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Bioconjugates made of the model red fluorescent protein mCherry and synthetic polymer blocks show
that topology, i.e. the BA, BA,, ABA and ABC chain structure of the block copolymers, where B represents
the protein and A and C represent polymers, has a significant effect on ordering transitions and the type
and size of nanostructures formed during microphase separation. ABA and ABC type block copolymers
were synthesized by using two site-specific bioconjugation reactions: the thiol-ene reaction with a
cysteine on mCherry and maleimide functionalized polymers, and the sortase A ligation reaction with an
LPETG sequence at the C-terminus on mCherry and a triglycine functionalized polymer. The phase beha-
viors of mCherry—poly(N-isopropylacrylamide) (PNIPAM) and mCherry—(PNIPAM), show that the shapes
of the phase diagrams are similar overall, but mCherry—(PNIPAM),, i.e. BA; type, yields a narrower domain
spacing than mCherry—PNIPAM, i.e. BA type. PNIPAM—mCherry—PNIPAM (ABA type) shows only lamellar
phases in the range of conditions under which ordered structures appear. PDMAPS—mCherry—PNIPAM
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(ABC type) shows an ordered structure across the widest range of conditions in the four bioconjugates
and also the widest range of different nanodomain structures. The phase behavior of the ABC type implies
that the repulsive interaction between two water-soluble coil polymers can be a key factor in enhancing
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Introduction

Protein bioconjugates’ provide a great method to immobilize*
or stabilize proteins,®* construct nanoscale architectures® and
control protein activity.® These materials are useful for a
variety of applications such as biocatalysts,” biosensors,®
biofuel cells,’ and bioelectronic devices.'® For many of these
applications, the materials must maintain or enhance the
stability of the protein fold, achieve a high areal density of
active sites, control orientation for recognition,"* and provide
structured channels for transport of reactants/products.’® To
achieve all of these design criteria, material nanostructure
must be carefully controlled. To control the position, orien-
tation, and density of proteins, three broad approaches to
nanopatterning have been demonstrated. First, top-down
approaches that combine lithographic techniques including
photolithography,'® electron beam lithography,'*'® dip-pen
nanolithography,’® and nanocontact printing'” with protein
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the self-assembly of globular protein—polymer block copolymers.

immobilization chemistry can form protein nanopatterns on
substrates. Second, a template can guide protein nanostructure
formation. For example, premade 2D or 3D structures such as
block copolymer films'® and nanoporous materials'® can be
used as a template. Also, some fabrication methods such as
layer-by-layer deposition®® can control the nanostructure of
protein-based materials. The final approach is self-assembly
of protein-polymer block copolymers, which are created by
bioconjugation of a globular protein and a coil polymer
block®' or by fusion of a functional and a non-functional
protein block.?*** This technique can achieve high three-
dimensional protein density, connectivity of domains, and
control over nanoscale morphology.'>>*

Because the self-assembly of protein-polymer block copoly-
mers is very different from traditional block copolymer
systems, understanding the physics of this self-assembly
process remains a challenge.>® >’ One important parameter
that has an impact on block copolymer self-assembly is the
topology of the block, for example changes between BA, ABA,
and BA, copolymers. Although there are many reports about
topology effects on polymer-polymer block copolymers
including branch and triblock types of coil-coil**** and rod-
coil block copolymers,>*™>® the effect on protein-polymer
block copolymers has not been clarified. Recently, we have
reported the topological effects on the self-assembly of
globular protein—coil protein fusion proteins®**® and protein
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polymer block copolymers.”® In this work, changing the
elastin-like polypeptide (ELP) tails from the N to C termini of
mCherry has no impact on the ability to form well-ordered
nanostructures.® On the other hand, a bola fusion protein,
which has two ELP tails on both N and C termini of mCherry,
showed a lower order-disorder transition concentration than
the linear fusion protein, which has one EPL tail on the N ter-
minus of mCherry.”> This work provided important new
insight into the effect of chain topology in the self-assembly of
block copolymers including globular proteins. However, fusion
proteins have some limitations of topological and functional
designs because globular and coil proteins can be connected
to each other only at the N and C termini, and only linear
primary chain structure is possible. Furthermore, new genes
are necessary for each design to modify or introduce functions
derived from the coil protein, such as stimuli responsiveness.
In addition to these fusions, changing the bioconjugation site
in mCherry-PNIPAM bioconjugates has been explored.
Changing the bioconjugation site showed qualitatively similar
phase diagrams, indicating that self-assembly is robust with
respect to changes in the conjugation site. However, differ-
ences in domain spacing were observed, suggesting changes in
protein orientation within the lamellar phase.*’

The protein-polymer block copolymer approach is a prom-
ising approach to expand the capability to obtain topological
designs and functional designs. To obtain well-defined biocon-
jugates, site-specific modification is one of the most important
tools. To control topologies of polymers, living polymerizations
such as RAFT polymerization are also necessary.*' Two or
more orthogonal site-specific reactions provide the ability to
access a wider variety of bioconjugates; however, this remains
challenging.*?

