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Abstract

Conjugation to polyethylene glycol (PEG) is a widely used approach to

improve the therapeutic value of proteins essentially by prolonging their body

residence time. PEGylation may however induce changes in the structure

and/or the stability of proteins and thus on their function(s). The effects of

PEGylation on the thermodynamic stability can either be positive (stabiliza-

tion), negative (destabilization), or neutral (no effect). Moreover, various fac-

tors such as the PEG length and PEGylation site can influence the

consequences of PEGylation on the structure and stability of proteins. In this

study, the effects of PEGylation on the structure, stability, and polymerization

of alpha1-antitrypsin (AAT) were investigated, using PEGs with different

lengths, different structures (linear or 2-armed) and different linking chemis-

tries (via amine or thiol) at two distinct positions of the sequence. The results

show that whatever the size, position, and structure of PEG chains, PEGylation

(a) does not induce significant changes in AAT structure (either at the second-

ary or tertiary level); (b) does not alter the stability of the native protein upon

both chemical- and heat-induced denaturation; and (c) does not prevent AAT

to fully refold and recover its activity following chemical denaturation. How-

ever, the propensity of AAT to aggregate upon heat treatment was significantly

decreased by PEGylation, although PEGylation did not prevent the irreversible

inactivation of the enzyme. Moreover, conjugation to PEG, especially 2-armed

40 kDa PEG, greatly improved the proteolytic resistance of AAT. PEGylation

of AAT could be a promising strategy to prolong its half-life after infusion in

AAT-deficient patients and thereby decrease the frequency of infusions.
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1 | INTRODUCTION

Alpha-1 antitrypsin (AAT) is a serine protease inhibitor,
which is predominantly expressed by hepatocytes andRita Vanbever and Mireille Dumoulin equally contributed to this study.
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then diffuses into the circulation.1 Its primary site of
action is the lung, where it provides a protection against
serine proteases such as neutrophil elastase (NE),2

proteinase-3 (PR-3),3 and cathepsin G (Cat-G).4 Defi-
ciency in AAT, resulting from mutations in the SER-
PINA1 gene, can cause various diseases including hepatic
disease, emphysema and chronic obstructive pulmonary
disease (COPD).1 The main approach to treat the pulmo-
nary disease associated with AAT deficiency is the
weekly intravenous infusion of human plasma-purified
AAT. However, a high dose (60 mg/kg/week) is manda-
tory to maintain efficacious serum levels of AAT
(>11 μM), which results in high expenses.5 Moreover, in
a Phase II/III clinical trial involving patients with AAT
deficiency and severe COPD with frequent exacerbations,
a twice-daily inhalation of 80 mg of AAT for 50 weeks
did not prolong the time to exacerbation, but it signifi-
cantly reduced symptomatic Anthonisen Type I exacerba-
tions.6 Our hypothesis to explain this limited efficacy of
inhaled AAT is its rapid clearance caused by a combina-
tion of proteolytic breakdown, oxidation of methio-
nine358 belonging to the reactive center loop (RCL) and
phagocyte uptake.6 Hence, it is necessary to develop AAT
derivatives presenting longer residence time following
both intravenous and pulmonary administration, as it
could improve the efficacy of therapy, reduce the admin-
istration frequency, and increase the patience
compliance.

Polyethylene glycol (PEG) is one of the most popular
polymers for protein conjugation.7 Several PEGylated
proteins have been approved by the FDA and EMA in
the pharmaceutical market.8,9 The conjugation of PEG
chains to proteins can prolong their serum half-life by
decreasing the kidney clearance. It can also reduce the
immunogenic response to proteins and protect them
from proteolysis.10 Despite the advantages of PEGylation
for therapeutic proteins, one concern is the reduction in
their biological activity and/or stability upon PEGylation.
Although, in some cases, the reduced activity could be
compensated by the prolonged serum half-life,11,12 it is
nevertheless of great interest for researchers to maintain
the full activity of the therapeutic protein after
PEGylation.9

Various factors such as the PEG length and the PEGy-
lation site can influence the stability and biological activ-
ity of a PEGylated protein through conformational
changes at the level of tertiary and secondary structures
and/or steric hindrance of the conjugated PEG.13

Thermodynamically-destabilized proteins tend to more
easily transition to unfolded states which are generally
devoid of activity and prone to aggregation.14 Therefore,
a preserved or improved thermodynamic stability is
desired after PEGylation. So far, the impact of

PEGylation on the thermodynamic stability of a protein
has not yet been thoroughly investigated. PEGylation can
stabilize, destabilize a protein, or have no effect.15–20

Some researchers predicted the impact of the PEGylation
site on the conformational stability of a protein using
molecular dynamics (MD) simulations.21,22 However,
predictions were only verified on small peptides conju-
gated to short PEG chains.

The molecular mechanism of the effects of PEG addi-
tion on the protein properties remains unclear. The dif-
ferent impacts of PEGylation on the protein structure
and/or stability may result, at least in part, from the
approach used to carry out the PEGylation. Indeed, the
size of PEG chains, the site of PEGylation and the linking
chemistry may contribute to the consequences of PEG
addition on the structure and/or stability of the protein.
Therefore, the aim of this study was to compare the over-
all structure, thermodynamic stability, aggregation pro-
pensity, and proteolysis resistance of PEGylated AAT
using PEGs of different lengths and structures, and differ-
ent linking chemistries at two separated sites. The results
obtained indicated that whatever the size/structure of the
PEG and the site of conjugation, PEGylation had no
effect on the structure and stability of the protein. On the
other hand, the PEG size, PEG structure, and PEGylation
site had a significant effect on the protection conferred to
the protein against heat-induced aggregation and proteol-
ysis. Conjugation of a 2-armed 40 kDa PEG to the cyste-
ine232 residue resulted in the best resistance to heat-
induced polymerization and proteolysis.

2 | RESULTS

2.1 | Chemical-induced unfolding
transitions of AAT

According to the unfolding kinetic studies of AAT dena-
turation at different concentrations of GdmCl, the equi-
librium is reached within 10 min. To ensure that the
equilibrium is reached at all denaturant concentrations,
all the GdmCl-induced unfolding samples were incu-
bated at 25�C overnight before being analyzed.

The fluorescence spectrum of native AAT shows a
wavelength of maximum fluorescence (λmax) at around
330 nm (Figure 2a insert), indicating that the two trypto-
phan residues (Trp194 and Trp238) (or at least the one
with the highest contribution) are relatively embedded
within the core of the protein. Trp194 is at the top of
β-sheet A and Trp238 on β-sheet B,23 which is shown in
Figure 1. With the increase of GdmCl concentration, the
fluorescence intensity first increases and reaches its maxi-
mum at 2 M GdmCl; then it decreases as the GdmCl
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concentration increases up to 6 M. As shown in
Figure S1, the thermodynamic stability of the protein
cannot be computed based on the unfolding curves moni-
tored by the fluorescence intensity at a single wavelength
(i.e., either at 330, 336 or 360 nm). The changes in wave-
length at the maximum fluorescence (λmax), exhibit, on
the other hand, a clear double-sigmoid profile (Figure 2a)
suggesting that the tertiary structure is denatured accord-
ing to a three-state model (N $ I $ U). The first transi-
tion occurs between 0.7 and 1 M GdmCl, where the
native protein (N) unfolds cooperatively into an interme-
diate state (I), followed by the second transition (from
1 to 4 M GdmCl) to the unfolded state (U). At 4–6 M
GdmCl, the λmax reaches a plateau, indicating that the
protein is fully unfolded. The values of the thermody-
namic parameters are calculated assuming a three-state
unfolding model and Equation (1) (Figure 2a and
Table 1). AAT has a ΔG�

NI(H2O) of 13.7 ± 2.3 kJ�mol�1

and ΔG�
IU(H2O) of 14.2 ± 0.7 kJ�mol�1, and the mid-

transition denaturant concentration of each transition
(Cm) is 0.8 and 2.4 M, respectively.

