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General method to stabilize mesophilic
proteins in hyperthermal water

Xiaogian Xin,! Youwei Xu,” Hu Shi,® and Xiaowen Liu"4*

SUMMARY

The stability of protein structures and biological functions at normal temperature
is closely linked with the universal aqueous environment of organisms. Preserving
bioactivities of proteins in hyperthermia water would expand their functional ca-
pabilities beyond those in native environments. However, only a limited number
of proteins derived from hyperthermophiles are thermostable at elevated tem-
peratures. Triggered by this, here we describe a general method to stabilize mes-
ophilic proteins in hyperthermia water. The mesophilic proteins, protected by
amphiphilic polymers with multiple binding sites, maintain their secondary and
tertiary structures after incubation even in boiling water. This approach, outside
the conventional environment for bioactivities of mesophilic proteins, provides a
general strategy to dramatically increase the T, (melting temperature) of meso-
philic proteins without any changes to amino sequences of the native proteins.
Current work offers a new insight with protein stability engineering for potential
application, including vaccine storage and enzyme engineering.

INTRODUCTION

Most organisms only survive at low or moderate temperatures in aqueous environment, as these temper-
atures are the optimal working conditions for mesophilic proteins. High temperatures can induce denatur-
ation and aggregation of mesophilic proteins (Chang and Bowie, 2014; Leuenberger et al., 2017; Mahler
et al., 2009; Watson et al., 2018), limiting the boundary of their functions. Stabilizing proteins out of their
native physiological environments would generate extraordinary achievements. Proteins as biocatalyst
retain their functions at higher temperatures than their physiological temperatures would yield higher
reaction rates (Arnold and Volkov, 1999; Ni et al., 2018; Schoene et al., 2014; Vieille and Zeikus, 2001). Pre-
serving protein vaccines current with cold-chain requirement at room or higher temperatures for longer
duration would extend the vaccine potency in developing countries (Levin et al., 2007; Ohtake et al.,
2011; Wang et al., 2012). In addition, enhancing the thermostability of proteins at elevated temperatures
probably provides the clue that the living system could be different from the current standard on the earth
(Lopez-Garcia et al., 2015; Martin et al., 2008; Rothschild and Mancinelli, 2001). Despite their great potential
application and years of effort, there has been very limited strategies to stabilize mesophilic proteins out of
their native environments without structure and function compromised (Kazlauskas, 2018).

A minority of thermophilic proteins from extremophilic organisms (e.g. archaea) could retain their struc-
tures and functions at elevated temperatures (Razvi and Scholtz, 2006; Rothschild and Mancinelli, 2001).
In addition, a single or multiple mutations can enhance the thermostability of the artificial engineered pro-
teins (Imanaka et al., 1986; Matthews et al., 1987) by sequence comparison of the mesophilic proteins and
their thermophilic counterparts, nevertheless confining to the engineering of proteins that related with
their thermophilic counterparts. Chemical engineering methodologies, including covalent conjugation
or non-covalent encapsulation, are also useful for protein stabilization. Protein saccharides/PEG conju-
gates can lead to an enhancement of protein functionality beyond normal physicochemical conditions
(pH, temperature, and stress) for proteins (Akhtar and Ding, 2017; Baker et al., 2018; Cummings et al.,
2014; Mensink et al., 2017). Protein complexes fabricated by self-assembly of proteins with amphiphilic pol-
yanhydrides, carboxymethylcellulose, or surfactants could also improve their stability in pharmaceutical or
beverage applications (Akram et al., 2017; Satish et al., 2019; Torres et al., 2007; Wagoner and Foegeding,
2017). Although these excipients stabilize proteins, long-term stabilization of mesophilic proteins in hyper-
thermal water remains a significant challenge.
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Mirrored by the sequence analysis of thermophilic proteins (Razvi and Scholtz, 2006; Vieille and Zeikus,
2001) and principle of de novo protein design (Huang et al., 2016; Koepnick et al., 2019; Moffet and Hecht,
2001; Thomas and Elcock, 2004), several subunits within proteins, such as hydrophobic interactions,
hydrogen bonds, and ion pairs, are documented to play dominant roles for the protein thermostability
(Liu et al., 2016; Monteith et al., 2015; Mossuto et al., 2011; Scire et al., 2008; Xiao et al., 2013). Considering
that polymers could be synthesized at similar molecular scale and mimicked the diverse binding sites as
that of proteins, an artificial polymer with the balanced hydrophobic or hydrogen-bond binding sites
may enhance its interactions with mesophilic proteins (Hannink et al., 2001; Ke et al., 2019; Lawrence
etal.,, 2014; Ma et al., 2020). Inspired by this, we proposed that potential binding sites (hydrophobic chains
and hydrophilic groups) collectively fused in one amphiphilic polymer might strengthen their interactions
with mesophilic proteins for thermal protection. For the purpose, we synthesized a series of amphiphilic
polymers (P,M,) with PEG and Cyg chains for encapsulation and protection of mesophilic proteins; the
optimal amphiphilic polymers (P1Ms, P1M;o) with balanced hydrophobic chains and hydrophilic groups
could stabilize mesophilic proteins with retained secondary and tertiary structures in hyperthermal water,
presenting a general method to stabilize mesophilic proteins with promising applications, such as vaccine
storage without cold-chain requirement and enzyme engineering at high temperatures.

