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ABSTRACT: The reversible modification of proteins with lipoic

acid (LPA)-derived polydisulfides (PDS) is an important approach ¢cb

toward the transient regulation and on-demand recovery of protein Water - "\ Organic solvent

functions. The in situ growth of PDS from the cysteine (Cys) residue M“ dilute solution \K\

of a protein, however, has been challenging due to the near- o

equilibrium thermodynamics of the ring-opening polymerization of 2 s Cs )

LPA. Here, we report the protein-mediated, aggregation-induced Ci Polymerization {Thermns‘ab""y
polymerization (AIP) of amphiphilic LPA-derived monomers at aye —— c ? (W protsaso Rosistanca
room temperature, which can be performed at a concentration as low O 7 cryopreservation

as ~2% of the equilibrium monomer concentration normally needed. G Protein Purifcation

The aggregation of monomers increases the effective monomer
concentration in aqueous solutions to the degree that the
polymerizations behave similarly to those in bulk. The PDS
conjugation enhances the thermostability, protease resistance, and tolerance to freeze—thaw treatments of the target proteins.
Moreover, the PDS conjugation allows rapid and convenient purification of Cys-bearing proteins by taking advantage of the liquid—
liquid phase separation of the protein—PDS conjugates and the full recovery of native proteins under mild reducing conditions. This
AIP effect may shed light on facilitating other polymerizations with a similar near-equilibrium character. The PDS conjugation can
open up new avenues to protein delivery, dynamic and reversible protein engineering, enzyme preservation, and recycling.

= Amphiphilic Monomer c = Protein with SH

H INTRODUCTION One character of the ROP of 1,2-dithiolane is the full
reversibility and mild conditions. We envisage that the
dynamic feature of PDS can be harnessed for transient and
reversible modification of proteins,” achieving a broad range
of sophisticated functions that are difficult to realize using
conventional materials. Nevertheless, this ROP has a relatively
high equilibrium monomer concentration ([M]eq) at room
temperature due to its near-equilibrium thermodynamics, i.e, a
near-zero change in the Gibbs free energy AGp. > For
example, the [M],, of LPA in aqueous solutions is usually
above 262 mM at room temperature, which is problematic for
protein conjugation owing to potential precipitation of
biologics.”® As such, although the grafting-to synthesis of
protein—PDS conjugates had been accomplished in 2015,%">
the protein-mediated in situ ROP of 1,2-dithiolanes, i.e., the
so-called grafting-from synthesis, was not realized until 2020
using cryo-condition.”® While the more commonly used

The ring-opening polymerization (ROP) of 1,2-dithiolanes
affords polydisulfides (PDS) with fascinating self-adaptive,
highly dynamic, and stimuli-responsive properties.' > Lipoic
acid (LPA) and its derivatives, for example, are the most
frequently studied 1,2-dithiolane monomers for their bio-
genesis source, intrinsic biocompatibility, and ease of
modification. Although the polymerization of LPA can be
traced back to as early as the 1940s, the PDS were not
explicitly explored until the past decade.”” A series of
pioneering works were accomplished by Matile and co-
workers, who reported LPA-derived PDS with unusual
thiol—disulfide exchange-mediated cellular penetration abil-
ity.""'% Yao et al. have coupled various LPA-derived PDS to
nanoparticles and proteins, achieving efficient cytosolic
delivery of the cargos.''™"* Waymouth and Moore et al.
have carefully studied the polymerizability of various 1,2-
dithiolanes and the topology control of PDS in organic
solvents, respectively.ls’16 Moreover, Qu and Feringa et al.
have together fabricated various fascinating self-healing and
recyclable bulk PDS-based materials.'”~*° Taking advantage of
their unique properties of PDS, numerous new applications
have been demonstrated including hydrogels, catalysis, gene
delivery, etc.”*'~*°
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Figure 1. Aggregation-induced ROP of LPA-OEG;. (A) Scheme of polymerizations of LPA and LPA-OEG; in water. (B) Dot plot of the lowest
LPA-OEG, concentration required for ROP in various solvents as a function of the solvent dielectric constant. (C) Overlay of the "H NMR spectra
of three polymerizations at equilibrium. Top: LPA-OEG; in DMSO, middle: LPA-OEG, in D,0. Bottom: neutralized LPA in D,0. The broad
signal in the blue circle at 2.81 ppm is the characteristic peak of PDS. (D) SEC traces of p(LPA-OEG;) obtained from ROPs with different feeding
[M]y/[I]ratios. (E) A representative liquid phase TEM image of 100 mM LPA-OEG, in H,0. (F) Measurement of the critical micelle
concentration of LPA-OEG, in H,O with the Nile Red encapsulation assay.

