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ABSTRACT: Insoluble (visible) aggregates of a homodimer fusion glycoprotein, consist-
ing of the first extracellular domain of a human protein, fused to the hinge, Cy2, and Cy3
domains of a human immunoglobulin Gy (IgGy), were observed during early formulation
development. The soluble fraction of the fusion protein was compared to the visible
aggregates by various biophysical techniques such as intrinsic and ANS fluorescence
emission, reducing and nonreducing SDS-PAGE, equilibrium folding and refolding
experiments in urea and guanidine hydrochloride in the absence and presence of
mercaptoethancl. Significant differences were observed between the visible aggregates
and the supernatant. Partial unfolding of the aggregated molecules was detected by
intrinsic and ANS flucrescence. Using urea and guanidine hydrochloride unfolding/
solubilization and refolding curves, it was possible to extrapolate that (i) the aggregates
were not covalently linked but tightly associated, (il) the fused domains of the protein
were unfolded but not invelved in the aggregation process, (iii) the Cy2 domains were
native-like, and (iv) the Cy3 domains were involved in the aggregation process. © 2005
Wiley-Liss, Inc. and the American Pharmacists Assoeiation J Pharm Sei 84:2069-2083, 2005
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INTRODUCTION

Protein aggregation is not only the source of
numerous human diseases,' ™ but also a critical
problem during the expression, purification, and
storage of therapeutic proteins.®®” It has been
hypothesized that protein aggregation occurs
stepwise, a slow phase of nuclei formation (soluble
oligomers) preceding a relatively fast growth phase,
resulting in the formation of insoluble aggre-
gates,®” either as unordered (amorphous aggre-
gates) or ordered (fibrils) structures. Nucleus
formation has been hypothesized to originate
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from partially unfolded intermediates, transient
species highly prone to aggregate. Thus, any
factors influencing the formation of such aggrega-
tion-prone species will significantly impact the
rate and extent of the aggregation process. It has
been shown that submitting the same protein to
slightly different destabilizing environments will
result in different types of aggregates, depending
on the conformation of the partially unfolded
species.’® Therefore, gaining basic information on
the physical behavior and chemical degradation
pathways*? of proteins under various condi-
tions is a key step of therapeutic protein formula-
tion development. Despite considerable efforts to
prevent if, protein aggregation is often encoun-
tered during formulation development of thera-
peutic proteins. Efficient solutions of such
aggregation issues require an understanding of
the cause and mechanism of aggregation, as well
as characterization of the aggregated material.
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Although mechanisms, causes, and kinetics of
aggregation have been extensively studied,’ 7
limited attention has been focused upon charac-
terization of vigible aggregates as means of identi-
{ying regions of the protein molecule invelved in
the aggregation process.'® Therapeutic proteins
of large size (i.e., multi-domain proteins), with
complex tertiary and quaternary structures, are
becoming the norm, rendering extra difficulty to
any investigation. Furthermore, the study of
ingoluble apgregates is limited by the number
of applicable techniques, as the vast majority of
biophysical techniques is only applicable to solu-
ble material.

This study, which uses a relatively generic
approach, illustrates the complementary use of
several biophysical techniques'® to characterize
visible aggregates of a human multi-domain
protein that were encountered during formulation
development. Techniques such as intrinsic and
ANS fluorescence emission, reducing and nonre-
ducing SDS-PAGE, equilibrium unfolding/solubi-
lization and refolding experiments in urea and
guanidine hydrochloride in the absence and pre-
sence of 2-mercaptoethanol were used to decon-
volute the involvement of each domain in the
stabilization of particulates, despite the structural
complexity of the protein.

EXPERIMENTAL

Chemicals

Urea, purchased from Spectrum {Gardena, CA),
Z2-mercaptoethanol from Fluka (Buchs, Switzer-
land), and all other chemicals, purchased from
Sigma (St. Louis, MO), were of the highest grade
available. The water used in the experiments was
the in-house distilled water.