In this study, the effect of topology on the self-assembly of
protein-polymer bioconjugates is investigated by comparing
four types of protein-polymer bioconjugates, namely BA, BA,,
ABA and ABC types, where B represents the protein and A and
C represent polymers. In order to examine the effect of branch-
ing architecture, 1 and 2-arm PNIPAMs are respectively intro-
duced on mCherry, ie. mCherry-PNIPAM and mCherry-
(PNIPAM),. In addition, in order to examine the effect of ABA
and ABC triblock types, PNIPAM-mCherry-PNIPAM and
PDMAPS-mCherry-PNIPAM are also studied. The use of mul-
tiple conjugations necessitated the use of two orthogonal site-
specific bioconjugations, motivating the development of RAFT
polymers functionalized for sortase ligation. Finally, the micro-
phase separation behaviour of each bioconjugate is investi-
gated using small-angle X-ray scattering (SAXS) and depolar-
ized light scattering (DPLS).

Results and discussion

Design and approach to synthesize diblock and triblock type
protein—-polymer block copolymers

To explore the effects of architecture on self-assembly in globu-
lar protein-polymer block copolymers, four types of architec-
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tures were chosen: BA, BA,, ABA, ABC. The protein mCherry
was selected as the model protein®**~*® because it has a well-
defined structure, color may be used as an indicator that it
maintains its folded structure, and it has been extensively
studied previously as a model in globular protein-polymer
self-assembly. Water-soluble but neither cationic nor anionic
polymers are suitable to investigate microphase separation
behaviors in aqueous solution because protein charge may
cause aggregation with cationic or anionic polymers.*”"*®
Because it is well-studied and shows a wide region for phase
separation from proteins in simple diblocks, PNIPAM was
selected as the first polymer for the construction of different
topologies. For ABC triblocks, it may be favourable that the
two synthetic polymers are immiscible to generate phase sep-
aration. Preliminary experiments showed that the mixture of
PNIPAM and PDMAPS was immiscible at higher concen-
trations in aqueous solution at room temperature (Fig. S147);
therefore, these two polymers were selected as model poly-
mers. The different phase behaviors of these two polymers in
solution, Ze. lower critical solution temperature (LCST) of
PNIPAM and upper critical solution temperature (UCST) of
PDMAPS, may also enhance self-assembly over a wide range of
temperatures.*’

To obtain BA and BA, type copolymers, a site-specific thiol-
maleimide coupling between a cysteine on the mutated
mCherry (mCherryS131C) and maleimide-PNIPAM was used
(Scheme 1). To obtain one and two arm PNIPAMs, two types of
reversible addition fragmentation chain transfer (RAFT) agents
containing a protected maleimide group (pMI-EMP and pMI-
(EMP),) were used. After polymerization, the maleimide groups
were thermally deprotected to yield maleimide end-functiona-
lized 1-arm and 2-arm PNIPAMs. Each conjugate was designed
to have an approximately equal volume fraction of mCherry and
PNIPAM, because previous results suggested that an approxi-
mately equal volume fraction of each polymer would enhance
self-assembly and show a minimum order-disorder transition
concentration.*® Bioconjugation reactions were performed
under mild conditions similar to literature procedures.>*

For ABA and ABC copolymers, two distinct bioconjugation
sites are necessary, and ABC type copolymers need two ortho-
gonal site-specific chemistries to attach the two different poly-
mers. Cysteine is selected as the first reacting group for thiol-
ene reactions, which is on the one side of the p-barrel struc-
ture; the mutation site is the same as mCherryS131C. The
second group is the LPETG sequence, installed at the
C-terminus on the other side of the p-barrel structure for
Sortase A mediated ligation (SrtA ligation). Sortase A from
Staphylococcus aureus catalyzes the cleavage reaction between
threonine and glycine at an LPXTG recognition sequence on
the first molecule, where the variable residue X is most com-
monly E, followed by the formation of an amide bond between
the carboxyl group of threonine and a second molecule with an
N-terminal nucleophilic group, typically an oligoglycine motif.
SrtA ligation was selected for the second bioconjugation reac-
tion because of its high specificity, mild reaction conditions,
ease of introducing the LPETG sequence into recombinant

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Synthesis of (a) mCherry—(PNIPAM) and (b) mCherry—(PNIPAM),.

proteins, and compatibility with synthetic polymers. In addition,
a histidine tag (His-tag) could be introduced in mCherry down-
stream from the LPETG sequence to facilitate purification. To
introduce N-terminal oligoglycine in polymers, a new RAFT
agent with the tert-butyloxycarbonyl (Boc) protected triglycine
(Boc-GGG-EMP) was synthesized (Scheme 2). HO-EMP was syn-
thesized according to previously reported procedure (details in
ESIT). HO-EMP was reacted with Boc-GGG-OH in the presence
of N-(3-dimethylaminopropyl)-N-ethylcarbodiimide  hydro-
chloride and 4-dimethylaminopyridine to give Boc-GGG-EMP.
The Boc moiety was removed after RAFT polymerization.