RESULTS AND DISCUSSION

Preparation of amphiphilic polymers to encapsulate proteins

We tested a diverse of mesophilic proteins with different characteristics, including BSA (BSA, isoelectric
point 5.82, MW 66.4 kDa), transferrin (TRF, isoelectric point 6.7, MW 75.2 kDa), myohemoglobin (MB,
isoelectric point 7.2, MW 17.1 kDa), and insulin (INS, isoelectric point 5.22, MW 5.8 kDa) (Figure 1A). We
synthesized a series of amphiphilic polymers anchored with hydrophobic and hydrophilic binding sites
(Liu et al., 2011). Various densities of PEG (PEG: monomer = 2:1, 1:1, 1:2, 1:5, 1:10, respectively) were con-
jugated to the hydrophobic polymers (poly(maleic anhydride-alt-1-octadecene), PMHCg) to tailor the hy-
drophilicity of polymers, generating amphiphilic polymers (P,Mq, P1My, P1My, P1Ms, and P1Myo) (Figures
1B, S1, and S2). After the conjugation, these polymers were anchored with potential binding sites including
hydrophobic Cyg chains to tailor the hydrophobicity for protein compaction and stabilization and hydro-
philic PEG chains to shield and stabilize proteins. These binding sites are hypothesized to enhance their
non-covalent interactions with mesophilic proteins by a chaperone-like effect (Figure 1C), thus protecting
mesophilic proteins from denaturation and aggregation at elevated temperatures (Figure 1D).

We initially experimentally examined if these amphiphilic polymers could encapsulate mesophilic proteins.
BSA as the first model protein and P,M, amphiphilic polymers (x =2, 1;y = 1, 2, 5, 10) were cosolubilized in
deionized water for encapsulation of BSA, purified by dialysis and lyophilized. All five polymers (P,Mj,
PiM;, PiMy, P1Ms, and P1M;o) showed high encapsulation efficiency (EE) and loading content (LC) of
BSA (Figures S3A and S3B). Transmission electron microscopy (TEM) and dynamic light scattering (DLS)
measurements revealed that P,M,@BSA form nanocomplexes with diameter around 20 nm (Figures S3C
and S6). Fourier transform infrared spectroscopy (FTIR) (Eyles et al., 2000; Kong and Yu, 2007) of P,M,@BSA
showed amide | at 1655 cm™", amide Il band at 1535 cm™", amide band A at 3500 cm ™", and amide band B
at 3065 cm ™" (Figures 2A and S4), respectively. The characteristic peaks of P.M,@BSA and their relative in-
tensities are consistent with that of native BSA, indicating unvaried structures of BSA after encapsulation
with amphiphilic polymers. In addition, narrower peak half-widths for P{Ms@BSA and P1M;o@BSA were
observed compared with that of native BSA, signifying more stable helices (Barth, 2007; Kong et al.,
2018) possibly due to the protein intermolecular crowding and confinement generated from polymer
encapsulation.

Amphiphilic polymers stabilize proteins in hyperthermia water

To test our hypothesis whether P,M, polymers are capable of stabilizing mesophilic proteins in hyperther-
mia water, we redissolved the five lyophilized P,M,@BSA samples in deionized water, and all samples were
then heated for 5 min at each temperature (from 25°C to 100°C) with the intervals of 5°C. P{Ms@BSA and
P1M;0@BSA sustained the transparent state (Figure 2B) and unchanged FTIR (P{Ms@BSA as representative;
Figure S5) along with the incubation in elevated temperature water, indicating the thermostability. In addi-
tion, cryo-electron microscope (Cryo-EM) revealed similar morphology for freshly prepared P{Ms@BSA and
100°C-incubated P1Ms@BSA (Figures 2C and 2D). In contrast, native BSA, P,M;@BSA, and P,M,@BSA dis-
played emulsion state (Figure 2B) and transformational morphologies (BSA as representative; Figures 2E,
2F, and S6) at high temperatures, implying denaturation and aggregation of proteins.
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Figure 1. Interactions of amphiphilic polymers with mesophilic proteins

(A) The protein surfaces are analyzed and displayed chemically heterogeneous—BSA (PDB: 3V03), TRF (PDB: 4X1B), MB
(PDB: 1DWS), and INS (PDB: 3132) obtained from the Protein Data Bank. Blue, neutral hydrophilic; red, hydrophobic;
orange, positively charged; purple, negatively charged. Molecular weight (MW), number of amine acids (AAs), theoretical
pl (pl), and aliphatic index (Al) are retrieved from Expasy using ProtParam tool.

(B) Amphiphilic polymers with varied hydrophilicity and hydrophobicity.

(C) Graphical representation showing amphiphilic polymers function as chaperone-like effect to interact with proteins and
stabilize proteins.

(D) Thermal stabilization of amphiphilic polymers offering with mesopbhilic proteins in hyperthermal water.

Far UV circular dichroism (FUCD) (Greenfield, 2006; Kelly et al., 2005) were then devoted to study the structural
information of BSA and P,M,@BSA post-incubation at different temperatures. The FUCD spectrums for
P,M,@BSA at 25°C without heating performed unimpaired negative characteristic peaks at 208 nm/222 nm
and positive characteristic peak at 192 nm (Figure 2G; blue spectrums), in consistent with that of native BSA.
This observation further demonstrated that BSA encapsulated with P,M, polymers exhibited the same structural
characteristics as native BSA under ambient conditions (25°C, 1 atm.), agreeing well with the FTIR results in Fig-
ures 2A and S4, explaining that encapsulation, subsequent lyophilization, and redissolution had negligible influ-
ence on the secondary structures. However, increasing the temperature from 25°C to 100°C saw obvious differ-
ential intensity for BSA and P,M,@BSA with spectral characteristic at 192 nm, characteristic at 208 nm/222 nm
(Figures 2G and S7A). The optimal P{Ms@BSA and P1M;@BSA exhibited remarkable stability of secondary
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Figure 2. Thermostabilization of P,M, offering to mesophilic protein

(A) FTIR spectrums for native BSA (red), P1Ms (black), and P1Ms@BSA (blue) without thermal treatment. The bands at 1653,
1535, 3500, and 3065 cm ™" correspond to amide I, amide II, amide A, and amide B groups in BSA.

(B) Visualization of BSA and P,M,@BSA after incubating in elevated temperature water.