Figure 2b insert shows the far UV-circular dichroism
(CD) spectrum of AAT in the presence of different con-
centrations of GdmCl. The spectrum of native AAT
shows negative maxima at 208 and 222 nm, indicating
that AAT is an alpha helix-dominated protein, which is
in agreement with the secondary content determined

from X-ray crystallographic data: 33% in alpha-helices
(9 alpha-helices), 28% in beta-sheet (3 beta-strands), and
39% in loops/unstructured.27 In 6 M GdmCl, the CD sig-
nal is near to 0, indicating the full denaturation of the
secondary structures. The unfolding transition monitored
at 222 nm, exhibits a double-sigmoid profile (Figure 2b)
suggesting that the secondary structure is also denatured
according to a three-state model. Thus, the characteristic
thermodynamic parameters are computed with the help
of Equation (1), assuming a three-state unfolding model
(Figure 2b and Table 1). The ΔG�

NI(H2O) is 16.3
± 2.3 kJ�mol�1 and ΔG�

IU(H2O) is 13.1 ± 0.8 kJ�mol�1;
these values are similar to those derived from fluorescent
measurements within the error limit. The Cm values of
both transitions (0.8 ± 0.2 and 2.4 ± 0.1 M) are also simi-
lar to the one obtained from fluorescence measurements.

The ANS-bound fluorescence increases when ANS
binds to the exposed hydrophobic clusters, which makes
it a commonly used tool to detect the intermediate spe-
cies exposing such clusters upon the unfolding of a pro-
tein.28 Figure 2c insert shows the ANS-bound spectrum
of AAT in the presence of various concentrations of
GdmCl. ANS binds to AAT in its native state, suggesting
the presence of hydrophobic clusters on the protein sur-
face; this is confirmed by the X-ray structure of the pro-
tein (Figure 1). With the increase in GdmCl
concentration, the ANS-bound fluorescence intensity at

FIGURE 1 (a) 3D structure of AAT (PDB: 2qug), generated by SWISS-MODEL.24 The arrows indicate the reactive center loop (RCL)

and the two PEGylation sites. (b) 3D structure of AAT with the two tryptophan residues highlighted. The A β-sheet is highlighted in red, the

B β-sheet in green, and the C β-sheet in yellow. The RCL is in purple. (c) The nine top-ranking surface pockets identified by SiteMap on

AAT. The green and the yellow ones are relatively hydrophobic. This figure is adapted from Tew et al.25 and Patschull et al.26
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480 nm first increased (from 0 and 1 M in GmdCl), then
it decreased to near 0. These results suggest that the
intermediate formed in the presence of 1 M GdmCl is
associated with the exposure of a hydrophobic cluster.

Figure 2d shows the normalized transitions moni-
tored by intrinsic fluorescence, far UV-CD, and ANS-
bound fluorescence. The normalized unfolding transi-
tions obtained by far UV-CD and intrinsic fluorescence
coincide indicating that the secondary and the tertiary
structures of the protein unfold cooperatively.

2.2 | Effect of PEGylation on structure
and stability of AAT

2.2.1 | Secondary and tertiary structures

Figure 3a shows the intrinsic fluorescence spectra of AAT
and PEGylated AAT in the native and unfolded states
(i.e., in 6.9 M GdmCl). The spectra of the different PEGy-
lated AAT exhibit the same λmax as AAT but show signifi-
cantly higher fluorescence intensity in their native state.

FIGURE 2 (a) GdmCl-induced unfolding transition of AAT monitored by intrinsic fluorescence (i.e., by λmax). The insert shows the

intrinsic fluorescence spectra of AAT in the presence of various concentrations of GdmCl. With the increase of GdmCl concentration, the

fluorescence intensity first increased (0–2 M GdmCl) and then decreased (2–6 M GdmCl). A red shift (from approximately 330 to 355 nm) of

the wavelength of maximum fluorescence is observed. (b) GdmCl unfolding transition of AAT monitored by far UV-CD. The insert shows

the CD spectra of AAT in the presence of various concentrations of GdmCl. The CD signal decreased following a bimodal sigmoid. In 6 M

GdmCl, the CD signal is near to 0, indicating the full denaturation of the secondary structures. In A and B, the lines represent the best fit to

Equation (1) (c) GdmCl-induced unfolding transition monitored by ANS-bound fluorescence at 480 nm. The insert shows the ANS-bound

fluorescence spectra of AAT in the presence of various concentrations of GdmCl. The red line shows the fluorescence spectrum of free ANS

in 5.8 M GdmCl. ANS binds to AAT at native state, indicating the presence of hydrophobic clusters on the protein surface. With the increase

of GdmCl concentration, the ANS-bound fluorescence intensity at 480 nm first increases then decreases, indicating first a higher exposure of

hydrophobic patches followed by their unfolding. In the presence of >4 M GdmCl, the spectrum was superimposed with that of free ANS,

indicating that the hydrophobic patches were fully unfolded. (d) Normalized transitions monitored by intrinsic fluorescence (empty circle)

and far UV-CD (solid circle). The ANS-bound fluorescence intensity at 480 nm is also shown (empty triangle)
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The increase in fluorescence intensity is observed whether
the PEG moiety is attached via the W128-closed-by cysteine
232 or the farther N-terminus. Moreover, there is no obvi-
ous correlation between the amplitude of the increase in
fluorescence intensity and the length of the PEG. In the
presence of 6.9 M GdmCl, the spectra of PEGylated AAT
are similar to that of AAT, which indicates the full denatur-
ation of the tertiary structures of the PEGylated proteins.

Figure 3b shows the far-UV CD spectra of unmodified
and PEGylated AAT. The spectra of PEGylated AAT
show the same signal and shape, which confirms that
after PEGylation, there are no significant changes in the
secondary structure whatever the position and the length

of the PEG. In the presence of 6.9 M GdmCl, the CD sig-
nals of all the proteins are near 0, indicating that all the
proteins are fully unfolded.

2.2.2 | Thermodynamic stability

Figure 4a shows the normalized GdmCl unfolding transi-
tion of AAT and PEGylated protein monitored by intrin-
sic fluorescence. Whatever the length and the position of
the PEG chain, PEGylated AAT unfolds according to a
three-state transition. The unfolding curves of PEGylated
AAT are superimposed with that of unmodified AAT,

TABLE 1 Thermodynamic parameters derived from the GdmCl-induced unfolding transition of AAT and PEG-AAT, based on intrinsic

fluorescence measurement (i.e., changes in wavelength at the maximum fluorescence) and far UV-CD (at 222 nm). The transitions were

analyzed assuming a three-state unfolding model.