ABA and ABC type triblock copolymers were synthesized in
two steps (Scheme 3). First, PNIPAM and PDMAPS with male-
imide end groups reacted with a
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mCherryS131C-LPETGG-Hiss to give PNIPAM-mCherry-
LPETGG-Hiss and PDMAPS-mCherry-LPETGG-Hise. After
both bioconjugates were purified, they were reacted with trigly-
cine-PNIPAM in the presence of sortase A. Both polymer
chains for each triblock were designed to have approximately
equal volume fraction in the final block copolymer. Unreacted
bioconjugates (PNIPAM-mCherry-LPETGG-Hisg and
PDMAPS-mCherry-LPETGG-His) and sortase A which has a
His-tag were removed using Ni-NTA. Bioconjugates (PNIPAM-
mCherry-PNIPAM and PDMAPS-mCherry-PNIPAM) and
excess polymer (GGG-PNIPAM) were collected as flow-through.
Then, FPLC purification was used to isolate PNIPAM-
mCherry-PNIPAM  (ABA) and PDMAPS-mCherry-PNIPAM
(ABC), respectively. The mCherry function after purification of
the triblock type was relatively lower than that of the diblock
type: BA = 94%, BA, = 90%, ABA = 74%, and ABC = 85% based
on UV-vis absorbance measurements (Fig. S17, S20 and S227).
These differences suggest that sortase ligation or the longer
two step conjugation and purification process results in some
small loss of protein function. The SDS-PAGE shows that the
bioconjugates are pure, indicating that the self-assembly be-
havior is due to the bioconjugates, not due to a mix of native
or partially modified and fully modified proteins. The mole-
cular properties of all four protein—polymer block copolymers
are summarized in Table 1.

Phase behavior in concentrated aqueous solution

When self-assembled in concentrated solution above an order-
disorder transition concentration, all four bioconjugates form

Polym. Chem., 2019, 10, 1751-1761 | 1753
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Table 1 Molecular properties of protein—polymer bioconjugates

Maleimide- Maleimide- Triglycine—
PNIPAM PDMAPS PNIPAM Polymer volume fraction”
mCherry

Bioconjugates Type Reaction site M, PDI M, PDI M, PDI Prmaleimide Qrriglycine Drotal
mCherry-PNIPAM BA Cys 29.1 1.16 — — — — 0.606 — 0.606
mCherry-(PNIPAM), BA, Cys 286 115  — — — — 0.599 = 0.599
PNIPAM-mCherry-PNIPAM ABA Cys/LPETG 17.8 1.05 — — 17.4 1.07 0.313 0.318 0.631
PDMAPS-mCherry-PNIPAM ABC Cys/LPETG — — 19.2 1.20 17.4 1.07 0.303 0.322 0.625

“Density of PNIPAM 1.05, PDMAPS 1.37 and mCherry 1.35 ¢ cm™ and a molecular weight of mCherry 28.2 kDa were used to calculate the

volume fraction of polymers in bioconjugates.

ordered nanostructures reminiscent of traditional block co-
polymers. To investigate self-assembly in concentrated solu-
tion, the purified bioconjugates were spin-concentrated and
dried under vacuum to give pellets, and then the collected
pellets were re-dissolved to prepare concentrated solution
samples in the range of 30-60 wt%. The microphase separated
nanostructures of samples are examined with small-angle
X-ray scattering (SAXS) over a range of temperatures between
10-40 °C (all data are shown in Fig. S24 and S277).
Comparison of mCherry-PNIPAM (BA type) and mCherry-
(PNIPAM), (BA, type) block copolymer self-assemblies in con-
centrated solution shows that both materials exhibit a similar
phase behavior. Phase identifications were performed using
small-angle X-ray scattering (SAXS) and depolarized light scat-
tering (DPLS), and each identified phase is summarized in

1754 | Polym. Chem., 2019, 10, 1751-1761

phase diagrams (Fig. 1a and b). The phase diagrams of both
mCherry-PNIPAM and mCherry—(PNIPAM), showed a quite
similar general shape (Fig. 1c and d). In both bioconjugates,
disordered phases are observed at concentrations below
40 wt% at low temperature. Increasing temperature above
35 °C yields a disordered micellar phase due to the LCST be-
havior of PNIPAM™*® which causes desolvation of this block in
the copolymer upon heating. Increasing concentration to
40 wt% yields a lamellar phase with peaks at q* and 2g*. At
50 wt%, both bioconjugates show well-ordered lamellar
phases, and the peaks broaden with further increasing concen-
tration to 60 wt%. This suggests that the degree of order
decreases. Only in mCherry-PNIPAM, lamellar-lamellar coexis-
tence is observed at 45 and 50 wt% (see also Fig. S257).
Increasing the temperature at concentrations above 40 wt%

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Representative SAXS curves for (@) mCherry—PNIPAM and (b)
mCherry—(PNIPAM),, and phase diagrams for (c) mCherry—PNIPAM and
(d) mCherry—(PNIPAM),. (e) Cartoon schematics of each identified
phase. Phases are labeled as disordered (Dis), disordered micellar (DM),
lamellar (Lam), lamellar—-lamellar coexistence (Lam*) and hexagonally
packed cylindrical (Hex). Open symbols represent non-birefringent
structures and solid symbols represent birefringence structures.

yielded a hexagonal phase with peaks at q*, \/Sq* and \/4q*
for a narrow range of temperature and concentration. In
addition, in both bioconjugates, birefringent lamellae are
observed at temperatures below 25 °C (mCherry-PNIPAM) or
30 °C (mCherry-(PNIPAM),). In the case of mCherry-
(PNIPAM),, a birefringent lamellar phase is observed from
50 wt% to 60 wt%, while mCherry-PNIPAM shows birefringent
lamellae from 40 wt% to 60 wt%. While these results might
imply that the BA, type shows relatively weaker ordered struc-
ture than the BA type, it has also previously been shown that
liquid crystalline ordering can emerge in protein—-polymer con-
jugates at high concentrations,”® and it is possible that the
propensity for such ordering is stronger in the linear BA
conjugate.

