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Protein Substitution Affects Glass Transition Temperature and
Thermal Stability
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When proteins are removed from their native state they suffer from two deficiencies: (1) glassy behavior
with glass transition temperatures (Ty) well above room temperature and (2) thermal instability. The
glassy behavior originates in multiple hydrogen bonds between amino acids on adjacent protein mole-
cules. Proteins, like most biopolymers, are thermally unstable. Substituting ovalbumin with linear and
cyclic substituents using a facile nucleophilic addition reaction can affect T, and thermal stability. More
hydrophobic linear substituents lowered Tq by interrupting intermolecular interactions and increasing free
volume. More hydrophilic and cyclic substituents increased thermal stability by increasing intermolecular
interactions. In some cases, substituents instituted cross-linking between protein chains that enhanced
thermal stability. Internal plasticization using covalent substitution and external plasticization using low
molecular weight polar liquids show the same protein structural changes and a signature of plasticization

is identified.
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INTRODUCTION

Unique to proteins is the richness of interactions available
between two molecules. Proteins typically rely on covalent, ionic,
hydrogen bonding, and hydrophobic interactions to dictate
secondary, tertiary, and quaternary structure. In the native state,
these interactions are optimized, producing a highly functional
material that performs well with a moderate amount of hydra-
tion. For example, a bird feather has a density of 0.9 g/em®, a
modulus of 5—10 GPa, and can be strained to 50% (/ —6). When
removed from the native state, for instance because of solution or
thermal processing, these interactions appear to maximize, pro-
ducing a material that maintains a high modulus and strength but
realizes a very high glass transition temperature (7}), high density,
and low strain to break that makes them glassy and brittle at
room temperature (7, 8). This suggests that there is an optimal
amount of intermolecular interaction and free volume able to
absorb ambient hydration to produce a material that is light,
stiff, and tough and that loss of the interactions and free volume
makes an inferior material. Theory suggests that it is indeed the
optimal assembly and configuration of the biopolymers over
molecular to macroscopic length scales that is responsible for
these properties (9, 10).

In the absence of reorganizing the original structure, the brittle
behavior of isolated proteins is overcome by plasticizing them
with low molecular weight polar compounds that can include
water, glycerol, ethylene glycol and its polymers, propylene glycol
and its polymers, sorbitol, diethylene glycol-monomethyl ether,
diethanolamine, and acylated monoglycerides (7, /1 —19). Plasti-
cization comes at a large cost to strength and stiffness (7).
Plasticizers decrease intermolecular interactions and increase free
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volume, which results in a decreased T, and increased flexibility.
The resulting structure is usually amorphous, displaying no
diffraction pattern in an X-ray experiment (20). Native protein
structures do not require plasticization to the high levels necessary
with isolated protein structures, although they do require a small
amount of hydration for proper function. The largest problem
with plasticizers may be migration, which occurs naturally but is
hastened by increased temperature or exposure to water because
of their hydrophilic nature. Therefore, it would be advantageous
to increase the flexibility and lower the T, of proteins without
large costs to strength and stiffness and without having a diffu-
sible component in the product.

Proteins, like most biopolymers, are thermally unstable be-
cause most chemical side groups on amino acids are easily
oxidized. Proteins can also be semicrystalline, but melting tem-
peratures would be concurrent with degradation temperatures so
it would not be possible to thermally process them alone (27 —23).
Most commodity polymers made from petroleum not only have
good physical properties but some measure of thermal stability.
This allows them to be easily processed through conventional
thermal methods like extrusion and be able to function in the solid
state over a wide range of temperatures. If physical properties
could be matched with a protein-based polymer, it would also be
advantageous to have some thermal stability in polymers made
from proteins. Therefore, improving the thermal stability and
glass to rubber behavior of proteins could create new horizons in
using proteins in engineering applications.