(C-F) Cryo-EM images of BSA and P{Ms@BSA after 25°C and 100°C treatment. (C) P{Ms@BSA-25°C, (D) P1Ms@BSA-
100°C, (E) BSA-25°C, (F) BSA-100°C. Images (C), (D), and (E) were acquired under magnification of 120,000, whereas
image (F) was acquired under magnification of 3,400. Particles of BSA and P1Ms@BSA are indicated in red circles;
aggregation of BSA alone after 100°C treatment is indicated with cyan arrow.
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Figure 2. Continued

(G) Temperature-dependent FUCD spectrums for BSA, P,M;@BSA, P1M,@BSA, P1M,@BSA, P1Ms@BSA, and
P1M10@BSA, indicating changes of peak intensities in response to thermal treatment from 25°C (blue) to 100°C (red).
(H) Fluorescence intensity of BSA (red), P,M;@BSA (orange), P{M;@BSA (yellow), P{M,@BSA (green), P1Ms@BSA (blue),
and P1M;0@BSA (purple) after thermal treatment from 25°C to 100°C (Aey, = 345 nm, Aex = 280 nm). Data are shown as
mean + s.d. (n = 3). (***P < 0.001).

(I) Temperature-dependent NUCD spectrums of BSA and P1Ms@BSA, indicating changes of tertiary structures in
response to thermal treatment.

structures at elevated temperatures, as evidenced by stable intensity of the a-helical characteristic peaks at 208
nm/222 nm and stable intensity of B-sheets at characteristic peak 216 nm. Meanwhile, corresponding character-
istic peaks of native BSA, P,M;@BSA, P;M;@BSA, and BSA with protective agent glycerin (Figures 2G and S7B)
showed a dramatically reduction. This demonstrated that P;Ms and P1M;¢ amphiphilic polymers hold much bet-
ter thermal protection effect than classic protective agent, glycerin. Furthermore, the stable fluorescence emis-
sion at 345 nm from P;Ms@BSA and P;M;,@BSA (Figure 2H) derived from Trp residue, which is extremely sen-
sitive to its surrounding microenvironment (Friedrichs, 1997), were detected after incubating at elevated
temperatures, indicating reserved tertiary structures of BSA. Near UV circular dichroism (NUCD) for optimal
P1Ms@BSA (Figure 21) also demonstrated the maintained tertiary structures, as evidenced by similar spectrums
at 263 nm and 268 nm, referring to the asymmetry around disulfide bridges and the microenvironment of the
tryptophan residue (Sun et al., 2005).

Retained structures after incubating with hyperthermia water

Closed examinations were undertaken on the BSA and P,M,@BSA to quantitatively analyze the temperature-
dependent properties induced by thermal energy. The optimal P{Ms@BSA retained its original secondary struc-
tures in hyperthermal water as reveled in the tendency chart (Figure 3A). Specifically, the total a-helical contents of
native BSA was dropped by 66.1% (0.56 at 25°C to 0.19 at 70°C) in 70°C water, a concomitant increase of 188.9%
B-sheets and 73.9% unordered contents (Table S2), whereas hyperthermia did not impact too much on the turn
subunits. In contrast, only 6.7% and 5.8% reduction of a-helical contents were observed for PiMs@BSA and
P1M1o@BSA in 70°C water (Tables S6-57). Significantly, 91.1% reduction of a-helical for native BSA was detected
in 100°C water; meanwhile, only a slight of a-helices from P1Ms@BSA (20% reduction) and P1M;0@BSA (25%
reduction) were transformed in 100°C water (Tables S2, S6, and S7). From these analyses it was evident that
P1Ms@BSA and P1Mo@BSA had efficient protection of their secondary (Figures 3A and S8 and Tables 52-57)
and tertiary structures (Figures 2H and 2l) in hyperthermal environments, even in boiling water, opening the win-
dow to potential activities retention of mesophilic proteins beyond those in normal physiological conditions.

Structure-function relationship

The structure-function relationship of amphiphilic polymers and their thermal stabilization effect was investi-
gated. All-atom classical molecular dynamics (MD) simulations of complexes (BSA with and without PEG or/
and Cqg fragment, respectively) were performed in Amber18 package to study the stability of protein backbone
under the different temperatures (Bondanza et al., 2020; Jia et al., 2020). Final 100 ns trajectories were used for
further analysis. MD of BSA alone in 100°C showed large root-mean-square deviation (RMSD) of ~4.0 A in com-
parison with ~1.9 A at 25°C, indicating that structural stability decreased at 100°C (Figure 3B). However, incor-
poration of Cqg fragments into the system could significantly suppress the RMSD value of BSA at 100°C (devia-
tion of ~3.5 A), signifying that C4g fragments had the effect of stabilizing protein at high temperature (Figure 3C).
Combinatorially incorporating C1g and PEG fragments into the BSA, RMSD value of the protein could further
decrease at 100°C (deviation of ~3.3 A), which indicates synergistic hyperthermia protection by Cig and PEG
for BSA (Figure 3D). The experimental results also verified that PEG densities anchored on the polymers signif-
icantly impacted the stabilization effect; P,M@BSA and P1M;@BSA with PEG densities to polymers at 100% and
50% were inclined to denature and aggregate under the treatment of hyperthermia (Figure 2G; middle and right
of the first row), as high densities of hydrophilic PEG chains within the polymers (P,My, P;M;) would weaken the
stabilization of hydrophobic Cyg. In contrast, P{Ms@BSA and P1M,@BSA with optimal PEG densities to poly-
mers at 20% and 10% (Figure 2G; middle and right of the second row) performed much more efficient thermal
protection for BSA. In addition, the Cyg chains also play a dominant responsibility to the stabilization function of
amphiphilic polymers, evidenced by the polymers without C4g chains (PEG;-PMHs, PEG;-PMH,0) that they had
negligible protection effect (Figure 3E) as that of P{Ms and P1Mq polymers.