Protein
ΔG�

NI(H2O)

(kJ�mol�1)
mNI

(kJ�mol�1�M�1)
CmNI

(M)
ΔG�

IU(H2O)

(kJ�mol�1)
mIU

(kJ�mol�1�M�1)
CmIU

(M)

Intrinsic fluorescence

WT AAT 13.7 ± 2.3 17.4 ± 2.4 0.8 ± 0.2 14.2 ± 0.7 5.9 ± 0.3 2.4 ± 0.1

Linear PEGMA30k-AAT 13.5 ± 2.9 16.7 ± 3.0 0.8 ± 0.3 14.2 ± 0.9 6.0 ± 0.4 2.4 ± 0.1

Linear PEGMA40k-AAT 15.6 ± 2.6 19.7 ± 2.9 0.8 ± 0.2 14.3 ± 0.8 6.2 ± 0.3 2.3 ± 0.1

2-armed PEGMA40k-AAT 11.9 ± 3.1 15.5 ± 3.1 0.8 ± 0.3 13.7 ± 1.4 5.8 ± 0.6 2.4 ± 0.2

2-armed PEGAL40k-AAT 13.0 ± 3.0 17.5 ± 3.3 0.7 ± 0.3 13.3 ± 0.8 5.6 ± 0.4 2.4 ± 0.1

Far UV-CD

WT AAT 16.3 ± 2.3 20.4 ± 2.3 0.8 ± 0.2 13.1 ± 0.8 5.5 ± 0.5 2.4 ± 0.1

Linear PEGMA30k-AAT 13.1 ± 2.5 15.5 ± 2.7 0.8 ± 0.3 14.4 ± 0.9 6.0 ± 0.6 2.4 ± 0.1

Linear PEGMA40k-AAT 15.6 ± 1.9 17.9 ± 1.9 0.9 ± 0.2 13.2 ± 1.8 5.4 ± 0.6 2.5 ± 0.2

2-armed PEGMA40k-AAT 14.5 ± 3.7 15.9 ± 3.2 0.9 ± 0.3 14.9 ± 0.9 6.0 ± 0.3 2.5 ± 0.2

2-armed PEGAL40k-AAT 13.0 ± 2.7 16.0 ± 3.2 0.8 ± 0.3 13.0 ± 0.9 5.6 ± 0.4 2.3 ± 0.1

FIGURE 3 Fluorescence and far UV-CD spectra of AAT and PEGylated AAT in the absence of GdmCl (solid lines) and in the presence of

6.9 M GdmCl (dashed lines). (a) Intrinsic fluorescence spectra. The wavelength of maximum fluorescence of PEGylated AAT in the native state is

�330 nm, while in the denatured state (in the presence of 6.9 M GdmCl) is�355 nm, indicating the full denaturation of the tertiary structure. (b) Far

UV-CD spectra. AAT and PEG-AAT share an identical CD spectrum, indicating that the secondary structure is not modified upon PEGylation
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indicating that PEGylation does not significantly affect
the thermodynamic stability of the protein. A non-linear
fit is performed using Equation (1) to all the non-
normalized transition curves, which results in similar
thermodynamic parameters within experimental errors
for unmodified and PEGylated proteins (Table 1).

As monitored by intrinsic fluorescence, AAT has a
ΔG�(H2O) value of 13.7 ± 2.3 and 14.2 ± 0.7 kJ�mol�1,
and the Cm value of 0.8 ± 0.2 and 2.4 ± 0.1 M for the first
and second transitions, respectively. As shown in Table 1,
PEGylation did not change the thermodynamic parame-
ters of AAT significantly.

The unfolding transitions were also monitored by the
CD signal at 222 nm. Figure 4b displays the normalized
unfolding transitions. The transition curves of PEGylated
AAT are superimposed with that of AAT, suggesting that
the PEGylation does not affect the unfolding of the sec-
ondary structure of AAT. A satisfactory fit was obtained
using Equation (1) to each transition curve before normali-
zation. The analysis gives a similar ΔG�(H2O) value of
AAT of 16.3 ± 2.3 and 13.1 ± 0.8 kJ�mol�1 (Table 1) and
Cm value of 0.8 ± 0.2 and 2.4 ± 0.1 M for the first and sec-
ond transitions. PEG-AAT showed similar thermodynamic
parameters monitored by far UV-CD (Table 1), indicating
that PEGylation did not drastically alter the stability of
AAT towards GdmCl-induced unfolding.

As shown in Figure 2c, the transitions of PEGylated
proteins monitored by ANS extrinsic fluorescence are
superimposed with that of AAT, with the same maxima
at 1 M and decreasing signal from 1 to 3 M GdmCl, sup-
porting the results from intrinsic fluorescence and far-UV
CD measurements that PEGylation did not influence the
stability of AAT to GdmCl-induced unfolding.

The activity of the samples refolded from GdmCl-
induced unfolded protein (6 M) were determined by mea-
suring their ability to inhibit human sputum elastase
(hNE) activity (Figure S3). The refolded samples showed
similar hNE inhibition capacity as the native proteins.
This indicates that the GdmCl-induced unfolding of AAT
is largely reversible and that the PEGylation does not
interfere with the refolding process.

2.3 | Heat-induced unfolding transitions

2.3.1 | Intrinsic fluorescence and far UV-CD
spectra of AAT

To determine the appropriate wavelength to monitor
thermal-induced denaturation of AAT and PEGylated
AAT, the fluorescence and far-UV CD spectra of AAT at
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480 nm (c). The insert in (c) shows the ANS-bound fluorescence
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of the spectra are the same as in (c). AAT and PEG-AAT unfold in

a three-state transition. The unfolding curves of PEG-AAT are

superimposed with that of AAT, indicating that the PEGylation

does not affect the stability of AAT
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different temperatures were recorded (Figure 5). Panel
(a) shows the fluorescence spectrum of AAT at 25�C
(solid line), 65�C (dotted line), and 95�C (dashed line). At
65�C, the fluorescence maximum (λmax) shifted to higher
wavelength (i.e., 340 nm), with a slight decrease in fluo-
rescence intensity. At 95�C, the fluorescence intensity
dropped drastically; the λmax, however, barely changed.
The most significant difference in the fluorescence inten-
sity occurs at around 324 nm; therefore, this wavelength
was chosen to monitor the thermal unfolding of the pro-
teins. In the far-UV CD spectra (panel (b)), the CD signal
decreased with increasing the temperature, especially for
the negative minimum at 222 nm. However, at 95�C, the
spectrum suggests that a significant amount of secondary
structure is still present. When AAT is fully denatured,
the λmax in fluorescence shifts to approximately 355 nm
and the CD signal is nearly 0, which is neither the case
with AAT at high temperature. This may suggest that at
high temperature, AAT is not completely denatured. This
is however not likely the case since the apparent Tm

observed was around 57�C (see below). Therefore, it is
more likely that the unfolded protein had significantly
aggregated. The heated AAT shows no elastase inhibition
activity (Figure S3), which supports that the thermal
denaturation of AAT is not reversible most likely due to
the aggregation of the protein. Thus, transition moni-
tored by intrinsic fluorescence will only allow to grossly
evaluate if the PEGylation has an effect on the thermo-
stability through the Tm

app value.