It is hypothesized that proteins removed from their native state
can achieve improved thermal properties by covalently attaching
groups to the protein thereby (1) increasing free volume and
lowering intermolecular interactions from the maximum amount,
a process sometimes referred to as “internal plasticization”, and
(2) stabilizing degradable chemical groups. To test the hypothesis,
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ovalbumin (OA), a “model” protein, is chemically substituted.
Ovalbumin is considered a “model” protein because it contains
385 amino acids, 185 of which are polar and six are cysteine, and
all amino acids are represented in reasonable amounts. Oval-
bumin has a molecular weight of 49670 g/mol (24). OA can be
made soluble or insoluble through control of its intermolecular
cystine bonding (25). Ovalbumin has been described as 41%
a-helix, 34% f-sheet, 13% random coil, and 12% fS-turn (26).
Therefore, OA is equally polar and nonpolar, has an even
distribution of secondary structure with all forms present, and
contains all the amino acids offering many potential chemis-
tries for modification.

The Michael addition is a nucleophilic addition reaction
between electron-rich nucleophiles and electron-poor electro-
philes (27). Specifically, the protein contains nucleophilic primary
(—NH,) and secondary (—NH) amines and thiols (—SH) that add
to electron-poor carbon—carbon double bonds in substituted
olefins (CH,=CH-A) (28—31). The reaction proceeds at room
temperature and near neutral pH in water, making it a very
facile and green reaction. The Michael addition reaction is finding
increased use in biomedical polymers for this reason (32—34). The
high nucleophilicity of amines and thiols means that no catalyst is
required although a slightly basic solution can increase kinetics
(31). The easiest way to control the reaction is through pH
because the first step of the Michael addition is to deprotonate
the nucleophile (27). Each nucleophilic side group has a different
dissociation constant, pKr. Depending on the chemistry of A on
the electrophile, the functionality of the protein can be altered.
Depending on the size of A, the ability of two protein molecules to
interact with one another could be affected as could the amount
of free volume. Protein substitution using the Michael addition
reaction has been reported previously but with different intents.
Friedman modified bovine serum albumin (BSA) with methyl
and ethyl vinyl sulfones to change the molecular weight so the
substituted proteins would elute differently than pure proteins in
a chromatography experiment (28, 29). Ranucci et al. modified
BSA and human serum albumin (HSA) by grafting poly(amido
amine) chains onto the proteins without denaturing the protein
for drug delivery applications (30). Sereikaite et al. modified BSA
by cross-linking it with divinylsulfone (DVS) also for potential
biomedical applications (37).

In this study, modification of ovalbumin protein through the
Michael addition reaction has been investigated. OA has been
covalently modified using ethyl vinyl sulfone (EVS) and acrylic
acid (AA), both linear molecules, and butadiene sulfone (BS) and
maleimide (MA), both cyclic molecules. The effect of substitution
on OA thermal properties was investigated using differential
scanning calorimetry (DSC) and thermogravimetric analysis
(TGA). Structural changes were documented with Fourier trans-
form-infrared (FT-IR) spectroscopy and X-ray powder diffrac-
tion (XRD).

EXPERIMENTAL PROCEDURES

Materials. Technical grade egg ovalbumin, dithiothreitol (DTT),
reagent grade BS (mol wt 118.15 g/mol), AA (mol wt 72.01 g/mol), and
MA (mol wt 97.07 g/mol) were purchased from Sigma Aldrich (USA).
Dialysis membranes with 3500 g/mol molecular weight cut off and 95%
EVS (mol wt 120.17 g/mol) were obtained from VWR (USA). All of the
materials were used as obtained without any further modifications.

Substitution. First, 5 g of OA was added to 50 mL of deionized water.
Then the pH was adjusted to 9 using borate buffer solution. To this
solution, 0.0017 g (equivalent to moles of cysteine present on OA) DTT
was added and the solution stirred for 30 min producing soluble OA (35).
At this point, various concentrations of substituents were added to the OA
solution and further stirred at 30 °C for 24 h. The substituent level was
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determined by the amount of deprotonated to protonated nucleophile on
the amino acid side group, i.e., [NH,]/[NH5"] or [S"]/[SH]. For OA, the
lysine primary amines (K, pKr = 10.8), cysteine thiols (C, pKr = 8.3),
and histidine secondary amines (H, pKr = 6.0) yielded 12.6 potential
reactive groups (PRG) per OA molecule at pH 9. The amines of asparagine
(N) and glutamine (Q) were not counted because of the poor acid/base
properties of the amide side groups although this may not be entirely
true (36). The side group of arginine (R) was not counted because the side
group dissociation constant, pKg, was 12.5, yielding very little potential
deprotonated groups for nucleophilic addition. Finally, the secondary
amine of the a-carbon was assumed highly inaccessible because of its
position on the protein main chain and potential to hydrogen bond to
another main chain. The N-terminus of the OA molecule was omitted
because of potential postsynthetic modification yielding unreactive groups.