grafting-to approach often involves complicated introduction
of ligation handles and suffers low coupling efficiency, the
grafting-from synthesis features higher step/atom economy,
simpler product purification, and easier (less steric hindered)
ligation. Previously, the protein-mediated cryopolymerization
of LPA was made possible by combined factors of augmented
local monomer concentration (the so-called frozen effect)”” >’
and greater equilibrium constant. Nevertheless, cryo-con-
ditions are not entirely harmless, as many proteins, enzymes
in particular, are prone to deactivation and denaturation under

e 40—44
the frozen conditions. M

oreover, the rate of cryopolyme-
rization could be jeopardized for monomers with bulky side
groups or monomers that do not phase separate under frozen
conditions. Therefore, the grafting-from synthesis of protein—
PDS conjugates at the most biologically relevant temperatures

(i.e., 4—37 °C) is still an urgent and unmet challenge.

B RESULTS AND DISCUSSION

We unexpectedly found that a methoxy oligoethylene glycol
modified lipoate (LPA-OEG,) was polymerizable even at an
initial monomer concentration ([M],) as low as 10 mM in
aqueous solution, far below the [M]eq of LPA in the same
solvent (Figures 1A and S$1).* On the other hand, the ROP of
LPA-OEG; in various organic solvents required a [M], ~ 80-
fold higher (~800 mM) than that in aqueous solutions and
showed virtually no dependence on the dielectric constant
(Figure 1B). For instance, when [M], was fixed at 100 mM,
the sodium 2-mercaptoethanesulfonate-mediated ROP of LPA-
OEG, at room temperature reached ~60% monomer
conversions in water, but no monomer conversion was
observed for the same reaction in DMSO or when the
monomer was switched to LPA in water (Figure 1C). The
molar mass (M,) of the product p(LPA-OEG,) grew gradually
at increasing monomer/initiator ([M]y/[I]) ratios, with a
maximum M, ~ 5.6 X 10* g/mol achieved at a [M],/[I] ratio
of 200/1 (Table S1). The dispersity (P) of p(LPA-OEG;) was
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Figure 2. Optimization of EGFP-SH-mediated ROP conditions of LPA-OEG;. (A—E) Nonreducing PAGE analysis of the ROP at various (A)
monomer concentrations; (B) protein concentrations (native gel); (C) pH; (D) temperatures; (E) reaction time. (F) Plots of the initiation
efficiency (blue) and apparent M, (black) as a function of the incubation time of EGFP-SH-mediated ROP conditions of LPA-OEG, at 4 °C.

in the range of 1.05—1.16, suggesting good control of the ROP
(Figure 1D).