2.3.2 | Effect of PEGylation on the thermal
stability of AAT

Figure 6a,b shows the thermal transitions of the unmodi-
fied and PEGylated AAT monitored by intrinsic fluores-
cence at 324 nm. All the transitions show a linear
decrease in fluorescence intensity from 25 to 50�C, which
corresponds to the pre-transition baseline. With the con-
tinuous increase of the temperature, the fluorescence
intensity increased and peaked at around 60�C. From
60 to 70�C, the fluorescence intensity linearly decreased
and corresponded to the post-transition baseline. The
transition curves monitored by intrinsic fluorescence
were fitted using Equation (2). As shown in Table 2, AAT
and PEG-AAT showed a similar mid-transition tempera-
ture (Tm

app) around 57–58�C.
Figure 7 shows the changes of the averaged hydrody-

namic size of unmodified and PEGylated AAT with the
increase in temperature. The hydrodynamic diameter of
AAT and PEGylated AAT at different temperatures were
measured by Malvern Zetasizer Ultra. AAT had a size of
6.2 ± 0.1 nm at 25�C, which was unchanged until 55�C.
The size of heated protein increased gradually and
reached 16.1 ± 0.9 nm from 55 to 97�C, indicating the
formation of aggregates. The aggregates started to accu-
mulate at around 55�C, which corresponded roughly to
the Tm

app derived from the thermal unfolding experi-
ments monitored by intrinsic fluorescence. This observa-
tion further supports that the irreversibility of the heat-
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induced denaturation is due to the aggregation of
unfolded protein. The normalized data show that the rel-
ative size of AAT significantly increased starting from
55�C, while for PEG-AAT the increase started at around
60�C. Since the Tmapp measured by far UV-CD is similar
whether the protein is PEGylated or not, these results
suggest that the PEG moiety act by decreasing the

intermolecular interactions between unfolded molecules.
In addition, at 95�C, the size of PEG-AAT was approxi-
mately 1.6-fold larger than the native monomers. While
for AAT, the size almost tripled at 95�C. The inhibition of
the aggregation is similar whatever the PEGylation site
and length.

The effect of PEGylation on the irreversible aggrega-
tion of AAT was also monitored by SEC following treat-
ment at 70�C for 1 h. The samples were left to return to
RT before analysis. Insoluble aggregates in thermally-
denatured samples were first removed by filtering
through a 0.22-μm cut-off membrane. The soluble aggre-
gates were quantified by SEC. As shown in Figure 8 and
Figure S2, the content of AAT and PEG-AAT remaining
in solution was determined by analyzing the peak area
percentage of the chromatograms. Both AAT and PEG-
AAT show an increase of aggregation after thermal dena-
turation. The chromatogram of AAT after denaturation
shows 32.7% of the native monomers (the peak at 16 ml),
which represents a 60% decrease compared to the control
sample. Besides the monomers, there are several peaks
eluting earlier than the monomer, which correspond to
aggregated species (54.7%). Worth mentioning that the

TABLE 2 Apparent mid-transition temperature (Tm
app) of AAT

and PEG-AAT during thermal denaturation

Proteins

Tm
app from intrinsic

fluorescence
measurements (�C)

AAT 57.2 ± 0.3

Linear PEGMA30k-AAT 57.3 ± 0.2

Linear PEGMA40k-AAT 57.8 ± 0.3

2-armed PEGMA40k-AAT 58.1 ± 0.2

2-armed PEGAL40k-AAT 57.8 ± 0.3

Note: Thermal induced unfolding of AAT and PEGylated AAT was followed
by intrinsic fluorescence at 324 nm. The transition curves were fitted using

Equation (2) by GraphPad Prism 8.

FIGURE 7 Heat-induced aggregation of AAT and PEG-AAT monitored by DLS. (a) AAT and thiol PEGylated AAT. (b) AAT, 2-armed

PEGMA40k-AAT and 2-armed PEGAL40k-AAT. (c, d) show the normalized data from (a, b). PEGylated AAT has larger hydrodynamic

diameter than AAT. As the temperature increases, the size of AAT and PEG-AAT stayed unchanged until 55�C, followed by a gradual

increase. DLS, dynamic light scattering
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aggregates measured by dynamic light scattering show
the most abundant entities at 23 nm, which would
remain in the solution after filtration through 0.22 μm
cut-off membrane. The non-filtered heated samples show
increased UV absorbance at 350 nm, indicating the pres-
ence of insoluble aggregates, which were removed by fil-
tration. Following N-terminal PEGylation with 2-armed
40 kDa PEG-AL, the aggregation content was signifi-
cantly decreased (only 25.7%). Following thiol PEGyla-
tion, the linear PEG-MA modified AAT showed an even
lower content of aggregates. Two-armed PEGMA40k-
AAT showed the best resistance to polymerization, as
there was only 13.5% of the aggregates. The remaining
activity of the heated samples was determined by an elas-
tase inhibition assay. As shown in Figure S3, the hNE
activity was completely inhibited by native unmodified or
PEGylated AAT at a hNE:AAT molar ratio 1:1, while it
was not inhibited at all by heated AAT products. The
heated PEGylated AAT did not therefore present any
hNE inhibition capacity despite the fact that heat-
induced aggregation was reduced. This demonstrated
that the activity of unmodified and PEGylated AAT was
fully and irreversibly lost after heating.

2.4 | Stability to proteolysis

AAT is a serine protease inhibitor, which can inhibit a
wide range of proteases, including the serine protease
family and cysteine proteases family.29 Matrix metallo-
proteinases (MMPs) were reported to digest AAT without
being directly inhibited by AAT.30 This family of prote-
ases is produced by inflammatory cells (neutrophils and

alveolar macrophages). The expression of matrix metallo-
proteinase 13 (MMP-13) is increased in the lungs of
COPD patients.31 Therefore, it is of interest to investigate
the resistance of AAT and PEG-AAT to this protease. As
shown in Figure 9, after exposure to MMP-13 for 3, 5,
and 27 hr, AAT and PEG-AAT show activity loss as the
time of exposure increases. AAT is vulnerable to MMP-13
proteolysis; it indeed loses approximately 50% of its
capacity to inhibit hNE after 3-hr exposure to MMP-13
and it loses all its activity after 27 hours. PEG-AAT shows
stronger resistance to MMP-13. At 3 hours, all PEG-AAT
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FIGURE 8 Size exclusion chromatograms of AAT and PEG-AAT after heat treatment (70�C, 1 h). The control samples at the same

concentration were kept at room temperature for 1 h. The large insoluble aggregates were primarily removed by filtration through 0.22 μm
cut-off membrane. PEG-AAT showed less aggregates after heating than AAT. Thiol PEGylated AAT has better resistance to heat-induced

aggregation than N-terminal PEGylated AAT
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FIGURE 9 The hNE inhibition activity (AAT or PEG-AAT:

hNE molar ratio was 1:1) of AAT and PEG-AAT after exposure to

the protease MMP-13 for 3, 5, and 27 hr. With the exposure to

MMP-13, AAT loses more rapidly its hNE inhibitory activity

compared with PEG-AAT. Two-armed PEGMA40k-AAT maintains

>65% of the activity after 27 hr exposure. Statistical differences

were analyzed by fitting a mixed model in GraphPad Prism 8. The

star marks on top of each bar indicate significant difference

(*p < .05, **p < .01) that bar to AAT

LIU ET AL. 9 of 18



loose less than 20% of their activity. With longer expo-
sure, AAT conjugated to 2-armed PEG molecule shows
lower activity loss than the ones conjugated to linear
PEG. After 27-hour exposure, two-armed PEG-AAT still
preserves 66 ± 2% of activity. These results highlight that
PEGylation significantly improves the proteolytic resis-
tance of AAT. This proteolytic resistance is enhanced by
increasing the PEG molecular weight or changing the
PEG structure; indeed 2-armed PEG confers the best
enhancement of proteolytic resistance.