Addition of EVS, BS, and MA did not affect pH. Addition of AA
reduced the solution pH to 4 and 4N NaOH was added to adjust
pH back to 9. The solutions were then dialyzed against deionized
water for 24 h and the water was changed every 12 h. The dialyzed
solution was poured onto Teflon-coated aluminum foil and dried
at ambient conditions. During reaction, the EVS and BS solutions
gelled. Water was added to the gelled solution and stirred for 1 h
before dialysis. The dried samples were ground into fine powders
using a mortar and pestle.

Nitrogen Analysis. To determine reaction yields of substituted OA,
nitrogen analysis was performed using an Elementar Vario MAX CNS
analyzer (Hanau, Germany). The reaction yield was determined by
comparing the experimentally determined amount of nitrogen to the
expected amount of nitrogen as the protein was substituted.

Thermal Analysis. Thermal analysis was performed on 8—10 mg
samples in a nitrogen atmosphere. Given the difficulties associated with
thermal analysis of biopolymers, at least three samples were analyzed using
three different instruments so the glass transition (7,) and thermal
degradation (Ty4) temperatures could be well-defined (19, 37, 38). The
samples were analyzed on TA Instruments’ SDT Q600 simultaneous
DSC/TGA (differential scanning calorimeter/thermogravimetric ana-
lyzer), DSC Q100, and TGA Q500. For DSC, a two-cycle analysis was
used. In the first cycle, the sample was equilibrated at 30 °C and then
heated to 150 °C at a rate of 10 °C/min, equilibrated at 150 °C for 2 min,
and then air-cooled to 30 °C. In the second cycle, the sample was heated to
300 °C at a rate of 10 °C/min. The glass transition temperatures were
clearly defined, and good agreement was found between samples and
instruments. For thermal stability analysis using TGA, the samples were
heated to 600 °C at a rate of 10 °C/min.

Fourier Transform—Infrared (FT-IR) Spectroscopy. A Thermo-
Nicolet 6700 FT-IR spectrometer with a Smart Orbit diamond ATR cell
was used. The spectrum was collected with a total of 64 scans and a
resolution of 4 cm™" and then baseline corrected and smoothed. Decon-
volution of the amide I band into individual components was accom-
plished with OMNIC v 7.3 software. The spectral region 1750—1590 cm ™'
of the original spectrum was fitted with Gaussian/Lorentzian peaks. The
number of peaks and their position were determined by the automatic peak
finding feature of the program at low sensitivity and full width at half
height of 3.857.

X-ray Powder Diffraction (XRD). XRD patterns were recorded on a
PANalytical X’Pert PRO X-ray diffractometer (Westborough, MA) using
Co radiation generated at 40 kV and 40 mA. Scanning was done with a
Theta/Theta goniometer from 2 to 70° 26 with a step size of 0.0668545° 26
at a time of 600 s. The incident wavelength was 4 = 0.179 nm.

RESULTS AND DISCUSSION

Glass Transition Temperature. The experimentally determined
T, of OA reduced with DTT was 221 °C, which was close to the
value of 208 °C found by Katayama et al. for native OA using
high ramp rate DSC (38). Discrepancies originated in our use of
reduced OA, which would make more amino acids available for
hydrogen bonding thus increasing 7, and a more typical, slower
DSC heating rate for polymers. Figure 1 shows the reduction
of OA T, with substitution. Lines are fits of the T, data to the
Couchman—Karasz equation, which has been shown to fit
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biopolymer T, data reasonably well
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where w,, is the weight fraction of OA protein, w, is the weight
fraction of substituted group (EVS, AA, BS, and MA), and T,
is the glass transition temperature of OA, which was 494 K
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Figure 1. Change in glass transition temperature, Tg, with OA substitution.
Symbols are experimental data and lines are fits to eq 1.
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(221 °C) (19, 39). The glass transition temperature of the substi-
tuted group, T ¢, Was treated as a fitting parameter with T, i, =
420, 465, 480, and 494 K providing the best fits for EVS, AA, BS,
and MA data, respectively. For comparison, the plasticization of
OA with glycerol is included, which is a fit of experimental data to
eq 1(19). Figure 1 shows that EVS covalently attached to OA was
a very efficient plasticizer, even more so than glycerol, up to a mild
degree of substitution. However, EVS could not reach the ultimate
level of plasticization of glycerol, which was T, reducing to room
temperature. Figure 1 has the ratio of substituent groups to potential
reactive groups, [SG]/[PRG], plotted on the abscissa. Asymptotic
behavior was observed after [SG]/[PRG] ~ 5—10, which could
have indicated that the maximum amount of EVS had been added
to OA and would not change T, anymore. It also suggested that the
original PRG calculation did not account for all reactive groups.
The fitting parameter 7, = 420 K fit the data well in the [SG]/
[PRG] ~ 0—10 range but not at higher ratios. AA and BS provided
very little internal plasticization and MA none at all.