We assumed the side group difference was unlikely to affect
the thermodynamics of the ROP of LPA-OEG, and LPA in a
significant way because they were far away from the 1,2-
dithiolane ring. Thus, the equilibrium constants of the ROPs of
LPA-OEG,; and LPA should be comparable in the same
solvent. When the temperature was fixed, the peculiarly high
polymerizability of LPA-OEG; in aqueous solvents could only
be explained by a greater effective monomer concentration
[M].4 than the apparent [M],. Specifically, we proposed an
aggregation-induced polymerization (AIP) effect for the
amphiphilic LPA-OEG,, which formed nanosized aggregates
in aqueous solution and led to augmented [M] to allow
successful ROP (Figure 1A). Driven by this hypothesis, we
investigated the aggregation behaviors of 100 mM LPA or
LPA-OEG; in solvents such as H,O and DMSO using dynamic
light scattering (DLS). The DLS results showed no
aggregation for LPA in both solvents (deprotonated for LPA
in aqueous solution, pH = 7.4); however, LPA-OEG, was
found to form nanoparticles of ~21 nm in water but not in
DMSO (Figure S2). Liquid-phase transmission electron
microscopy (TEM) further confirmed the existence of
droplet-like nanoparticles (aggregates) for 100 mM LPA-
OEG, in H,0 (Figure 1E).”® Detailed analysis found the
morphology of the aggregates to be comparatively fluidic and
could be easily malleable to or even completely disrupted by
shear stress (Figures S3 and S4, video S1, and video S2). The
critical micelle concentration (CMC) of LPA-OEG,, measured
by Nile Red encapsulation assay, was ~4 mM (Figure 1F),
which roughly coincided with the minimal concentration
required (~10 mM) for the ROP of LPA-OEG,. As a
comparison, no aggregation occurred for the deprotonated
LPA even at 200 mM according to the same assay (Figure SS).
When investigating the ROP of LPA-OEG, in mixed H,0/
DMSO, there was again a strong correlation between the
polymerization and the formation of aggregates (Figures S2
and S6). Interestingly, varying the ROPs of LPA-OEG, in
water at different [M], (25—200 mM), feeding [M],/[I] ratios
(5/1-200/1), or by using different small molecular initiators,

all reached a monomer conversion ~64 + 5% (Figures S7—
S9), similar to the conversion of LPA-OEG, ROP in bulk
(Figure S10). Moreover, the ROP of LPA-OEG; gave a zero
order kinetic character with the apparent rate constants being
almost independent of [M], (Table S2 and Figure S11), which
also resembled the behaviors of bulk polymerization. Together,
all these results strongly support our AIP hypothesis.

Next, we investigated whether such an AIP eftect could also
be observed using thiol-containing proteins as initiator, thereby
facilitating the grafting-from synthesis of protein—PDS
conjugates at a low [M], and room temperature. Using an
enhanced green fluorescent protein mutant bearing a reactive
thiol group (EGFP-SH) as the model initiator, the conditions
for the ROP of LPA-OEG, were optimized according to
nonreducing SDS—PAGE (Figure 2). EGFP-SH was found to
mediate the polymerization at a [M], as low as 25 mM (Figure
2A), and the initiation efficiency was almost quantitative when
[M], was 50 mM or above. Unlike many bioconjugation
reactions that required highly concentrated proteins, the ROP
of LPA-OEG, was successful even at an EGFP-SH
concentration of 0.1 mg/mL (~3 uM) (Figure 2B and S12).
Raising the buffer pH from 6.0 to 9.0 enhanced both the
initiation efficiency and M, of the final conjugates, with a
plateau reached at pH ~ 8.0 (Figure 2C). Moreover,
conjugates with high M, were achievable in a broad range of
biologically relevant temperatures from S to 30 °C (Figure
2D). Of note, the cryopolymerization of this monomer barely
happened even at a [M], of 100 mM, possibly owing to the
slow kinetics caused by low temperature and the steric
hindrance of the OEG, side group. Kinetic study results
showed an almost linear growth of M, of the conjugate over 12
h at 4 °C (Figure 2EJF), echoing the kinetics of small
molecular initiator-mediated ROP (Table S2 and Figure S11)
and offering a simple way for M,, control. By using a number of
proteins with or without a reactive thiol for initiation, the ROP
was found strictly thiol-dependent, and preexisting disulfide
bonds in the protein was found nonreactive and orthogonal to
the ROP under the tested conditions (see the discussion for
Figure S13). Based on the above optimization results, we
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Figure 3. Monomer scope of the AIP effect. (A) Structure of monomers explored for ROP. (B) DLS and (C) nonreducing SDS—PAGE of the
ROP of 100 mM LPA-OEG, in water. (D) DLS and (E) nonreducing SDS—PAGE of the ROP of 100 mM LPA—OH,, in water containing 10%