In order to further investigate the binding properties between proteins and polymers, the binding free energy
calculations were performed by the molecular mechanics/generalized born surface area (MM/GBSA) method.
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Figure 3. Temperature-dependent properties and long-term protection effect of P4Ms and P;M,, with mesophilic protein

(A) Secondary structure contents of P1Ms@BSA deconvoluted from FUCD spectrums using DichroWeb Service after various thermal treatment. The ordinate

showed the proportion of various secondary structures to the total protein structures.
(B-D) Time evolution of root-mean-square deviation (RMSD) of BSA, BSA + Cyg, and BSA + Cqg + PEG exposed in the external electric fields with different
temperature, 298 K (blue) and 398 K (red), respectively.
(E) Temperature-dependent FUCD spectrums for PEG;-PMHs@BSA and PEG1-PMH0@BSA, indicating changes of peak intensities in response to thermal

treatment from 25°C (blue) to 100°C (red).

(F) Plots of fraction denatured (fp) of BSA and P,M,@BSA to temperatures. Data are calculated from FUCD to draw a two-state model of denaturation and

fitted with sigmoid functions (solid lines).
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Figure 3. Continued

(G) Plots of mean residue ellipticity at 208 nm (to determine retained structure) against time after treatment for 0 to 24 h in 100°C water. BSA (black),
P1Ms@BSA (pink), and P1M;o@BSA (red). Data in 10 min are shown in the inset.

(H) FUCD spectrums of BSA, P1Ms@BSA, and P{M,@BSA after treatment from 0 (blue) to 24 h (pale yellow) in 100°C water.

At 298 K, the binding free energies of Cyg, PEG, and Cyg + PEG are —34.2 Kcal/mol, —210.6 Kcal/mol, and
—104.6 Kcal/mol, respectively. Meanwhile, at 398 K, the binding free energies of Cyg, PEG, and Cyg + PEG
are —33.9 Kcal/mol, —258.7 Kcal/mol, and —106.4 Kcal/mol, respectively (Figure S9 and Table S8). Those results
indicate that PEG has higher binding tendency with protein but C;g with lower binding tendency at both 298 K
and 398 K conditions. However, from the decomposition analysis, C1g and PEG binding to protein will dramat-
ically disturb the region functions of 126-144 (Majorek et al., 2012); Cqg + PEG without such region functions
disordered will help to maintain protein functions, which is in agreement with our experimental data.

Thermodynamics investigation and protective duration

We then applied a two-state model by drawing plots of fraction denatured (fp) against temperature to
assess denaturation thermodynamics correlated with protein unfolding and denaturation. The denatur-
ation curve of native BSA happened in a narrow temperature range (around 66°C; Figure 3F), suggesting
a radical denaturation and aggregation process. In contrast, P{Ms@BSA and P1M;o@BSA exhibited a slow
gradient pre-transition baseline below 100°C, referring to nearly intact secondary and tertiary structures.
Specifically, native BSA, P,M@BSA, P{M@BSA, P1M,@BSA, P{Ms@BSA, and P1M1,@BSA had half dena-
turation T, of 65.4°C, 62.3°C, 77.5°C, 127.1°C, 181.6°C, and 171.5°C (Table S9), respectively. As shown,
P1Ms@BSA and P{M;0@BSA could greatly improve the thermostability for BSA by increasing T, which
were 116.2°C and 106.1°C higher than that of native BSA. It is also suggested that hydrophilic PEG had syn-
thetic effect to stabilize mesophilic proteins as described in Figures 2G and 3E, by tailoring the ratios of
hydrophilic and hydrophobic units. To obtain the optimal protection of mesophilic proteins, the PEG
should be a well-balanced design. Thermodynamic analysis uncovered intrinsic reasons for the increased
thermostability of P{Ms@BSA and P1{M;o@BSA in hyperthermal water. Remarkably, for P{Ms@BSA and
P1M1o@BSA, the thermostability was rooted in a large reduced conformational entropy AS,, (33.9 and
33.3 JK "mol™") and enthalpy AH,, (6.2 and 5.7 kJ mol™") (Kazlauskas, 2018), compared with that of native
BSA, P,M;@BSA, and PyM;@BSA (Figure S10 and Table S9). Meanwhile, the thermal protection of
P1M,@BSA between them was as shown in Figures 2B and 2G and Table S9. We rationalize this as the
high confinement and shielding abilities generated from the balanced hydrophobic effect of Cyg and hy-
drophilic effect of PEG for P{Ms@BSA and P{M;o@BSA. Simultaneously, the non-covalent interactions
are not strong enough to alter the secondary and tertiary structures of proteins.

In light of the thermal protection of P1Ms and P;M;q offering with mesophilic proteins, the protective dura-
tion was evaluated. P{Ms@BSA and P1M;o@BSA were incubated in water of 55°C, 65°C, 75°C, and 100°C for
different periods. P{Ms@BSA and P1Mo@BSA even with 24 h of treatment at 55°C showed no observable
alteration of secondary structures (Figures ST1A and S11D). On the contrary, 41.1% reduction of a-helices
and 111.1% increment of B-sheets for native BSA were observed within 12 h of incubation at 55°C. In addi-
tion, native BSA was almost completely denatured with 1-h incubation at 65°C and 4-min’ incubation at
75°C, whereas P{Ms@BSA and P1M;,@BSA showed long-term thermostability at these two high tempera-
tures (Figures S11B, S11E, S11C, and S11F). Surprisingly, when P1Ms@BSA and P1M;,@BSA were incubated
in boiling water for 24 h, 33.0% and 32.7% BSA maintained their structures; their half-denatured time in
100°C water was 6.64 h and 8.24 h (Figures 3G and 3H). In contrast, native BSA denatured in a very short
time after incubation in 100°C water, with half denatured time of 50.8 s. We then investigated the long-
term protective action of selected P1Ms at the room temperature. P{Ms@BSA solutions retained the struc-
tural integrity of BSA in 2 weeks, whereas native BSA had a great loss of their 29.5% original structure in
2 weeks (Figure S12). This could be a great beneficial for the vaccine storage, as vaccine invalidates easily
at room temperature and requires cold-chain transportation (Levin et al., 2007; Ohtake et al., 2011).