In a previous comparison of bola and linear block copoly-
mers using mCherry and ELP fusion proteins,>” the bola type

This journal is © The Royal Society of Chemistry 2019
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which has two ELP tails showed a much wider concentration
range for ordering than the linear fusion copolymer. While the
linear mCherry-ELP fusion protein self-assembled over a
similar concentration range to the linear mCherry-PNIPAM
bioconjugate (above 40%), ordered structures were observed
for the bola fusion for concentrations above 30 wt%.
Comparing the BA type copolymer in this work and linear
fusion in the previous work, both block copolymers have
similar structures, which are globular protein-coil block co-
polymers, despite differences in the chemistry of the coil
block. Furthermore, both phase diagrams suggest a similar
phase behavior. In other words, these results imply that the
difference between PNIPAM and ELP has only a minor impact
on the phase behavior of these two polymers. In contrast, BA,
type and bola type show different behaviors for the ELP.
Because ELP and PNIPAM behave similarly in the linear
system, this difference in the effect of topology between
PNIPAM and ELP may arise from the disparities in the way the
individual chains are connected to mCherry: there is a single
branch point for PNIPAM, while the ELP is connected in two
different locations on the same side of the protein.

A theoretical study of the BA, Gaussian coil block copoly-
mer systems®”>" and rod-coil block copolymer systems includ-
ing coil branching®**® predicts that phases could be shifted by
the molecular architectural change; however, this is not
observed with these protein copolymers. Recent experimental
results show a topology effect on self-assembly of polyhedral
oligomeric silsesquioxane (POSS)-polystyrene (PS) conjugates,
which suggests that introduction of two PS tails with half-
length of one tail affects the boundaries between different
ordered phases, order-disorder transition temperatures and
packing configurations of the functional POSS cages.’*
Although both BA and BA, in this study show similar bound-
aries and order-disorder transition temperatures, the differ-
ence between topologies affected the packing configurations,
namely domain spacings and cross-sectional areas.

The domain spacings of both mCherry-PNIPAM and
mCherry-(PNIAPM), vary with temperature and concentration
over the range of 24.8-30.8 nm in the case of mCherry-
PNIPAM and 20.2-24.2 nm in the case of mCherry-(PNIAPM),
(Fig. 2a and b). In mCherry-PNIPAM at 50 wt% and 10 °C, the
domain spacing is 27.4 nm, which is nearly two times as large
as the calculated domain spacing (ESI{).

This value suggests bilayer lamellar morphologies, as pre-
viously reported.”” In mCherry-(PNIPAM),, the smaller
domain spacing (e.g. 21.7 nm at 50 wt% 10 °C) suggests that
branched architectures result in narrower polymer domain
morphologies (Fig. 2c) because of the lower hydrodynamic
volumes, as observed in other studies.>’*® For this to occur
while conserving the volume of each component, there must
be a larger average lateral spacing between proteins. To esti-
mate lateral spacing, cross-section area®® can be calculated
using domain spacings based on SAXS curves (ESIf). The
cross-section area corresponding one bioconjugate of
mCherry-PNIPAM and mCherry—(PNIAPM), at 50 wt%, 10 °C
is calculated to be 6.43 nm” and 7.97 nm?> based upon SAXS

Polym. Chem., 2019, 10, 1751-1761 | 1755
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curves, which suggest that diameters of them are 2.90 nm and
3.22 nm, respectively. These estimated diameters are reason-
able considering the previous study>* and the calculated dia-
meter at 50 wt% based upon mCherry p-barrel structure of
3.15 nm (ESI, Fig. S297).

Both linear and branched copolymers show a similar
dependence of the domain spacing on temperature and con-
centration. For temperatures below 30 °C, the nanostructures
at 40 wt% show the smallest domain spacing; at higher tem-
peratures, there is little dependence of the domain spacing on
concentration. As temperature increases, domain spacing
initially decreases as the solvent quality for the PNIPAM block
grows worse and the PNIPAM chain contracts, and then
increases when the solvent changes from good to poor for
PNIPAM, presumably due to an increased strength of segre-
gation. Over the range of conditions, mCherry-(PNIAPM),
shows smaller domain spacings than mCherry-PNIPAM.