DMSO. All ROPs were initiated with EGFP-SH.

adopted [M] , = 100 mM, pH = 7.5, 4 °C, and 12 h for
subsequent experiments.

We then investigated the monomer scope of the AIP effect.
As shown in Figure 3A, we synthesized a series of LPA
derivatives with varied lengths of methoxy oligoethylene glycol
(LPA-OEG, x = 5, 15, 20). Similar to LPA-OEGs, these
monomers were all polymerizable by EGFP-SH at a [M], of
100 mM in aqueous solutions, under which condition they all
aggregated (Figure 3B,C and Figure S14). No polymerization
or aggregation occurred in DMSO for the same monomers at
the same concentration. We also attempted to expand the
monomer scope to LPA derivatives bearing different numbers
of hydroxyl groups (denoted as LPA-OH,, where x = 1, 2, or 3,
respectively). Similar to the ROP results of LPA-OEG,, LPA-
OH, also showed a strong indication of AIP in water
containing 10% DMSO (Figure 3D,E). In all cases, the
initiation efficiencies of EGFP-SH were ~90% or above
according to the unseparated nonreducing SDS—PAGE
characterization. These results collectively demonstrated that
the AIP effect was generally applicable to a variety of
amphiphilic 1,2-dithiolane monomers.

To interrogate how the PDS conjugation affect the structure
and function of proteins, we examined the circular dichroism
(CD) spectroscopy, melting temperature (T,,), proteolytic

15712

resistance, and enzymatic activity of various protein—PDS
conjugates.”” For this, an interferon (IFN) mutant bearing
genetically inserted Cys and wild type dihydrofolate reductase
(DHFR) that contains native thiols were used as model
proteins to mediate the ROP of LPA-OEG,, affording the
conjugates IFN-p(LPA-OEG,) (Figure S15) and DHFR-
p(LPA-OEG,) (Figure S16), respectively. The degree of
polymerization (DP) of the grafted PDS in the three IFN-
p(LPA-OEG,) conjugates (x = 7, 15, 20) were ~80 according
to nonreducing SDS—PAGE. Thermostability was examined
by first heating IFN and the three IFN-p(LPA-OEG,)
conjugates at 60 °C for 2 h followed by CD measurement.
The unmodified IFN precipitated after heating and the residual
protein in the supernatant failed to maintain the original
secondary structure according to CD spectroscopy (Figure
4A). In contrast, IFN-p(LPA-OEG,) preserved ~45% helicity
of IFN, whereas IFN-p(LPA-OEG;) and IFN-p(LPA-OEG,,)
almost completely maintained the secondary structure of IFN
under the same conditions. In accord with the CD study, the
T,, values increased by 2.5-6.0 °C for the three IFN-p(LPA-
OEG,,) conjugates as compared with that of IFN as revealed by
the thermofluor assay (Figure 4B and S17). Modification of
p(LPA-OEG,) also significantly improved the proteolytic
stability of IFN: when IFN was completely degraded within
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Figure 4. p(LPA-OEG,) conjugation improved the thermostability, proteolytic resistance, and antifreeze ability of proteins. (A) CD spectra of IFN
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ug/mL) at 37 °C. (D) Normalized remaining enzyme activity of DHFR and DHFR-p(LPA-OEG,) after 1—3 freeze—thaw cycles.