General protection effect to mesophilic proteins

Given the efficient thermal protection of the amphiphilic polymers for BSA, we then investigated if this
could be a general method to protect mesophilic proteins in hyperthermal water. Essential proteins for
mankind with various sizes and surface characteristics (insulin, myoglobin and transferrin), were also encap-
sulated by P1Ms. All proteins encapsulated by P1Ms showed stable FUCD spectrums (Figures 4A-4F) and
increased T, (Table S10) after incubating in hyperthermal water, indicating the thermostability of
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Figure 4. Thermal protection effect of P4Ms offering with other mesophilic proteins

(A) Temperature-dependent FUCD spectrums for TRF and P1Ms@TRF after incubating for 5 min in hyperthermal water
from 30°C (blue) to 100°C (red).

(B) Plots of free energy (AGp) of denatured TRF against temperatures, showing transition region for TRF (black) and
P1Ms@TRF (red). Solid lines represent linear regression used to extract thermodynamic parameters.

(C) Temperature-dependent FUCD spectrums for MB and P;Ms@MB after incubating for 1 h in hyperthermal water from
30°C (blue) to 100°C (red).

(D) Plots of free energy (AGp) of denatured MB against temperatures, showing transition region for MB (black) and
P1Ms@MB (red). Solid lines represent linear regression used to extract thermodynamic parameters.

(E) Temperature-dependent FUCD spectrums for INS and P1Ms@INS after incubating for 2 h in hyperthermal water from
30°C (blue) to 100°C (red).

(F) Plots of free energy (AGp) of INS denaturation against temperature, showing transition region for INS (black) and
P1Ms@INS (red). Solid lines represent linear regression used to extract thermodynamic parameters.

P1Ms@TRF, P{Ms@MB, and P{Ms@INS. Specifically, only 16.8%, 42.5%, and 11.4% secondary structures of
PiMs@TRF, PMs@MB, and P;Ms@INS changed after incubating for 5 min, 1 h, and 2 h, respectively in
boiling water (Figure S13). Interestingly, the T, for P{Ms@TRF increased to 326.6°C, compared with
78.4°C that of native TRF. In short, these results showed that P1Ms could greatly preserve the structures
of mesophilic proteins under extreme conditions, regardless of their size, hydrophilicity, and electroneg-
ativity, providing a general method to stabilize mesophilic proteins in hyperthermal water.

CONCLUSIONS

In summary, our finding affords a general method to stabilize mesophilic proteins in hyperthermal water
with retention of their secondary and tertiary structures. PEG and Cqg chains anchored on the polymers
impact the stabilization effect for mesophilic proteins. A wide range of mesophilic proteins encapsulated
by the optimal amphiphilic polymers (P1Ms and P1M;o) show dramatically increased T,,, compared with
native counterparts. It is anticipated that the ultra-strong thermal stabilization method for mesophilic
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proteins presents great potential applications for protein translational application, including pharmaceu-
tical vaccine storage free from cold-chain requirement and enzyme engineering at high temperatures.

Limitations of the study

In this study, we developed a general method to improve the thermostabilization of proteins. Specifically,
we rationally designed and synthesized polymers that could self-assemble with proteins by analyzing the
hydrophilicity, hydrophobicity, and electrostatic potential of proteins’ surface. The polymer@protein com-
plex obtained after self-assembly could significantly improve the structural stability and biological function
stability of proteins in hyperthermal water. However, this protein protection method still needs more data
to support its protection of protein biological activity in hyperthermal water, and the actual transformation
of this method still needs further research.

METHODS

All methods can be found in the accompanying transparent methods supplemental file.
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METHOD DETAILS

Materials

Poly(maleic anhydride-alt-1-octadecene) (PMHC,g, MW 30~50 kDa), poly(ethylene-alt-maleic anhydride)
(PMH, MW 100~500 kDa), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride crystalline
(EDC), holo-transferrin human (TRF), and myoglobin (MB) were purchased from Sigma-Aldrich. mPEG-
NH, (MW ~5 kDa) was purchased from Bomei Biotech. Co. Ltd. (Zhejiang, China). Recombinant human in-
sulin (20 1U/mg) was purchased from Lijing Biochemical Technology Co. Ltd. (Shenzhen, China). Deuterated
chloroform (CDCls) and bovine serum albumin (BSA) were purchased from J&K Scientific Ltd. BCA protein
assay kit was obtained from Thermo Fisher Scientific Inc.

Analysis of proteins

Mesophilic proteins were analyzed with PyMOL (version 2.3.3). Crystal structures of BSA, TRF, MB, and INS—3V03
(Majorek et al., 2012), 4X1B (Wang et al., 2015), 1DWS (Chu et al., 2000), and 3I3Z (Timofeev et al., 2010), respec-
tively—were obtained from the Protein Data Bank (PDB). PyMOL was used to simplify protein surfaces as neutral
hydrophilic, hydrophobic, positively charged, or negatively charged patches (Hagemans et al., 2015). The Swiss-
Prot/TrEMBL accession number obtained from corresponding protein database file—P02769 (BSA), P02787
(TRF), P68082 (MB) and P01308 (INS) —were used to retrieve protein related information (molecular weight, num-
ber of amino acids, theoretical pl, and aliphatic index) on Expasy by ProtParam tool (Chen et al., 2008).

Characterization of polymers, proteins, and polymer@protein

"H NMR.  All lyophilized polymers were required to be dissolved in deuterated chloroform (CDCls) and
introduced into NMR tubes of 5 mm outer diameter. TH NMR was performed by means of a Bruker DRX 300
NMR spectrometer (Karlsruhe, Germany) according to the standard pulse programs provided with the
spectrometer (Figure S2).