Thermal Stability. The first derivative of sample weight loss with
temperature, dTGA, quantified the thermal stability of polymers by
depicting two phenomena: the peak maximum was a measure of the
overall degradation temperature, Ty, and the peak area was the rate
of degradation. Figure 2 shows the dTGA behavior for all of the
substituted OA materials. The effect of substitution on T4 is shown
in Figure 3. For EVS substituted OA, a new dTGA peak emerged
around 285 °C with increasing EVS addition. The increase of the
new dTGA peak was concurrent with the decrease of the primary
dTGA peak around 320 °C, and the conservation of the two peaks
meant no overall change in the degradation rate of OA-EVS. OA-
BS showed peak broadening in this area (~285 °C). OA-EVS and
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Figure 2. dTGA analysis of OA substituted with (a) EVS, (b) AA, (¢) BS, and (d) MA.
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OA-MA displayed a steady increase in T4 until saturating at [SG]/
[PRG] ~ 6 with no significant change in degradation rate. OA-AA
and OA-BS showed a decrease in T until [SG]/[PRG] ~ 8§ then an
increase in Ty until saturating at [SG]/[PRG] ~ 30, and it was
upon the increase in Ty that the degradation rate decreased.

Structural Changes with Substitution. In the FT-IR spectra,
the 1300—1200 cm ™' and 1150—1025 cm ™' regions were signature
regions of the protein and substituent, making quantitative assess-
ment of structure difficult (data not shown). The presence of substi-
tuent was easily discernible as sharper, more discrete peaks super-
imposed on top of broader protein peaks.
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Figure 3. Change in thermal degradation temperature, Ty, with OA
substitution.
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Protein structural changes during plasticization manifested as
changes in the amide I peak (/9). Amide I described the state of
protein carbonyls, mostly from the main chain, and were highly
correlated with protein secondary structure (40). It was also suffi-
ciently far from substituent peaks, with the AA carbonyl appear-
ing at 1694 cm™ ", the MA carbonyl appearing at 1687 cm ™', and
»(C=C) on EVS and BS appearing at 1611 cm™~'. As OA was
substituted, the amide I or ¥(C=0) peak around 1630 cm™'
broadened. The peak broadening originated in changing states of
v(C=0) on main chain amides, i.e., their participation in 3-sheet,
random coil, or a-helix conformations. The results of amide I
peak deconvolution are shown in Figure 4. Included in each data
set is the change in OA secondary structure between the native
OA and reduced, solubilized, and solution cast OA. The native
OA deconvolution results show the same f-sheet and random
coil content as Ngarize et al. but less a-helix (26). In our deconvo-
lution, we assigned peaks to -turns at 1668 cm ™' and antiparallel
B-sheets at 1683 cm™'. As these structures and o-helix all
appeared at the highest wavenumbers in the peak, our deconvo-
lution added a contribution from antiparallel S-sheets while
reducing the a-helix contribution. Predominantly, we were inter-
ested in the change in f-sheet relative to random coil, which
described the maximum and minimum hydrogen bonding states,
respectively, and therefore could potentially correlate with the
glass transition. Upon reduction of OA, there was a loss of -sheet
structure with a concurrent and nearly equal increase in random
coils. OA-AA and OA-MA had decreasing amounts of f3-sheets
with concurrent increasing amounts of random coils at [SG]/
[PRG] ~ 0—10. There was then little change in the secondary
structure at higher substitutions. At the highest degrees of substi-
tution, i.e., [SG]/[PRG] > 30, all secondary structures saturated
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Figure 4. Results of amide | peak deconvolution for OA substituted with (a) EVS, (b) AA, (¢) BS, and (d) MA.
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at low values and FT-IR data showed that the materials were
dominated by a high weight fraction of substituent. OA-BS
displayed a decrease in f-sheets and random coils. OA-EVS
exhibited the most complicated behavior with S-sheets decreasing
slightly at the lowest substitution, increasing at moderate sub-
stitution, and then decreasing and finally saturating at higher
substitutions with random coils doing the opposite.