Compared to BA and BA, diblock copolymers, ABA triblocks
show a higher critical concentration for ordering. PNIPAM-
mCherry-PNIPAM undergoes order-disorder transitions at
50 wt%, while diblock type bioconjugates undergo transitions
at 40 wt% (Fig. 3a and b). The SAXS peaks of PNIPAM-
mCherry-PNIPAM at concentrations above 50 wt% are broader
than for diblock types. At concentrations below 45 wt%,
increasing temperature yields a disordered micellar phase,
which is similar to the behavior observed in BA and BA, type
copolymers. On the other hand, in the range of ordered con-
centration and temperature, only lamellae are observed, unlike
mCherry-PNIPAM and mCherry-(PNIAPM), which also show
hexagonal phases. In addition, unlike BA and BA, type,
PNIPAM-mCherry-PNIPAM never shows birefringent phases.
Theoretical studies of ABA type Gaussian coil block copoly-
mers®® and comparison between rod-coil and coil-rod-coil®
provide insights into the self-assembly behaviors of our bio-
conjugates, which suggested that the lamellar phase of a coil-
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Fig. 3 Representative pattern (a), phase diagram (b), domain spacing
(c), and cartoon schematics (d) of PNIPAM—mCherry—PNIPAM.

rod-coil becomes more unstable than a coil-rod. Since
mCherry has a large diameter compared to the rod, it is not
straightforward to explain this self-assembly behavior using
previous theory, but our results suggest similar behaviors.

The relatively small domain spacings for PNIPAM-
mCherry-PNIPAM change only slightly with varying concen-
tration and temperature in the range 20.2-21.7 nm (Fig. 3c).
The domain spacing of the lamellar morphology at 55 wt%,
10 °C is 20.2 nm, which is nearly 1.4 times larger than the cal-
culated domain spacing for a rigid block copolymer. This
value suggests a monolayer lamellar phase, unlike a bilayer
lamellar phase in the case of the diblock type (Fig. 3d). This is
consistent with the fact that the mCherry block has PNIPAM
conjugated to both ends, preventing bilayer association.

In contrast to PNIPAM-mCherry-PNIPAM, PDMAPS-
mCherry-PNIPAM shows ordered structures at the lowest con-
centration of any of the four copolymers studied here. This
ABC copolymer shows ordered structure at all concentrations
studied above 30% (Fig. 4a and b). In the concentration range
of 30-35 wt%, a lamellar morphology was observed at
10-25 °C. Increasing temperature in the concentration range
of 30-35 wt% yields phase transitions to disordered and dis-
ordered micellar phases at temperatures above 35 °C due to the
LCST behavior of PNIPAM. Increasing concentration to
40 wt%, hexagonal and lamellar ordering within a perforated
lamellar structure are observed. The perforated lamellar phase
is characterized by SAXS peaks at (100), (001), (110), (002), and
(003) (e.g. 45 wt%, 10 °C) or (100), (001), (002), (210), (300),
(310) and (003) (e.g. 50 wt%, 20 °C) (Fig. S26(b)T). Increasing
concentration from 40 wt% to 60 wt% yields phase transitions
from perforated lamellar to lamellar to hexagonal phases. Over

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Representative patterns (a), phase diagram (b), domain spacing
(c), and cartoon schematics (d) of PDMAPS—mCherry—PNIPAM. Open
symbols represent non-birefringent structures and solid symbols rep-
resent birefringence structures.

the concentration range of 40-50 wt%, increasing temperature
yields phase transitions from lamella to perforated lamellar to
hexagonal to cubic phases including co-existence regions.
Changes in the experimental conditions change the form factor
of the cylinder nanodomains, resulting in changes in the rela-
tive peak intensities for the hexagonal phase: 1: 2q*: \/ 7q* (e.g.
40 wt%, 30 °C), 1: v/3q*: /7q* (e.g. 60 wt%, 10-40 °C), 1:
\/ 3q*: 2q*: \/ 7q* (e.g. 45 wt%, 30 °C) with higher-order peaks
(3q*, \/12q*, v13q*) at some conditions (Fig. S26(a)f). The
cubic phase is characterized by SAXS peaks at q*, \/ 2q*, \/ 3q*
\/ 5q* and \/ 6q*, matching the pattern commonly observed for
BCC sphere phases formed by coil-coil block copolymers.
Phase transitions from lamellar to hexagonal to cubic are poss-
ible in theory,””® and experimental studies have been reported
as a function of changing concentration, salt concentration, or
polymer volume fraction.”®~®* Therefore, there is precedence in
the literature for such transitions, which can be driven in this
system by changes in volume fraction and the LCST/UCST
behaviors of PNIPAM and PDMAPS which changes polymer
hydration as a function of temperature. PDMAPS-mCherry-
PNIPAM shows ordered structures across the widest range of
concentration in four bioconjugates in this study. In addition,
PDMAPS-mCherry-PNIPAM shows a larger number of higher
order peaks, q*: 2q*: 3 q*: 4 g* (lamellar) and q*: \/Sq*: 2q*:
\/7q*: 3q*: \/12q*: v13q* (hexagonal), than the other three
types of bioconjugates. Higher order peaks and ordered struc-
tures across the widest range of concentration suggest that
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ABC type block copolymers (e.g. PDMAPS-mCherry-PNIPAM)
can achieve well-controlled nanostructured protein materials
driven in part by repulsive interactions between two different
water-soluble polymers.

The domain spacings of PDMAPS-mCherry-PNIPAM
change from 27.3 nm to 32.9 nm depending on the concen-
trations and temperatures (Fig. 4c). However, there is no
obvious trend for the domain spacings depending on the con-
centrations or temperatures, potentially due to the fact that
many phase boundaries are observed. However, the domain
spacings are typically twice the calculated domain spacing,
suggesting bilayer type arrangements (Fig. 4d), which is
expected due to the asymmetry of the block copolymer.