Protein Samples (References)

A recombinant human homodimer fusion glyco-
protein obtained from cultured Chinese hamster
ovary cells (CHO), consisting of the first extra-
cellular domain of a human protein (later referred
as the fused domain) fused to the hinge, Cy2, and
Cp3 sequences of a human immunoglobulin Gy
{IgGG1) was used as a model protein. The two
polypeptide chains are linked in a dimeric
structure by two disulfide bonds in the hinge
region. The corresponding F, fragment of the
fusion protein (the hinge, Cx2, and Cy3 domains)
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was obtained by enzymatic cleavage. Both sam-
ples were dialyzed, using a Slide-A-Lyzer 10K
cassette (Pierce, Rockford, IL), against 25 mM
citrate, 2% w/v mannitol, and 1% w/v glycine at
pH 7 and stored at 2—-8°C until further testing.

Protein Samples (Pellet and Supernatant)

Visible aggregates of the fusion protein were
observed after prolonged exposure (ca. 1 week)
to siliconized glass. The protein solution eon-
tained 25 mg/mL fusion protein, 25 mM citrate,
2% wjv mannitel, and 1% w/v glycine at pH 7. The
vigible aggregates were separated from the solu-
ble protein by centrifugation at 3200 rpm in a
Sorvall RT 6000D swinging bucket centrifuge
after pooling the contents of several prefilled
syringes in 15-mlL polypropylene tubes. The
supernatant fraction was set aside in polypropy-
lene tubes at 2-8°C until further testing. The
pellet was rinsed several times with buffer (25 mM
citrate, 2% w/v mannitol, and 1% w/v glycine at
pH 7) to remove any soluble protein. The absence
of soluble protein in the final rinse buffer was
checked by UV absorbance at 280 nm. The pellet
was then set aside at 2-8°C until further testing.

Differential Scanning Calorimetry (DSC)

DSC thermograms of the reference fusion protein
and F. fragment in 25 mM citrate, 2% w/v
mannitol, and 1% w/v glycine at pl 7 were
performed using a VP-DSC calorimeter (Micro-
Cal, Inc., Northampton, MA). Scans were obtained
from 10 to 100°C under 2 atmospheres of pregsure
at a scan rate of 1.5°C/min. The protein concen-
trations of all samples were approximately 0.5 mg/
ml. Protein and buffer samples were degassed
prior to loading the DSC cells. A buffer baseline
was subtracted from the protein scan.

Intrinsic Fluorescence

Intrinsic fuocrescence measurements on the
supernatant and pellet fractions of the fusion
protein in 25 mM citrate, 2% w/v mannitol, and
1% wiv glycine at pH 7 were performed at 25°C
using a FluoroMax-2 fluorescence spectrophot-
ometer (Jobin Yvon, Inc., Edison, NJ). The
excitation wavelength was 280 nm (with a slit
opening of 3 nm) and the emission spectra were
recorded from 300 to 420 nm (with a slit opening
of 3 nm). The protein concentration was about
10 pg/ml. At that concentration, no scattering
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BIOPHYSICAL CHARACTERIZATION OF INSOLUBLE AGGREGATES OF A MULTI-DOMAIN PROTEIN 2071

interferences from the visible aggregates were
observed. Raman peaks were removed by sub-
traction of the emission buffer spectra from the
protein emission spectra using Grams Al version
7.61 (Thermo Eleetron Corporation, Woburn, MA}.

Reducing and Nonreducing SDS-PAGE

Visible particulate suspension and scluble frac-
tion of the fusion protein were analyzed by
reducing and nonreducing SDS-PAGE gel
Supernatant and pellet fractions of the fusion
protein were separately incubated with and
without 7M guanidine hydrochloride, in the ab-
sence and presence of 2-mercaptoethanocl (3% w/v).
These various samples were alse analyzed by
SDS-PAGE. Protein samples were mixed with
either reducing or nonreducing SDS buffer and
boiled for 5 min. The protein samples as well as a
protein marker (Invitrogen, Carlsbad, CA) were
loaded onto a precasted 4%-20% Tris/glycine gel
(Invitrogen). About 10 ug of protein were loaded
on the gel. The gel was stained with colloidal blue
{Invitrogen) and distained in water.