30 min by trypsin, IFN-p(LPA-OEG,) was ~80% and ~46—
62% intact after incubation for 30 min and 2 h, respectively
(Figure 4C and S18). Many enzymes, DHFR for instance, are
vulnerable to freezing conditions, especially after repeated
freeze—thaw cycles. The anti-icing and cryopreservation of
those proteins are thus critically important.*>**** Indeed, after
three repeated freeze—thaw cycles (from —80 °C for 12 h to
room temperature), the enzymatic activity of DHFR retained
only less than 10%. Remarkably, both DHFR-p(LPA-OEG,)
and DHFR-p(LPA-OEG,,) showed almost negligible changes
in the enzyme activity after the same treatments (Figure 4D).
The attachment of p(LPA-OEG,) was also found to preserve
the fluorescence of EGFP resisting photo bleaching (Figure
S19)

Due to the reversibility of the ROP and the reactivity of
disulfides to reductive reagents, the above-mentioned protein—
PDS conjugates were expected to release native proteins under
mild reducing conditions. Taking EGFP, sortase, and DHFR as
examples, we made the corresponding conjugates modified
with p(LPA-OEG,) and were able to completely degrade the
PDS by reducing agents (e.g., dithiothreitol (DTT),
glutathione (GSH), and tris(2-carboxyethyl) phosphine
(TCEP)) to recover native proteins with almost unaffected
activity (Figure SA and Figures S20 and S21). Interestingly, we
found both LPA-OEG; and its corresponding polymer p(LPA-
OEGg) exhibited a lowest critical solution temperature
(LCST) between 20 and 30 °C (Figures S22 and S23).
Accordingly, the conjugate EGFP-p(LPA-OEG;) also showed
a similar LCST of ~30 °C (Figure SB and Figures $24—526)
and confocal laser scanning microscopy (CLSM) demon-
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strated a liquid—liquid phase separation (LLPS) of the
conjugate above the LCST (Figure SC). Taken together, the
results of Figure SA—C lead us to speculate that the ROP of
LPA-OEG; could be harnessed to facilitate rapid separation,
purification, and then recovery of thiol-bearing proteins from
impurities without using expensive reagents or instruments
(Figure SD). As a proof of concept, we incubated 100 mM
LPA-OEG; with mixed EGFP-SH and mCherry at a 1/1 mass
ratio (Figure SE, tube 1) at 4 °C for 4 h. After capping the
reaction with maleimide, the solution became turbid and phase
separated spontaneously upon sitting at 37 °C for 1 min. The
color of the bottom and upper layers appeared yellow and
magenta, responsively, suggesting good separation of EGFP-
SH from mCherry (Figure SE, tube 2). Indeed, native-PAGE
of the whole reaction mixture (Figure SE, lane 2, nonreducing)
and the centrifuged bottom layer (Figure SE, tube 3, lane 3,
reducing) confirmed the EGFP-SH-selective initiation of LPA-
OEG; and the gravity-assisted harvest of EGFP-p(LPA-OEG;)
at the bottom layer, respectively. The purity of the recovered
EGFP-SH was improved from 97% to more than 99% after a
single washing step of the bottom liquid phase, with a
separation yield of ~98% (Figure SE, Lane 4, reducing). To
further showcase the high efficiency of the method, we mixed
EGFP-SH with mCherry at a 1/10 mass ratio and carried out
the same procedure as described above. EGFP-SH was finally
obtained at ~90% purity and ~92% yield from a protein
mixture in which the protein-of-interest originally accounted
for only 9% (Figure SF). Moreover, when AzoR was purified
by this fashion, ~85% of its original catalytic activity was
preserved (Figure S27).
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Figure S. Facile separation and recovery of thiol-bearing proteins. (A) SDS—PAGE gel of EGFP-p(LPA-OEG;) treated with various reducing
agents. (B) Turbidity (relative absorbance at S00 nm) of EGFP-p(LPA-OEG;) (2.0 mg/mL) as a function of temperature in water; heating or
cooling ramp was at a rate of 3 °C/min. (C) CLSM of the LLPS phenomenon of EGFP-p(LPA-OEG;) (2.0 mg/mL) at room temperature. The
green color represents fluorescence of EGFP; scale bar = 100 um. (D) Cartoon illustration of the purification principle. (E) Native-PAGE
characterization (top) illustrating the purification process of EGFP-SH from mixed EGFP-SH/mCherry (1/1 mass ratio). Lane 1: EGFP-SH/
mCherry mixture. Lane 2: 1 after incubating with LPA-OEG; at 4 °C for 4 h (nonreducing). Lane 3: bottom layer of 2 after centrifugation
(reducing). Lane 4: bottom layer of 3 after washing with PBS (reducing). Below the gel are the corresponding photographs for each lane. (F)
Native-PAGE characterization (top) illustrating the purification process of EGFP-SH from mixed EGFP-SH/mCherry (1/10 mass ratio). Lane 1:
EGFP-SH/mCherry (1/10) mixture. Lane 2: 1 after incubating with LPA-OEG; at 4 °C for 4 h (nonreducing). Lane 3: bottom layer of 2 after
centrifugation (reducing). Lane 4: bottom layer of 3 after washing with PBS (reducing). Lane S: bottom layer of 3 after washing with PBS twice
(reducing). Below the gel are the corresponding photographs for each lane. Nonreducing: no DTT in the loading buffer. Reducing: with DTT in