In previous studies, it was revealed that electrostatic segre-
gation of the protein block from a polymer block contributes
significantly to the driving force for microphase separation,
and the ionic polymer block results in much weaker segre-
gation: mCherry-PNIPAM showed the lowest Copr but
mCherry-PDMAPS showed the highest Copr.** In this study,
PDMAPS-mCherry-PNIPAM shows ordered structure across
the widest range of concentration of the four bioconjugates
(Fig. 5). Because the protein—polymer repulsion for PDMAPS
and mCherry is relatively weak, this comparison implies that
the repulsive interaction between two coil polymers is one of
the key factors enhancing the self-assembly of ABC triblock
copolymers (e.g. PDMAPS-mCherry-PNIPAM). The use of tri-
blocks therefore provides a powerful method to induce order-
ing in protein-polymer bioconjugate systems that may be
weakly ordered or disordered.

Conclusions

The self-assembly of four types of mCherry-polymer bioconju-
gates with different topologies, namely BA, BA,, ABA, and ABC
type, was investigated in concentrated solutions. To obtain
ABA and ABC type block copolymers, two different reaction
sites were introduced on mCherry: cysteine for thiol-ene con-
jugation with maleimide functionalized polymers and a
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C-terminal LPETG sequence for sortase A ligation with a trigly-
cine-functionalized polymer. Triglycine-functional polymer
was produced using a novel RAFT agent, providing the first
demonstration of sortase ligation to an end-functional RAFT
polymer. The two step bioconjugation reaction successfully
yielded ABA and ABC type block copolymers, which are
PNIPAM-mCherry-PNIPAM and PDMAPS-mCherry-PNIPAM.
This approach enables future work to target a wide variety of
asymmetric ABC type copolymers to introduce functions based
on polymer structure.

Despite their different topologies, the phase diagrams of
mCherry-PNIPAM (BA) and mCherry-(PNIPAM), (BA,) showed
a quite similar general shape. However, the BA, type showed
smaller domain spacing than the BA type, suggesting that
branching architectures result in narrower polymer domain
morphologies and larger cross-section area. PNIPAM-
mCherry-PNIPAM (ABA) showed weaker ordered structures
than other bioconjugates: only lamellar ordered structures
were observed at concentrations above 50 wt%. In contrast,
PDMAPS-mCherry-PNIPAM (ABC) shows ordered structure
across the widest range of conditions in the four bioconju-
gates. Our previous studies showed that (1) volume fraction of
the polymer®® and (2) electrostatic segregation of the protein
block from the polymer block*! contribute significantly to the
driving force for microphase separation. This study further
reveals that (3) topology is also a key factor in governing micro-
phase separation and (4) the repulsive interaction between the
two coil polymers of ABC type bioconjugates is the main factor
enhancing the self-assembly of globular protein materials.
Therefore, the ABC topology provides a practical approach to
enhance microphase separation of a variety of proteins, allow-
ing nanostructural control in protein materials.

Experimental details
Methods

NMR spectra were acquired on A Varian Mercury 300 NMR
spectrometer. The residual undeuterated solvent peaks were
used as references. The following abbreviations are used to
denote the multiplicities: s = singlet, d = doublet, t = triplet,
g = quartet, m = multiplet, and br = broad.

The molar masses and dispersities (D) of synthesized
PNIPAMs were analyzed by gel permeation chromatography
using a Waters GPC system equipped with a Waters 1515
Isocratic HPLC Pump, Waters 2487 Dual 1 Absorbance
Detector, and two ResiPore columns, 7.5-300 mm (Agilent
Technologies) in N,N-dimethylformamide (DMF) with 0.02 M
LiBr as the mobile phase. The signals were collected from a
miniDAWN TREOS MALS detector and a Wyatt Optilab T-rEX
refractometer. A dn/dc value of PNIPAM = 0.0761 mL g~ " was
used to obtain absolute molar masses. The molar masses and
dispersity of synthesized PDMAPS were analyzed by gel per-
meation chromatography using an Agilent Technologies 1260
Infinity system with two Aquagel columns in 0.5 M NaCl (aq)
with 0.02% sodium azide as the mobile phase. The signals
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were collected from a Wyatt DAWN HELEOS II multi-angle
light scattering detector and a Wyatt Optilab T-rEX refract-
ometer. A dn/dc value of PDMAPS in 0.5 M NaCl solution of
0.1423 mL g~ " was used to obtain absolute molar masses.