3 | DISCUSSION

In this study, the overall structure, thermodynamic sta-
bility, aggregation propensity, and proteolysis resistance
of PEGylated versions of AAT were compared to unmodi-
fied AAT. The PEG molecules used were linear 30 kDa,
linear 40 kDa, and 2-armed 40 kDa. These PEGs were
selected as they are applied in clinically-approved PEGy-
lated proteins; they represent the largest sizes used and
have a size comparable to that of AAT. We chose to
investigate N-terminal PEGylation of AAT32 as it has not
been previously reported. Although thiol PEGylation has
been previously investigated by Cantin et al., the
authors did not mention whether the disulfide bridge
between the Cys232 and the cysteine cap was reduced
before the PEGylation.33 Therefore, we also chose this
PEGylation site and chemistry to confirm and complete
Cantin's work.

3.1 | Effects of PEGylation on the
secondary and tertiary structures of AAT

The far-UV CD spectrum of unmodified and PEGylated
AAT shows that the secondary structure of AAT is not
significantly affected by both thiol and N-terminal PEGy-
lation. Among numerous studies concerning PEGylation
of a protein, an alteration of protein secondary structure
was seen only in the cases where a large PEG was used,
which often combined with some loss of activity. For
instance, Chiu et al. found that the conjugation of a
20 kDa PEG to trypsin caused a significant loss in its sec-
ondary structure, especially α-helices, and in its biologi-
cal activity.34 In this case, however, the reaction was not
site-selective and there were multiple PEGylation sites.
In the cases of mono-PEGylation to a selective PEGyla-
tion site, PEGylation usually does not alter the protein
secondary structure.9,17,19,35,36 As for the tertiary struc-
ture, the PEGylated AAT showed the same λmax in fluo-
rescence spectra as that of AAT, suggesting that there
were no significant structural changes in the

environment of the tryptophan residues, and thus of the
tertiary structure of the protein upon PEGylation. In
addition, the ability of AAT to inhibit human neutrophil
elastase was fully preserved after PEGylation, as previ-
ously described.32 An increase in intrinsic fluorescence
intensity is however observed for the PEGylated AAT
compared to AAT. With thiol PEGylation, the linear
PEGMA30k-AAT and 2-armed PEGMA40k-AAT showed
higher fluorescence intensity than the linear
PEGMA40k-AAT. In the native state, the fluorescence of
the tryptophan residues may be quenched by the disul-
fide bond between Cys232 and the cysteine cap.37 When
conjugating a PEG-maleimide to Cys232, the disulfide
bond between Cys232 to the additional cysteine cap no
longer exists, thus its quenching should not be present
anymore, causing the increase of the intrinsic fluores-
cence intensity. Other studies show that PEGylation can
decrease the protein intrinsic fluorescence38 or has no
effect.39–41 The decrease of intrinsic fluorescence in
β-lactoglobulin (β-LG) after PEGylation was explained as
a combined action of the shielding effect of the PEG
chain and the exposure of the Trp residues to the solvent
upon PEGylation.38 In the case of granulocyte colony-
stimulating factor (G-CSF), PEGylation at two different
sites (Lys41 and Gln135) resulted in unchanged or
increased intrinsic fluorescence intensity, respectively.38

PEGylated AAT displays the same biological activity
as AAT, indicating that PEGylation does not affect the
structure of the most important part of this protein, the
reaction center loop (RCL).32 These results are in line
with Zhu et al.42 and Cantin et al.33 It is reported from
several studies that PEGylation does not alter the tertiary
structure of a protein substantially. Plesner et al. reported
the PEGylation of bovine serum albumin and recombi-
nant human factor VIIa, respectively, and their results
showed identical near UV-CD spectra of unmodified and
PEGylated proteins.36 Rodrίguez-Martίnez et al. reported
that no major spectral changes were observed as a result
of PEGylation of α-chymotrypsin.17 Guichard et al.35

demonstrated that mono-PEGylated recombinant human
deoxyribonuclease I (rhDNase) shared the same intrinsic
tryptophan fluorescence spectrum as the unmodified
rhDNase, in which case the PEGylation site was the N-
terminal residue, which is distant from all four trypto-
phan residues.

3.2 | Effects of PEGylation on
thermodynamic stability

The thermodynamic stability of AAT and PEGylated
AAT was determined by intrinsic fluorescence, far-UV
CD, and ANS-bound fluorescence measurements in the

10 of 18 LIU ET AL.



presence of increasing concentrations in GdmCl. The
reversibility of GdmCl-induced unfolding of AAT and
PEGylated AAT was established by an hNE inhibition
assay of refolded AAT samples.36 After refolding, the
hNE inhibition capacity of AAT and PEGylated AAT was
fully regained. Both fluorescence and far-UV CD data
show that AAT and PEGylated AAT unfold via a three-
state transition (N ⇋ I ⇋ U, where N represents the
native state, I the intermediate state, and U the unfolded
state), with the Cm value around 0.8 and 2.4 M, respec-
tively, which is in good agreement with previous
reports.25,43–45 However, the ΔG values from different
studies vary. Krishnan et al. reported both ΔG�

NI(H2O)

and ΔG�
IU(H2O) as 16.7 kJ�mol‑1,44 while in the study of

Tew et al., ΔG�
NI(H2O) was 19.7 kJ�mol�1 and ΔG�

IU(H2O)

was 25.5 kJ�mol‑1.25 Hence, the concentration of GdmCl
at which the intermediate is formed varies from 1.0 to
1.5 M.44,47 In these two studies, the unfolding curves
were monitored by far-UV CD. Our data (ΔG�

NI(H2O)

as 16.3 ± 2.3 kJ�mol�1 and ΔG�
IU(H2O) as 13.1.0

± 2.4 kJ�mol�1) are in better agreement with Krishnan
et al. The superimposition of transitions monitored by
fluorescence and far-UV CD indicates the simultaneous
denaturation of the secondary and tertiary structures for
unmodified and PEGylated AAT. This denaturation pro-
file suggests that the protein behaves as two structurally
independent domains that cooperatively unfold inde-
pendently. It was reported that the intermediate of AAT
formed upon chemical unfolding involved only the A
and C β-sheet, while the B β-sheet was intact, which cor-
responds to our proposition that the protein unfolds as
two domains independently. For example, Tew et al.
show that the A β-sheet undergoes a conformational
change resulting in the increased exposure of Trp194 to
solvent in 3.5 M urea, while no change in the B β-sheet
(where Trp238 is located) is observed.25 Similarly, Krish-
nan et al.44 demonstrate that the chemical unfolding
intermediate of AAT contains an intact B β-sheet. Tsut-
sui et al., using H/D exchange experiments, suggested
however that the unfolding of AAT involved a coopera-
tive transition to a molten globule form, followed by a
non-cooperative transition to a random-coil form as
more guanidine was added. Thus, the entire AAT mole-
cule consists of one cooperative structural unit rather
than multiple structural domains with different
stabilities.43

For all proteins investigated in the present study, the
transition curves monitored by ANS-bound fluorescence
show an increase in fluorescence intensity up to around
1 M GdmCl, followed by a decrease in intensity at higher
GdmCl concentrations. The increase of ANS-bound fluo-
rescence upon the first transition might be due to the

exposure of a hydrophobic cluster at the interface of the
two domains. The cluster is likely to be denatured at
higher denaturant concentrations.