the loading buffer.

In conclusion, by taking advantage of the augmented [M] ¢
originated from the aggregation of amphiphilic 1,2-dithiolanes
in aqueous solutions, we realized the ROP at room
temperature and under biologically benign and dilute
conditions. This AIP effect allowed one-step grafting-from
synthesis of various protein—PDS conjugates with high
efficiency and at monomer concentrations up to 80 times
lower than the equilibrium monomer concentration that was
normally needed. Because a reactive thiol exists in many native
proteins or obtainable using standard mutagenesis, the method
avoided the hassle of complicated linker synthesis and low
efficient protein—polymer ligation. In one sense, the AIP
achieved a similar concentrating effect as relative to the
templated polymerization,””*° but in a simpler and self-
templation manner. From a broader synthetic point of view,
many reversible ROP systems with near-equilibrium thermo-
dynamic characters suffered extreme conditions such as low
temperatures, high viscosity, and low monomer conver-
sion.”>! Along this direction, the advantages of AIP (normal

15714

temperatures, low concentrations, and water as solvent) may
shed light on solutions on enabling and empowering the ROP
of those systems beyond 1,2-dithiolanes.

Sulfur-containing polymers with versatile and dynamic
properties have emerged as promising functional materials
for broad applications.”” > The full reversibility, along with
the mild conditions to drive the backward and forward
reactions, made the PDS conjugation strategy particularly
attractive for transient protein regulation. We demonstrated
that the in situ growth of p(LPA-OEG,) from the surface of a
protein can protect the target protein from denaturing or
degrading against harsh conditions such as heat shock, protease
digestion, and freeze—thaw treatments. Moreover, by utilizing
the LCST and LLPS of protein—p(LPA-OEG;) conjugates, we
developed a simple and affordable method for rapid
purification and recycle of thiol-bearing proteins with no
need of expensive instruments or separation reagents.
Compared with other LCST polymer-based protein separation
methods (for example: PNIPAM or ELP), this method does
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not require complicated genetic engineering or organic solvent
for extraction, and can regenerate the native proteins under
milder conditions in a thiol-selective way.”’~®" The increased
stability of the conjugates may facilitate and reduce cost for the
transportation and storage of protein therapeutics, industrial
enzymes, and vaccines. Overall, the method can open new
avenues to protein delivery, dynamic and reversible regulation
of protein functions, enzyme preservation, and recycling.lz’B’61
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