Synthetic methods

Synthesis of Boc-GGG-EMP. HO-EMP was synthesized
according to a previously reported procedure (details in ESIT).
In a 50 mL three-neck flask, HO-EMP (1.32 g, 4.56 mmol,
including 0.25 equivalents of remaining DCM), Boc-GGG-OH
(1.33 g, 4.60 mmol), 4-dimethylaminopyridine (DMAP)
(69.7 mg, 0.571 mmol), and dichloromethane (DCM) anhy-
drous (10 mL) were added, and the mixture was stirred in an
ice bath under N, for 15 min. After N-(3-dimethyl-
aminopropyl)-N'-ethylcarbodiimide hydrochloride (1.33 g,
6.94 mmol) was added to the mixture, it was stirred for 30 min
on ice, then stirred for 1 day at ambient temperature under N,.
DCM (50 mL) was added to the mixture, and then the solution
was washed with water (3 x 50 mL) and brine (50 mL), dried
over Na,SO,, filtered, and concentrated to give the crude
product. The crude product was purified via silica gel chrom-
atography (an Isolera One Biotage system with a KP-Sil car-
tridge was used with ethyl acetate: DCM = 5:1 for washing
and DCM : methanol = 19:1 for elution.). The fractions con-
taining Boc-GGG-EMP were collected, and the solvent was
removed by rotary evaporation to yield Boc-GGG-EMP as a
sticky yellow solid (1.96 g, 79%). 'H NMR (CDCl;, 8): 1.32 (t,
3H, -SCH,CHj;), 1.44 (s, 9H, tert-Bu), 1.69 (s, 6H, ~(C—0)C
(CH;),S-), 3.28 (q, 2H, -SCH,CH3), 3.84 (d, 2H, ~(NH)CH,C
(0)-), 4.03 (overlapped doublet, 4H, -(NH)CH,C(O)-),
4.28-4.38 (m, 4H, -OCH,CH,0-), 5.28 (t, 1H, NH), 6.89 (br, 1H,
NH), 6.94 (t, 1H, NH). The 'H NMR spectrum is shown in
Fig. S8.F

General procedure for synthesis of PNIPAM. CTA (pMI-EMP,
PMI-(EMP),, or Boc-GGG-EMP), AIBN and NIPAM (sublimated)
were dissolved in acetonitrile. After three freeze-pump-thaw
cycles, the flask was filled with nitrogen and heated to 60 °C to
initiate polymerization. The molecular weight and polydisper-
sity were determined by gel permeation chromatography, and
the polymerization was terminated at an appropriate mole-
cular weight by removal of heat and exposure to oxygen. The
polymer was then precipitated in cold diethyl ether (three
times) and dried under vacuum. The maleimide was depro-
tected by heating to 120 °C under vacuum for 2 h. To remove
the Boc protecting group, Boc-GGG-PNIPAM (8 g) was dis-
solved in 80 mL of anhydrous CH,Cl,, and trifluoroacetic acid
(40 mL) was then added. The solution was stirred at room
temperature under N, overnight. The solution was poured into
an excess of cold ethyl ether. The liquid layer was removed by
decantation, and the polymer was dissolved in acetonitrile and
then precipitated in cold ethyl ether twice. The deprotected
polymer was dried under vacuum to yield a pale yellow solid.
GPC data are shown in Fig. $9-S11.1 The 'H NMR spectra of
GGG-PNIPAM are shown in Fig. S12.}

Synthesis of maleimide-PDMAPS. CTA (pMI-CPP: protected
maleimide functionalized 4-cyano-4-(phenylcarbonothioylthio)-

This journal is © The Royal Society of Chemistry 2019
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pentanoic acid (CPP)) was prepared according to a previously
reported procedure (details in ESIt). pMI-CPP, 2,2'-azobis[2-(2-
imidazolin-2-yl)propane]dihydrochloride and  3-[N-(2-meth-
acroyloyethyl)-N,N-dimethylammonio]propane sulfonate (DMAPS)
were dissolved in trifluoroethanol (TFE). After three freeze-
pump-thaw cycles, the flask was filled with nitrogen and
heated to 40 °C to initiate polymerization. The molecular
weight and polydispersity were determined by gel permeation
chromatography, and the polymerization was terminated at an
appropriate molecular weight by cooling in an ice bath and
exposure to oxygen. The polymer was precipitated in methanol
(three times) and dried under vacuum. To remove the thiocar-
bonyl group,® the polymer was dissolved in TFE, and AIBN (40
equiv.) was added. After three freeze-pump-thaw cycles, the
flask was filled with nitrogen and heated to 80 °C for 2.5 h.
After the reaction with AIBN, the polymer was precipitated in
acetone. The polymer was isolated by filtration and dried
under vacuum. The polymer was dissolved in TFE and precipi-
tated in methanol (twice) and dried under vacuum. For de-
protection of the maleimide, the polymer was heated at 150 °C
for 2 hours under vacuum. GPC data are shown in Fig. S13.}

Protein expression

General procedure for mCherry expression. mCherryS131C
was expressed and purified according to a previously described
method.*" The plasmid for mCherryS131-LPETGG-Hiss was
purchased from GenScript (Piscataway, NJ 08854, USA). The
DNA sequence of mCherryS131-LPETGG-Hiss was inserted to
pET22b-(+) by using Ndel/HindIIl as the cloning site.
mCherryS131C  and  mCherryS131-LPETGG-His,  were
expressed and purified according to a previously described
method.”! Complete biosynthesis procedures and sequences
for mCherryS131-LPETGG-His, are provided in ESL¥

Sortase A expression. The plasmid for sortase A pentamu-
tant (eSrtA) in pET29 was a gift from David Liu (Addgene
plasmid # 75144). Sortase A was expressed and purified accord-
ing to a previously described method®® (see ESI and Fig. $15%).