The amide IT peak around 1525 cm ™" described the state of
primary and secondary amines on both the protein backbone and
amino acid side groups (47). No substituent peaks appeared in
this area, so changes were indicative of substitution on amines
and protein structural changes. Amide II shifted lower in wave-
number for each substituted OA material as shown in Figure 5.
Increasing substitution did not change OA-EVS or OA-MA, but
OA-BS and OA-AA then shifted higher in wavenumber.

Diffraction patterns from OA and substituted OA materials
were typical of semicrystalline proteins with two diffuse halos at
Bragg spacings of about 0.46 and 1.10 nm (42). The 0.46 nm
spacing represented the distance between two protein molecules
in a native S-sheet independent of the protein’s primary structure.
The 1.10 nm spacing represented the intersheet distance between
two stacked f3-sheets and was a function of the shape and size of
the amino acid side chains (42). The peaks were diffuse because of
the nonuniform size of the S-sheets, their random arrangement in
the powder diffraction experiment, and the presence of amor-
phous regions. The diffraction patterns for OA materials were
normalized at the 20 = 9.5° or d = 1.10 nm peak for comparison.
OA-EVS and OA-BS showed similar behavior. As substitution
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Figure 5. Change in amide Il peak with OA substitution.
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increased, the 1.10 nm peak broadened and the 0.46 nm peak
sharpened and grew in intensity as exemplified by OA-EVS XRD
patterns in Figure 6a. OA-AA did not show much change as
shown in Figure 6b. The sharp peaks occurring at high substitu-
tion were consistent with crystallized acrylic acid (43).

Structural Signatures of Plasticization and Thermal Stability.
The observed thermal behavior can be directly correlated to the
structural changes of the OA protein as various functionality
was added. Figure 7 shows the structure of each substituent added
onto the protein. EVS added medium chain branching with a
hydrophobic end, AA added short chain branching with a hydro-
philic end, BS added a slightly hydrophilic ring, and MA added a
more hydrophilic ring. By adding each onto OA, the native protein
secondary, tertiary, and quarternary structures were modified.

The FT-IR and XRD results correlate with each other and are
consistent with the idea of an overall loss of order and gain of
disorder (44). It has been observed previously that the decrease in
f-sheets and increase in random coils, as measured by amide I
peak deconvolution, and the broadening of the 1.10 nm peak and
sharpening of the 0.46 nm peak, as measured by XRD, correlate
with increasing external plasticization of proteins by glycerol (19).
OA-EVS exhibited both behaviors and had the largest T,
decrease so these trends may be a signature of the protein struc-
tural rearrangements necessary to transition from a glassy to a
rubbery state. Taking the FT-IR and XRD data together, a
potential mechanism could be that substitution first occurred at
available side groups on random coils at [EVS]/[PRG] ~ 0-5.
The added free volume, manifesting as a decrease in T, allowed
some of the previous random coils to now form S-sheets. In other
words, there was more probability of two main chains finding
each other to hydrogen bond. In the direction normal to the main
chain on the side groups, any introduced f(-sheets were now
pushed apart, minimizing interactions in this direction. So free
volume at low substitution was in the side group direction.
Although there was an increase in S-sheets, the amount per unit
volume was smaller than in the native state resulting in the
T, decrease. Further substitution, i.e., [EVS]/[PRG] ~ 5-20
occurred on side groups and on main chain amines, both of which
were available for reaction in solution. There was then a decrease
in -sheets and an increase in random coils, with free volume
introduced between main chains and in the side group direction
and a further decrease in 7,. At these substitution levels, the
chains had very little interaction with each other, so the inter-
actions per unit volume were small resulting in a low T,. At
[EVS]/[PRG] > 20, no further decrease in T}, occurred. This was
also the region where no further changes in the FT-IR amide I and
IT were observed. The limited internal plasticization of OA with
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Figure 7. Chemical structure of substituents and schematic depicting how electron poor vinyl groups add to electron rich amines and thiols on the protein.