The free energy of each protein was obtained by
adjusting the experimental transition curves by
Equation (1) (Table 1). All the proteins share a similar
ΔG�(H2O) value within the experimental error (12–
16 kJ�mol�1). The ΔG�(H2O) and Cm values for the first
and second transitions of AAT did not change drastically
after PEGylation. These results highlight that the confor-
mational stability of AAT towards chemical denaturant is
not significantly altered upon PEGylation.

García-Arellano et al.18 reported that the thermody-
namic stability of Cytochrome C (12.4 kDa) decreased
after conjugating a 5 kDa PEG: the ΔG�(H2O) of PEGy-
lated Cytochrome was 7.3 kJ�mol�1, while that of the
unmodified protein was 25.1 kJ�mol�1 Similarly, Sorret
et al.48 found that the ΔG�(H2O) of recombinant human
interleukin-1 receptor antagonist (rhIL-1ra), a 17 kDa
cytokine inhibitor, decreased by 22.6 kJ�mol�1 upon con-
jugation to a 20 kDa PEG chain.

Interestingly, as shown in Figure 3, ANS binds to
AAT and PEGylated AAT in the native state. Elliott
et al.49 also observed ANS-binding to native AAT. The
native state of AAT is meta-stable, which does not corre-
spond to the most stable conformation that its sequence
can adopt.50,51 Indeed, upon binding to its cognate prote-
ase, AAT undergoes a massive conformational change, in
which the RCL inserts into β-sheet A, becoming the sixth
strand. The resulting conformation is more stable than
the initial native structure.46,52 Inspecting the crystal
structure of AAT, a hydrophobic pocket that is lined by
two of A β-sheets and α-helices D and E (Figure 1, purple
area on the right) is observed,53 which plays a crucial role
in the polymerization of misfolded AAT.54,55 Another
hydrophobic surface was detected as shown in Figure 1
(purple area on the left), where locates one of the trypto-
phan residues (Trp194). These hydrophobic areas are
likely the binding region for ANS.

3.3 | Effect of PEGylation on thermal
stability

The apparent mid-transition temperatures (Tm
app) of

AAT and PEG-AAT monitored by intrinsic fluorescence
intensity at 324 nm are similar (�57.6 ± 0.3�C). AAT and
PEGylated AAT did not recover any activity after heat
treatment. The DLS and SEC analyses of the denatured
samples proved that the thermal denaturation of unmodi-
fied and PEGylated AAT is associated with significant
aggregation. Previous studies have shown that heat-
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induced denaturation of AAT is a concentration-
dependent aggregation process.56,57

The results of size distribution data illustrate that the
polymerization starts from around 50 to 55�C for AAT
and 60 to 65�C for PEG-AAT. This suggests that aggrega-
tion occurs following heat denaturation possibly from
unfolded species. Haq et al. have shown that an AAT
intermediate is formed upon heating between 25 and
95�C.58 The PEG-AAT has a lower tendency to aggregate
indicating that PEGylation prevents intermolecular inter-
actions as previously reported by Roque et al.59 They
demonstrated that the conjugation of two 30 kDa PEG-
maleimide to a monoclonal antibody fragment (Fab') pro-
tected it against the formation of heat-induced large
aggregates and precipitation, possibly by sterically hin-
dering intermolecular association between partially
unfolded protein molecules.59 N-terminal PEGylation of
granulocyte colony-stimulating factor (GCSF) with a
20 kDa PEG prevents protein precipitation, and slows the
aggregation rate.60 However, PEG-maleimide conjugation
to the Cys17 of GCSF, enhances the tendency of GCSF to
aggregate.61 These results suggest that the PEGylation
site has a strong influence on protein aggregation.

The results of the SEC analysis also support that the
effects of PEGylation on the properties of the protein are
site-specific in the case of AAT. AAT shows weak resis-
tance to thermal-induced aggregation. Among all the
PEGylated protein, 2-armed PEGMA40k-AAT presents
the highest content in monomers after thermal denatur-
ation, with a loss of only 15% of monomeric proteins.
Although at least 30% of the protein molecules remained
monomeric after thermal denaturation, the hNE inhibi-
tion assay showed the complete loss of activity in all sam-
ples. This indicates that after heating, either polymerized
or monomeric AAT are inactive, which is in agreement
with the findings from Persson et al.62 and Lomas et al.57

These authors indeed reported that when heating at high
temperature (i.e., 65–68�C), the uncleaved RCL can be
stably incorporated into the A β-sheet, which is charac-
terized as latent AAT. Latent AAT is inactive44 but more
resistant to heat-induced polymerization.63,64 Therefore,
it is likely that the monomeric species present in the
heat-treated sample are latent AAT. In our case, thiol
PEGylated AAT showed better resistance to heat-induced
polymerization than N-terminal PEGylated AAT. This
observation suggests that thiol-PEGylation favors the for-
mation of the latent state of AAT upon heating, although
this should be further verified experimentally. In the case
of GCSF, N-terminal PEGylated GCSF is more stable
than the thiol-PEGylated one.60,61 This indicates that the
influence of the PEGylation site on protein thermal sta-
bility differs between proteins and that it is difficult to
predict the effects for a given protein.

3.4 | Effect of PEGylation on the stability
toward proteolysis

PEGylation is often used to increase the stability of a
therapeutic protein to proteolysis. Zhang et al. demon-
strated that the conjugation of 2–10 kDa PEG on lysine
residue of fibronectin enhanced its resistance to proteoly-
sis.65 Similar effect was reported with fibronectin PEGy-
lated on a cysteine residue by thiol PEGylation.66 Danial
et al. showed that conjugating a 2 kDa PEG to the pep-
tides derived from the HR1 or HR2 regions of the HIV-1
envelope glycoprotein gp41 resulted in an increase of
3.4-fold in degradation half-life against trypsin.67 How-
ever, the mechanism behind this is not yet thoroughly
investigated. The prominent explanation of the proteo-
lytic protection conferred by PEG is the steric shielding
effect, which impedes the access of proteases towards the
protein.10 Nevertheless, this shielding effect can some-
times result in the loss of affinity for its physiological
partners or of its activity. Growth hormone antagonist
(GHA), a 22 kDa protein, loses its binding affinity after
conjugating to a 40 kDa PEG at the N-terminus.11

Pegaptanib®, the PEGylated aptamer against vascular
endothelial growth factor (VEGF) with a 2-armed 40 kDa
PEG, preserves only 25% of the in vitro binding affinity,
compared with its unconjugated counterpart.12 Nonethe-
less, the tremendous increase in half-life (9 days for
Pegaptanib® versus 30 min for unconjugated anti-VEGF)
offsets the loss of activity, leading to an overall better
therapeutic value. Similarly, Pegasys®, a PEGylated
interferon-α-2a, preserved only 7% of the in vitro activity
but showed an excellent in vivo efficacy.12Our results
showed that two-armed PEGMA40k-AAT has the most
enhanced resistance to proteolysis. Moreover, the reduc-
tion of proteolysis is achieved without compromising the
biological activity.