Protein concentration determined by BCA. The protein concentrations in various polymer@protein
complexes were determined with the BCA kit (Smith et al., 1985). The encapsulation efficiency (EE) and the
loading content (LC) of polymer@ protein were then calculated using Equations (1) and (2), and an average
80%-90% of EE and 35%-45% of LC were achieved (Figures S3A and S3B).

EE (%) = amount of encapsulated proteins/total amount of Equation (1)
proteins added x 100%

LC (%) = total weight of encapsulated proteins/total Equation (2)
weight of complexes x 100%
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Dynamic light scattering. Hydrodynamic diameters (Dh) of BSA and P,M,@BSA complexes in aqueous
solution were determined by DLS. The DLS measurements were taken on a Nano S Zetasizer Nano Series
instrument (Malvern, UK). The test temperature of the instrument was set to 25°C, and the equilibrium time
was run for 120 s before each test. Each sample was tested for 6 times. The size of P,M;@BSA complexes
determined was about 15-20 nm (Figure S3C).

Fourier transform infrared spectroscopy. FTIR was performed to study the secondary structures of
proteins (Barth, 2007; Kong and Yu, 2007). Solutions of BSA and P,M;@BSA (BSA concentration, 1 mg/mL,
1 mL) with or without incubating at 100°C for 5 minutes were lyophilized before the FTIR test (Figures 54 and
S5). The potassium bromide (KBr) tablets were made at mass ratio of 1: 100 (infrared sample: KBr), and then
the KBr tablets were scanned on the sample stage. FTIR spectrums of the samples between wavelength
4000 cm~" and 700 cm~" were accumulated from 25 scans with a resolution of 2 cm™’, data interval of
0.5cm™", and a scan speed at 0.2 cm/s on a Frontier FTIR spectroscope (Perkin Elmer, USA). The bandwidth

was 2 cm™ .

Transmission electron microscopy. The morphology of the complexes was examined by TEM (JEOL,
Japan). BSA or P{Ms@BSA solution containing 0.3 mg/mL BSA with or without incubating at 100°C for

5 minutes was dropped onto a carbon-coated copper grid for three or four times and air-dried before
observation at an acceleration voltage of 96 kV. As shown in Figure Sé, after treatment in 100°C water,
denatured BSA displayed a different morphology due to protein aggregation at high temperatures,
whereas P;Ms@BSA sustained the dispersive particle size around 20 nm.

Cryo-electron microscope. BSA or PIM5@BSA solution containing 0.3 mg/mL BSA with or without
incubating at 100°C for 5 minutes. Then an FEI Vitrobot Mark IV plunger (FEI) was used for prepa-
ration of frozen-hydrated specimens. Three and half microlitres of BSA or P{Ms@BSA was placed
onto Quantifoil Cu R1.2/1.3 glow discharged 300 mesh holey carbon grids, which were then blotted
for 3 seconds with blot force —1 to remove the excess solution before they were flash frozen in
liquid ethane. The Vitrobot chamber was operated at constant 4°C and 100% humidity during
blotting. The grids were transferred and stored in liquid nitrogen before data acquisition. Images
were acquired on a 200 keV FEl Titan Krios electron microscope equipped with a Falcon3 direct
electron counting camera at a nominal magnification of X120,000 (corresponding to a calibrated
sampling of 1.25 A per physical pixel). The images of BSA treated after 100°C were acquired under
magnification of X3,400.

Far ultraviolet circular dichroism spectroscopy. FUCD spectrums were collected to investigate the
secondary structures of proteins (Greenfield, 2006). The concentration of protein used to perform
FUCD was determined by the lowest concentration at which it could receive integral circular dichroism
signal. In this article, the concentrations used for BSA, TRF, MB, and INS were set at 0.3, 0.25, 0.2, and
0.2 mg/mL, respectively. The samples were kept in T mm quartz cuvettes at 25°C. FUCD spectrums
were then collected on a Chirascan spectrometer (Applied Photophysics, UK) over a wavelength range
of 190 to 260 nm for BSA and TRF and a wavelength range of 185 to 260 nm for MB and INS with 1 nm
step. FUCD spectrums were deconvoluted to evaluate contents of secondary structure using the Di-
chroWeb Service (UK) (Brogan et al., 2018), by converting the original excel file into a corresponding txt
file and then submitting it to the server for calculation (Tables S2-S7). NRMSD represents the differ-
ence between the measured FUCD signal and the system fitted FUCD signal. NMRSD<0.05 is
considered reasonable.

Fluorescence spectroscopy. BSA endogenous fluorescence intensity was evaluated using a multi-
functional microplate reader system (BioTek). Protein solutions (1uM, 200 pl) were added to 96-well
plates and excited at an excitation wavelength of 280 nm. Emission spectrums were collected at wave-
length of 345 nm. Measurements were conducted at room temperature, and each sample was tested for
three times.

Near ultraviolet circular dichroism (NUCD) spectroscopy. NUCD spectrums of BSA samples were to
explain the changes of tertiary structures (Sun et al., 2005). The concentration of protein used to
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detect NUCD spectra was determined by about five times of FUCD. BSA and P1M5@BSA (BSA
concentration, 1 mg/mL, 2 mL) were incubated for five minutes in 37, 55, 65, 75, and 100°C water.
All samples were then placed at room temperature overnight, and NUCD spectrums were collected
on a Chirascan spectrometer (Applied Photophysics, UK) over a wavelength range of 250 to 320 nm
for BSA with 1 nm step. The samples were run in 1 cm quartz cuvettes at 25°C.

Photograph of polymer@ protein complexes. To visualize protein aggregation in hyperthermia
water, BSA and PxMy@BSA solutions (BSA, Tmg/mL, 200 pl) were incubated for 5 min with a metal
bath in 37, 55, 65, 75, and 100°C water, respectively. Samples were then transferred to a 96-well plate
and photographed, with the horizontal axis representing different samples (BSA, P,M;@BSA,
PiM;@BSA, P{M,@BSA, PiMs@BSA, and P1M;g@BSA) and the vertical axis representing different
temperatures.