EVS appeared related to the ability to continue to substitute.
Elemental analysis showed that the yield decreased to 70% at
[SG]/[PRG] ~ 25 and then dropped precipitously. Further
changes in the XRD could be related to excess EVS aggregating
around the protein, which were not manifesting as protein
changes at all. Sharp peaks in the OA-AA and OA-BS XRD
patterns at high substitution support the theory that excess sub-
stituent aggregated or crystallized around the protein and was too
large or too bound to diffuse during dialysis.

OA-AA and OA-BS exhibited less pronounced changes in
protein secondary structure, and the limited reduction of 7,
appeared to be related to this. In addition, AA added more hydro-
gen bonding potential to the protein and any structural change
could be compensated for by more hydrogen bonding. BS added
stiffness to the protein chain that again could compensate for any
structural changes to maintain 7. The addition of MA disrupted -
sheets and increased random coil content. Again, the chain stiffness
added by the ring compensated for this resulting in no T, change.

Unlike the EVS system, the potential for interactions between
protein molecules substituted with AA, BS, or MA was high. For
AA, it was through hydrogen bonding interactions forming AA
dimers (43, 45). For BS and MA, it was through cross-linking
across the C=C bond in the ring (46—50). These interactions,
along with the ring structure of BS and MA, maintained the high
glass transition temperature of the protein even though the native
protein structure was disrupted. These interactions also had an
influence on the thermal stability of the protein. Triethanolamine
plasticized soy protein displayed an increased thermal stability
because of the increased hydrogen bonding interactions between
the components (5/). Maleimide and sulfone have been used to
stabilize thermoplastic polymers to high temperature (52, 53). In
this study, the sulfones did not impart thermal stability, instead
causing degradation at ~285 °C, which was lower than the native
protein but higher than some thermoplastic materials. Thermal
stability was imparted through increased protein—protein inter-
actions. The smaller changes in amide I in FT-IR analysis for
these materials showed that more intermolecular interactions
were contributing to thermal stability. The fact that MA did
not have marked decreases in thermal degradation rate could be
because it had 2 C=0 and 1 N—H on the ring that maintained
degradation rate regardless of the shift in 7y with intermole-
cular interactions. However, there was spectroscopic evidence
that OA-MA intermolecular interactions may not have been
as strong as OA-AA and OA-BS intermolecular interactions.
OA-AA and OA-BS displayed shifting in amide II at the same
points in substitution that reduced thermal degradation was

observed, indicating that this may be a signature of the strongest
intermolecular interactions. Amide I described protein conforma-
tional changes, which influenced glass transition temperature.
Amide II appeared more dependent on chemical substitution.
Because amide II originated in primary and secondary amines, it
was more representative of the actual substitution rather than pro-
tein conformational changes. All samples shifted to lower wave-
number with substitution before saturating at [SG]/[PRG] ~ 10.
The shifting to lower wavenumber was consistent with the disap-
pearance of primary amines, which was the dominant reactive site
on the protein (4/). The correlation between the changes in thermal
degradation temperature and amide II position suggested that
substitution alone was the larger influence on thermal stability
and that it could be described by the amide IT behavior.

It was shown that a simple nucleophilic addition reaction could
be used to substitute proteins in aqueous solution at room
temperature to affect protein thermal properties. Glass transition
temperature could be reduced through linear substituents with
hydrophobic ends and thermal stability increased by increas-
ing hydrogen bonding or covalent interactions between proteins.
FT-IR spectroscopy and XRD quantitatively described changes
in the structure of the proteins that correlated with changes in the
glass transition temperature and thermal stability. Although it
was possible to reduce the glass transition, external plasticization
was still more practical to reduce T, to a point where a flexible
material at room temperature would be expected.
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