4 | CONCLUSIONS

The main result of this systematic analysis of the effects
of PEGylation on AAT stability is that PEGylated ATT is
less sensitive to proteolysis than unconjugated AAT while
PEGylation has no effect on the structure and thermody-
namic stability of the protein. The protection towards the
MMP-13 protease is the highest upon thiol-PEGylation
with a 2-armed 40 kDa PEG. Therefore, 2-armed
PEGMA40-AAT could be a promising candidate to pro-
long the half-life of AAT after its infusion or inhalation
in AAT-deficient patients and therefore decrease the fre-
quency of administrations. These improvements will both
decrease the cost of treatment and increase the patient
compliance. Further studies using relevant rodent models
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(i.e., AAT-deficient mice or animals with COPD) are
however needed to confirm these results in vivo.

5 | MATERIALS AND METHODS

5.1 | Materials

The wild-type AAT was purified by size exclusion chro-
matography (SEC) from a commercial human AAT prod-
uct – Pulmolast® (Lamepro, Breda, The Netherlands).
The linear 30 kDa, 40 kDa, and 2-armed 40 kDa PEG-
maleimide and linear 30 kDa, 40 kDa, and 2-armed
40 kDa PEG-aldehyde were purchased from NOF Europe
GmbH (Frankfurt, Germany). The hNE and its substrate
N-Succinyl-Ala-Ala-Ala-pNitroanilide were purchased
from Elastin Products Company, Inc. (Owensville, MO).
The other reagents, if not mentioned specifically, were
from Sigma-Aldrich, Inc. (Overijse, Belgium).

5.2 | Production and purification of
mono-PEGylated AAT

The synthesis of mono-PEGylated AAT was as described
previously.32 Briefly, a 2-armed PEG-aldehyde (2-armed
PEGAL40k) was used in N-terminal PEGylation which
was carried out in 20 mM succinate buffer, pH 6, in the
presence of 11.5 μM of sodium cyanoborohydride
(NaCNBH3). The concentration of AAT in the reaction
mixture was 10 mg�ml�1 and the molar ratio of PEGAL
to AAT was 2:1. The reaction was carried out overnight
with mild agitation at room temperature. Linear or
2-armed PEG-maleimide of 30 kDa or 40 kDa (linear
PEGMA30k, PEGMA40k, and 2-armed PEGMA40k) was
used for thiol PEGylation on the unique cysteine residue
(Cys232). However, Cys232 is cysteinylated.32 Therefore,
to access the thiol group, the purified AAT was first
reduced by 1.5 μM tris(2-carboxyethyl) phosphine
(TCEP) and then incubated at a concentration of
20 mg�ml�1 with PEGMA (molar ratio PEGAL:AAT of
4:1) for 1 hr with mild agitation in 10 mM NaH2PO4,
110 mM NaCl, pH 7.1. Both steps were carried out at
room temperature. The PEGylation sites of both reactions
are shown in Figure 1.

The mono-PEGylated AAT was purified by anion
exchange chromatography using a Mono Q 4.6/100 PE
column (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden). With 20 mM N(CH2CH2OH)3, 5 mM NaCl,
pH 7.5 as the start buffer and 20 mM N(CH2CH2OH)3,
250 mM NaCl, pH 7.5 as the elution buffer. A linear salt
gradient elution (between 0 and 100%) was performed.
The collected fractions were analyzed by SDS-PAGE

followed by silver staining, and the fractions containing
the mono-PEGylated AAT were pooled and concentrated
using VIVASPIN 15R sample concentrator (10,000 molec-
ular weight cut-off, Sartorius, Stonehouse, Gloucester-
shire, UK).

5.3 | Chemical-induced unfolding

5.3.1 | Preparation of samples

The protein concentration was determined by the absor-
bance at 280 nm where PEG has no signal contribution,
using Beer–Lambert Law with the extinction coefficient
of 19,940 M�1 cm�1.68 Samples containing 0.15 mg�ml�1

AAT or PEGylated AAT in DPBS buffer were incubated
overnight at 25�C in the presence of various concentra-
tions of GdmCl. The GdmCl concentration of each sam-
ple was determined by an R5000 refractometer from
ATAGO Co., Ltd. (Tokyo, Japan) using a refractive index
measurement.69 The same samples were used for intrin-
sic fluorescence and CD measurements. Afterwards, ali-
quots of the same samples were incubated with 20-fold
molar excess of ANS for ANS-bound fluorescence
measurements.

5.3.2 | Intrinsic fluorescence measurements

The intrinsic fluorescence spectra were recorded at 25�C
using a Cary Eclipse fluorescence spectrophotometer
equipped with a Peltier cell holder (Varian, Palo Alto,
CA), using a 0.4*1 cm pathlength quartz micro-cuvette.
The excitation and emission slit widths were both 5 nm
and a low scan speed (120 nm/min) was used. The high
voltage on the photomultiplicator (PMT) was 870 V. The
excitation wavelength was 280 nm, and the emission
spectra were recorded between 300 and 460 nm.

The unfolding kinetics study of AAT was carried out
as follows: 20 μl of 1 mg�ml�1 AAT solution was placed
in a 0.4*1 cm pathlength quartz micro-cuvette; 180 μl
DPBS or DPBS solution containing 1, 2, 3, 4, and 5 M of
GdmCl were added to the cuvette; immediately after mix-
ing the solution, the fluorescence intensity at 350 nm was
recorded every 0.1 min for 30 min following excitation at
280 nm; the excitation and emission slit widths were
5 nm, the high voltage on the PMT was 870 V.

5.3.3 | Far UV-CD measurements

CD signals were recorded with a J-810 spectropolarimeter
equipped with a Peltier cell holder (Jasco International
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Co., Ltd., Tokyo, Japan) using a 1-mm pathlength quartz
cuvette. The spectra were recorded at 25�C from 190 to
250 nm, with a scan speed of 50 nm�min�1, 1-nm band-
width and a 2-s integration time. Five spectra were
recorded, averaged, and corrected from the contribution
of the buffer alone. For GdmCl-induced unfolding, the
CD signal at 222 nm was recorded every 5 s for 5 min at
25�C, with a 1-nm bandwidth and a 4-s integration time.
The 36 values obtained were averaged and corrected from
the contribution of the buffer recorded under the same
conditions.

5.3.4 | ANS-bound fluorescence
measurements

The ANS-bound fluorescence spectra were recorded
using the same conditions as above for intrinsic fluores-
cence except that the excitation wavelength was 350 nm,
and the emission spectra were recorded between 400 and
660 nm. The fluorescence intensity at 480 nm (corrected
from the contribution of the buffer and GdmCl) was used
to monitor the transitions.

