due to the inter-sheet and inter-strand spacing of β-strands. The

spacing of the β strands of mCherry is not altered in conjugate materials.
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Scheme 1.
Synthesis of maleimide-functionalized poly(N-isopropylacrylamide) and its bioconjugation

to mCherryS131C to create a protein-polymer diblock copolymer.
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