Molecular dynamics simulations

First of all, fragment unit parameters of C4g, PEG, and C43+PEG were prepared based on Gaussian 09
software with b3lyp/6-31+g* level. Secondly, we built a box with the size of 80Ax80Ax80A. The protein
was added into the box and made sure the protein was located at the box center. After above steps,
polymer fragments were randomly added into box. The all-atom classical molecular dynamics (MD) sim-
ulations were carried out with the Amber18 package. Force field parameters for Cqg and PEG fragments
were generated at the B3LYP/6-31+g(d) optimized geometry by the Gaussian 09 package. Amber ff14SB
and Tip3p water parameters were selected to describe the protein and water molecules. During MD sim-
ulations, energy minimizations were performed using a combination of steepest descent and conjugate
gradient algorithms. The periodic boundary conditions were used at the time step of 2 fs. All simulations
were performed in the NPT ensemble. The minimum distance between solute and the periodic box edge
was set to be 10 A. All bonds involving hydrogens were fixed with the SHAKE algorithm. The temperature
was kept constant using a Langevin thermostat at 300 K with a collision frequency of 2 ps™. The pressure
was controlled by a Berendsen barostat at 1 bar with a relaxation time of 1 ps. The electrostatic term was
computed using the Particle-Mesh-Ewald summation method. The cutoff algorithm was set as 10 A.
Finally, in current study, total 300 ns trajectory was collected for each system.

Synthesis of polymers

Amphiphilic polymers (P,Mq, P1My, P1M,, P4Ms, and P1Myo) were synthesized following our precious
protocol (Liu et al., 2011) with a slight modification by grafting reaction of anhydride groups on
PMHC1g with PEG-NH; as described in Figure S1. Specifically, for polymers (P,M; and P{M;) with
high-density PEG chains, poly (maleic anhydride-alt-1-octadecene) (PMHC,g) dissolved in dichlorome-
thane was first reacted with mPEG-NH; for 12 h (5 kDa, PEG: MHC g monomer=2:1, 1:1 respectively)
in the presence of 4 eq. triethylamine, and then 3 eq. N-(3-Dimethylaminopropyl)-N’-ethylcarbodii-
mide hydrochloride (EDC) was added to activate the generating carboxyl group and reacted for
another 12 h. For polymers (P1M,, PiMs, and P1M;o) with lower PEG chain densities, PMHC1g dis-
solved in dichloromethane were reacted with mPEG-NH, for 24 h (5 kDa, PEG: MHC;g mono-
mer=1:10, 1:5 and 1:2, respectively) in the presence of 4 eq. triethylamine. All the reaction solutions
were then blown-dry by nitrogen. The obtained white solid products were reconstituted with deion-
ized water, wherein the polymers with lower PEG densities required a slight of DMSO as cosolvent.
The amphiphilic polymer solutions were then dialyzed against water using a 14 kDa cut-off mem-
brane and then lyophilized. The final products were marked as P,M, with x units of PEG and y mono-
mer units of PMHC4g (e.g. P1Mo represented a copolymer with 1 units of PEG and 10 monomer
units of PMHC,g). The actual PEGylation ratios were determined by NMR analysis (Figure S2 and
Table S1).

PEG;-PMHs and PEG-PMH; without Cyg chains were analogously synthesized following the synthesis pro-
cedure of P,M,.
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Preparation of polymer@protein complexes

P.M,@BSA complexes. The amphiphilic polymers (P,My, P1My, P1M,, P1Ms, and P;M;0) were respec-
tively dissolved in deionized water and dropwise added to the BSA solution with mass ratios of 2:1 (poly-
mers: BSA). After stirring for 2 h, the solutions were dialyzed against water using a 100 kDa cut-off mem-
brane to remove unbound proteins or polymers and then lyophilized for storage.

PiMs@TRF complexes. PiMs@TRF complexes were prepared following abovementioned BSA encap-
sulation procedure.

PiMs@MB complexes. P1Ms@MB complexes were prepared following abovementioned BSA encap-
sulation procedure with a slight modification; here P{Ms@MB complexes were purified by dialysis with a
30 kDa cut-off membrane.

PiMs@INS complexes. Insulin was dissolved in 10 mM hydrochloric acid (pH 2.0), and the pH was
subsequently adjusted to 8.0. The P1Ms aqueous solution was dropwise added to the insulin solution at
mass ratios of 2:1 (polymers: insulin). After stirring for 2 h, the solution was dialyzed against water using a
14 kDa cut-off membrane to remove unbound insulin or polymers and lyophilized for storage.

PEG:-PMHs@BSA/ PEG-PMH0@BSA complexes.  The ampbhiphilic polymers (PEG1-PMHs and PEG;-
PMH o) were respectively dissolved in deionized water and dropwise added to the BSA solution with mass
ratios of 2:1 (polymers: BSA). After stirring for 2 h, the solution was dialyzed against water using a 100 kDa
cut-off membrane to remove unbound proteins or polymers and lyophilized for storage.

Thermal stabilization of P,M,@complexes

The BSA concentrations of the five samples (P,M;@BSA, P;M;@BSA, P;M,@BSA, P;Ms@BSA, and
P1M;0@BSA) and control group (native BSA) were quantified to 0.3 mg/mL, and then these six groups
were packed into EP tubes (500 pl/tube), in quadruplicate. These samples were incubated for 5 min at
each temperature on a metal bath from 25°C to 100°C with intervals of 5°C. All samples were then placed
at room temperature overnight, the secondary structures studied by FUCD (Figures S7A and S8) and fluo-
rescence intensity at 345 nm of BSA were determined to confirm the optimal polymer with thermal protec-
tion of BSA. The BSA in 10% and 50% glycerin (10% and 50% represent the volume ratios of glycerin to water
solution) were set as positive control groups (Gekko and Timasheff, 1981) (Figure S7B).