5.3.5 | Analysis of the data

The chemically-induced unfolding curves were moni-
tored by the fluorescence intensity at 330, 336, and
360 nm, as well as the wavelength of the maximum fluo-
rescence (λmax), determined from fitting each spectrum
with a Weibull five parameters equation model from Sig-
maPlot 12 (SPSS Inc., Chicago, IL) and the CD signal at
222 nm at 25�C corrected form the contribution of the
buffer alone.

The thermodynamic parameters were computed on
the assumption of a three-state model for the unfolding
reaction (N ⇋I⇋U). The transition curves were analyzed
according to the following equation70:

F¼ FN0 þp D½ �ð Þþ FI0ð Þ� e�αþ FU0 þq D½ �ð Þ� e�αe�β

1þ e�αþ e�αe�β

ð1Þ

where α¼ ΔG�
NI H2Oð Þ�mNI D½ �

RT , β¼ ΔG�
IU H2Oð Þ�mIU D½ �

RT , and where
F is the measured parameter (i.e., fluorescence intensity,
λmax or far UV-CD signal) at a given GdmCl concentra-
tion. FN0 , FI0 , and FU0 represent the values of this param-
eter for the native (N), intermediate (I), and unfolded (U)
states, in the absence of denaturant, respectively. ΔG�

NI

(H2O) and ΔG�
IU(H2O) are the difference in free energy

between N and I, I and U states, respectively. mNI and
mIU are the measures of the dependence of the free
energy on the denaturant concentration. [D] is the dena-
turant concentration. And p, and q are the slopes of the
pre-transition, and post-transition baselines, respectively.
R is the gas constant, and T is the absolute temperature.
CmNI and CmIU, the denaturant concentration at the
midpoint of each transition and are defined as Δ�GNI

(H2O)/mNI and Δ�GIU (H2O)/mIU, respectively. GraFit 3.09
(Erithacus Software Ltd., West Sussex, UK) and Sigma-
plot 12.0 (SPSS Inc., Chicago, IL) were used to perform
the non-linear fit of the data.

5.4 | Heat-induced unfolding

5.4.1 | Fluorescence measurements

For intrinsic fluorescence measurements, samples con-
taining 0.15 mg�ml�1 AAT or PEGylated AAT were pre-
pared in DPBS buffer at 25�C. A 1-cm pathlength quartz
micro-cuvette was used and mineral oil was added on
top of the protein solution surface to prevent evapora-
tion. The temperature was linearly increased from 25 to
95�C at 0.5�C�min�1. The excitation wavelength was
280 nm and the fluorescence intensity at 324 nm was
recorded every 0.5�C. The excitation and emission slit
widths were 5 nm. The high voltage on the PMT was
870 V. The actual temperature inside the sample was
recorded using a thermo-couple (PT200 differential ther-
mometer, IMPOT Electronics, Albertslund, Denmark).

5.4.2 | Size exclusion chromatography

Samples containing 0.15 mg�ml�1 AAT or PEGylated
AAT in DPBS buffer were incubated at 70�C for 1 hour
and then cooled down to room temperature. The heat-
ing temperature was selected based on the following
observations made by Lomas et al.63: (a) AAT in sodium
citrate only partially losses its activity when incubated
at temperature below 70�C for 24 h; (b) AAT tends to
remain monomeric until 70�C. Before the SEC analysis,
to remove the large aggregates, the samples were filtered
through a 0.22-μm cut-off membrane. Samples were
analyzed on a Superose 6 Increase 10/300 column
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden).
The relative content of the monomeric protein was cal-
culated from the peaks integration from the
chromatograms.
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5.4.3 | Dynamic light scattering
measurements

Samples containing 1 mg�ml�1 AAT or PEGylated AAT
in DPBS buffer at 25�C were analyzed in a 1 cm path-
length glass cuvette by Malvern Zetasizer Ultra (Sysmex
Belgium NV, Hoeilaart, Belgium) and mineral oil was
added on top of the protein solution to prevent evapora-
tion. The temperature was linearly increased from 25 to
95�C at 0.5�C�min�1. The hydrodynamic diameters were
measured three times every 3�C.

5.4.4 | Data analysis for thermal-induced
unfolding monitored by intrinsic fluorescence

The thermal unfolding curves monitored by intrinsic
fluorescence and ANS-bound fluorescence, were ana-
lyzed on the assumption of a two-state transition model
using the following equation71:

F ¼ FN þp T½ �ð Þþ FU þq T½ �ð Þ� ea

1þ ea
ð2Þ

where a¼�ΔHm 1� T½ �
Tmð Þ

RT , and where F is the measured vari-
able parameter; FN and FU represent the values of this
parameter for the native (N) and unfolded (U) states at
273K. [T] is the measured temperature in Kelvin. p and
q are the slopes of the pre-transition and post-transition
baselines. R is the gas constant and T is the absolute tem-
perature. Tm is the temperature of mid-transition and
ΔHm is the enthalpy value at Tm. The fluorescence data
above 70�C were excluded due to the presence of aggre-
gates in the samples. Since the transitions were not
reversible, only the apparent Tm (Tm

app) was considered
for the analysis. GraphPad Prism 8 (GraphPad Software,
San Diego, CA) was used to perform the non-linear fit of
the data.

5.5 | Inhibition of human elastase

The activity of native, refolded or denatured AAT and
PEGylated AAT were determined by monitoring their
ability to inhibit the activity of human elastase purified
from sputum.

The refolded proteins were prepared as follows: AAT
or PEGylated AAT were incubated with 6.9 M GdmCl for
at least 2 hr to assure the full unfolding of the proteins.
Afterwards, microdialysis in DPBS was performed to
remove >99.9% of the GdmCl as described previously.72

The fluorescence spectrum of the refolded samples was
recorded to confirm the folded state of the proteins.

The activity of hNE was measured according to Les-
tienne and Bieth.73 Briefly, 0.17 μM hNE was incubated
with 1.51 mM substrate N-Succinyl-Ala-Ala-Ala-
pNitroanilide (Tris-NaCl buffer, pH 7.5) in a 96-well
plate for 20 min at 37�C. Afterward, 0.17 μM of refolded
or heated AAT or PEGylated AAT samples were added
to the mixture and incubated for 40 min. During the
incubation, the absorbance at 410 nm of each sample
was recorded every 1 min. The changes in absorbance at
410 nm after adding AAT or PEGylated AAT were used
to quantify the hNE activity and the relative hNE activ-
ity was calculated using the changes of absorbance at
410 nm for hNE alone as control.

5.6 | Protein stability to proteolysis by
MMP-13

Unconjugated AAT and thiol PEGylated AAT were
incubated with matrix metalloproteinase-13 (MMP-13)
with a protein:MMP-13 M ratio of 30:1, in 50 mM Tris–
HCl, 250 mM NaCl, 5 mM CaCl2, pH 7, at 37�C. MMP-
13 was chosen as it has a proteolytic activity on AAT
without being inhibited by AAT.30 After 3, 5, and
27 hr, the remaining activity of AAT or PEG-AAT was
evaluated by the elastase inhibition assay as described
in Section 5.5 with the protein:hNE molar ratio of 1:1.
In parallel, protein samples were incubated in the
absence of MMP-13 under the same conditions and
was used as positive controls. The remaining hNE
activity was used to describe the activity loss of AAT or
PEG-AAT.
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SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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