Bioconjugation

General procedure for thiol-ene  bioconjugation.
Bioconjugation reactions between maleimide-functionalized
PNIPAM or PDMAPS and mCherryS131C or mCherryS131C-
LPETGG-Hiss followed a previously described method.>"**
Bioconjugation was performed by adding a 3-5 fold molar
excess of polymer to mCherry in 20 mM Tris buffer (pH = 8).
Before the addition of polymer, the protein was pre-incubated
with a 10-fold molar excess of 3,3',3"-phosphanetriyltripropa-
noic acid hydrochloride (TCEP-HCI) for 1 hour to reduce di-
sulfide bonds. The reaction was allowed to proceed overnight
at 4 °C.

After bioconjugation with PNIPAM, the bioconjugates were
purified by 1 M ammonium phosphate precipitation to remove
unreacted mCherry (three times) and then by NiNTA chromato-
graphy to remove the excess PNIPAM.

After bioconjugation with PDMAPS, the bioconjugates were
purified by Ni-NTA chromatography to remove the excess

This journal is © The Royal Society of Chemistry 2019
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PDMAPS. The eluent containing free protein and bioconjugate
was dialyzed into 10 mM Tris—Cl pH 7.0 buffer for FPLC purifi-
cation. Bioconjugates were purified using a HiTrap Q HP 5 mL
anionic exchange column, 10 mM Tris-Cl pH 7.0 as buffer A
and 10 mM Tris-Cl 0.5 M NaCl pH 7.0 as buffer B in an AKTA
pure FPLC system. The results of SDS-PAGE are shown in
Fig. S16 and S19.f

General procedure for sortase A ligation. After purification,
the bioconjugates were dialyzed into sortase buffer (50 mM
Tris-Cl, 150 mM NacCl, and 10 mM CaCl,, pH = 7.5). Sortase A
ligations were performed by adding a 10-30 fold molar excess
of GGG-PNIPAM to bioconjugates in sortase buffer. After
addition of sortase A (0.2 equiv.), the reaction was allowed to
proceed at room temperature for 1 hour. After reaction, NiNTA
was added to the reaction solution, and then the mixture was
incubated at 4 °C for 1 hour. The flow-through was collected
and dialyzed into 20 mM Tris-Cl pH = 8 buffer (for PNIPAM-
mCherry-PNIPAM) or 10 mM Tris-Cl pH = 7 buffer (for
PDMAPS-mCherry-PNIPAM). Bioconjugates were purified
using a HiTrap Q HP 5 mL anionic exchange column, 20 mM
Tris-Cl pH 8.0 as buffer A and 20 mM Tris—Cl 1 M NacCl pH 8.0
as buffer B (for PNIPAM-mCherry-PNIPAM) or 10 mM Tris-Cl
pH 7.0 as buffer A and 10 mM Tris-Cl 0.5 M NaCl pH 7.0 as
buffer B (for PDMAPS-mCherry-PNIPAM) in an AKTA pure
FPLC system. The results of SDS-PAGE are shown in Fig. $19.}

Sample preparation

Each purified bioconjugate was dialyzed into deionized
water. The bioconjugate solutions were concentrated using
Millipore Ultra-15 centrifugal filters with a molecular weight
cut-off (MWCO) of 30000 kDa, concentrated solutions were
cast on Teflon sheets, and conjugates were dried under a con-
trolled vacuum with a ramp rate of 50 Torr per hour until a
final pressure of 10 Torr, followed by holding at this pressure
overnight at room temperature. Solid pellets were weighed,
and deionized water was added to hydrate the pellets at a
desired concentration which is indicated as wt% = mass of
pellets/mass of solution. Typically, the density of water was
assumed to be 1 g cm™ and the volume was measured when
added to pellets. Protein folding and activity retention for
mCherry conjugates after each step were evaluated by UV-vis
spectrophotometry and CD spectroscopy (Fig. S17, S18 and
$20-5237).

SAXS characterization

SAXS samples were loaded into a 1 mm thick washer and
sealed with Kapton tape. mCherry-PNIPAM and mCherry-
(PNIPAM), were measured at the Argonne National Laboratory
Advanced Photon Source at Beamline 8-ID-E. PNIPAM-
mCherry-PNIPAM was measured at the Brookhaven National
Laboratory NSLS-II 11-BL. PDMAPS-mCherry-PNIPAM was
measured at the Argonne National Laboratory Advanced
Photon Source at Beamline 12-ID-C,D. Samples were equili-
brated for 10 minutes at all temperatures (10, 15, 20, 25, 30,
35, 40 °C) prior to data collection (Fig. S247). Native mCherry,
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mCherryS131C, = mCherryS131C-LPETG-His  were  also
measured, but they did not show any peaks (Fig. S287).

DPLS characterization

Samples for turbidimetry and depolarized light scattering
(DPLS) measurements were prepared by loading the solution
into the center of 1 mm thick PTFE washers sandwiched
between two quartz disks. A Coherent OBIS LX660 laser (1 =
662 nm) outputting 20 mW was used for the measurements.
The data was collected while samples were heated from 10 °C
to 40 °C at a rate of 1 °C min* and cooled back down from
40 °C to 10 °C at a rate of 1 °C min~". This process was done
with a rear polarizer for birefringence and without a rear polar-
izer for turbidimetry measurements. The birefringence was
corrected for transmission and dark field background
(Fig. S277).
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