PEG;-PMHs@BSA and PEG;-PMH;@BSA without Cqg chain were treated the same as P,M;@BSA to study
the structure-function relationship.

Thermal denaturation thermodynamics

Thermodynamic indexes were evaluated by applying a two-state model by drawing fraction denatured (fp)
to the denaturation temperature (Brogan et al., 2018). Briefly, the denaturation process is described as an
equilibrium between the denatured state (D) and the native state (N) at each temperature, where the ratio
of each state is defined as the equilibrium constant for denaturation (Kp). Kp was calculated by using estab-
lished methodology as described in the following. fp for BSA was determined by the intensity of character-
istic peak of FUCD at 208 nm (Characteristic peaks for TRF, MB, and INS were at 208 nm, 222 nm, and
208 nm, respectively);

fo = (y—yn)/(yo—yn)

where yy is defined as the intensity of the 208 nm peak in the native state, and yp is the intensity of the
208 nm peak in the denatured state. This allows for the expression of Kp; thus Kp = fp/(1—1fp), where the
Gibbs free energy of denaturation (AGp) can be determined:

AGD = —RTanD

AGp was plotted as a function of temperature, and the transition region was fitted using linear regression.
When AGp = 0, the whole process was in equilibrium according to the two-state model, giving the
following formula:
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AGp =0 = AH,,— T AS,

From these plots, the entropy (AS,,) and enthalpy (AH,,) at the half-denaturation temperature (T,,) were
evaluated according to the slope and the y-intercept, and the half-denaturation temperature was evalu-
ated from the x-axis intercept.

Long-term stabilization of P,M,@BSA at elevated temperatures

The long-term protection effect for the optimal polymer (P1Ms and P1M;0) was evaluated. The BSA concen-
trations of P{Ms@BSA, P1M;o@BSA, and the control group (BSA) were quantified to 0.3 mg/mL, then these
three paralleled groups were packed into EP tubes (500 ulL/tube). These samples were incubated on a
metal bath at temperatures of 55°C, 65°C (T,,, of BSA), 75°C, and 100°C, respectively. For thermal treatment
at 55°C and 65°C, samples were incubated for 5, 10, 20, and 40 minand 1, 1.5, 2, 3,4, 5, 6, 8, 10, 12, and 24 h,
respectively. For thermal treatment at 75°C and 100°C, samples were incubated for 10, 20, and 40 seconds;
1,1.5,2,25,3,4,5,6,8,10, 20, and 40 min; and 1, 1.5, 2, 3,4, 5, 6, 7, 8, 10, 12, and 24 h, respectively. All
samples were then placed at room temperature overnight, and the secondary structures of each sample
were determined by circular dichroism spectroscopy (Figures S11A-S11C). The remaining secondary struc-
tures after different period’s incubation at each temperature were calculated from plot of [0]08nm-t (Figures
S11D-S11F); for example, the remaining secondary structures after 24 h of incubation at 100°C were calcu-
lated using the following formula:

The secondary structure maintained (%) = ([0]208nm(100°C, 2an)/[0]208nm(100°C, ory) X 100%

The half-denatured time in100°C water was obtained from Figure 3F by taken point [6]208nm(100°C, ohy2 ©N
the vertical axis and extended it to intersect the curve [0]08nm- at 100°C; the abscissa of the intersection
is the required value.

Long-term storage of P{Ms;@BSA at room temperature

To investigate the long-term storage of proteins for optimal polymer (P1Ms), we stored the P{Ms@BSA at
room temperature for extended periods. The BSA concentration of P{Ms@BSA and the control group (BSA)
was adjusted to 0.3 mg/mL and then were packed into 50 mL EP tubes (20 mL/tube). These samples were
stored at room temperature; the remaining secondary structures after 1, 2, 3,4, 5, 6, 7, 14, 21, 30, 45, and
60 days of storage were evaluated by circular dichroism spectroscopy (Figures S12A and S12B).

Thermal stabilization of P4M;s for other mesophilic proteins

To explore whether this could be a general method for thermal protection of mesophilic proteins, the pro-
tective effect of P1Ms on TRF, MB, and INS in hyperthermal water were evaluated in a similar way as BSA.
The concentration of native TRF and P1Ms@TRF was adjusted to 0.25 mg/mL and treated for 5 min with a
metal bath at each temperature from 30°C to 100°C at intervals of 10°C. The concentration of native MB
and P1Ms@MB was adjusted to 0.2 mg/mL and treated for 1 h with a metal bath at each temperature
from 30°C to 100°C at intervals of 10°C. The concentration of native INS and P;Ms@INS was adjusted to
0.2 mg/mL and treated for 2 h with a metal bath at each temperature from 30°C to 100°C at intervals of
10°C. After the thermal treatment, all samples were then placed at room temperature overnight, and
the secondary structures of proteins were determined by circular dichroism spectroscopy over a wave-
length range of 190-260 nm (TRF), 185-260 nm (MB), and 185-260 nm (INS). The secondary structures
changed at each temperature was calculated from Figure S13 using the following formula (100°C) as
example (characteristic peaks for TRF, MB, and INS were at 208 nm, 222 nm, and 208 nm, respectively):

The secondary structure changed at 100°C (%) = (([0]208nm/222nm(25°C)~[0]208nm/222nm(100°C))/

[0]208nm/222nm(25°c)) X 100%.

STATISTICAL ANALYSIS

All results are expressed as mean + s.d., mean + s.e.m. as indicated, processed by Origin version 2018 for
Windows (Origin Software, USA). Comparisons among all groups were evaluated using one-way ANOVA
by Graph-Pad Prism version 7.0 for Windows (GraphPad Software, USA), and P < 0.05 was considered to
be statistically significant. The statistical details of experiments can be found in the legends of Figures 2,
S3, and S7.
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