ANS Fluorescence

Extrinsic fluorescence measurements were per-
formed after mixing 8-aniline-1-naphtalene-sul-
fonate (ammonium salt), ANS, with either the
supernatant or pellet fractions of the fusion
protein. Both fractions were in 25 M citrate,
2% wiv mannitel, and 1% w/v glycine at pH 7.
Measurements were conducted at 25°C using
a FluoroMax-2 fluorescence spectrophotometer
(Jobin Yvon, Inec.). The exact concentration of
the ANS stock solution in 25 mM citrate, 2% w/v
mannitol, and 1% w/v glycine at pH 7 was
determined by UV absorption at 350 nm of an
ethanol dilution of the stock sclution using a
molar extinction ecoefficient of 5000/M -e¢m. The
excitation wavelength was 380 nm (with a slit
opening of 5 nm) and the emission spectra were
recorded from 420 to 600 nm (with a slit opening
of 5 nm). The protein and ANS concentrations
were 0.06 and 5 uM, respectively.

Urea and Guanidine Hydrochloride
Unfolding/Solubilization Equilibrium

The unfolding/solubilization of various protein
samples in urea and guanidine hydrochloride was
assessed by measuring the intrinsic fluorescence
after incubation in increasing amounts of urea

(from O to 8M) and guanidine hydrochloride
(from 0 to 7M). The stock solutions of urea and
guanidine hydrochloride were prepared in 25 mM
citrate at pH 7, 2% w/v mannitol, 1% w/v glycine,
in both the absence and presence of 2-mercap-
toethanol (3% w/v). The pH of all stock solutions
were subsequently readjusted to 7.0 with either
concentrated HCI or NaOH solutions. The refrac-
tive index of the denaturant sclutions and buffer
were measured using a 60/ED refractometer
equipped with a sodium lamp unit (Bellingham
& Stanley, Inc., Lawrenceville, GA). The molar-
ity of both stock sclutions was calculated by using
the difference in refractive index between the
denaturant solution and ecorresponding buffer.?’
The change in fluorescence emission maximum
position was used to assess protein unfolding, All
samples were incubated for 12 h at room tem-
perature to attain complete unfolding equili-
brium. The protein concentration was about 5 ug/
mL. Control experiments with protein concentra-
tion at 50 ug/mL were also performed to ensure
that fluorescence signals obtained at 5 pg/mL
were not significantly influenced by adsorbed
protein on the cuvette wall. The fluorescence
measurements were performed using a Fluoro-
Max-2 fluorescence spectrophotometer (Johin
Yvon, Inc) with an excitation wavelength of
280 nm (3 nm slit width) and recording the
emisgion spectra from 300 to 420 nm (3 nm slit
width). A two-state folding mechanism for each of
the protein unfolding transitions was assumed.
Sigmoidal curve-fits were subsequently used to
determine the midpoints of the unfolding transi-
tions (C,). Measurements were performed in
triplicate for the reference fusion protein and F,
fragment and the supernatant fraction of the
fusion protein, and in duplicate for the pellet
fraction of the fusion protein.

Urea and Guanidine Hydrochloride
Refolding Equilibrium

The reversibility of unfolding of the supernatant
and of unfolding/solubilization of the pellet frac-
tions in urea and guanidine hydrochloride was
assessed by measuring the intrinsic fluorescence
of series of samples, prepared from protein stock
solution previously unfolded in high concentra-
tion of denaturant (5 and 8M urea and TM
guanidine hydrochloride), containing decreasing
amount of either chaotropic agents. The protein
stock solutions were incubated for 12 h at room
temperature before being diluted inte aliquots
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with decreasing amounts of denaturants. These
aliguots were further incubated for 12 h at room
temperature samples before being analyzed by
intrinsic fluorescence. The fluorescence measure-
ments were performed using a FluoroMax-2
fluorescence spectrophotometer (Jobin Yvon, Inc.)
with an excitation wavelength of 280 nm (3 nm
slit width) and recording the emission spectra
from 300 to 420 nm (3 nm slit width). The protein
concentration was approximately 5 pg/mL. A two-
state folding mechanism for each of the protein
folding transitions was assumed. Sigmoidal
curve-fits were subsequently wused to fit the
refolding data. Measurements were performed
in triplicate for the supernatant fraction of the
fusion protein, and in duplicate for the pellet
fraction of the fusion protein.

Size Exclusion Chromatography

The oligomerization state of the supernatant
{raction of the fusion protein in 25 mM citrate,

% wiv mannitol, and 1% w/v glycine at pH 7 was
assessed by size exclusion chromatography. A
HPLC Waters Alliance 2690 system, equipped
with a Waters diode array detector 996, a TSK
SWxi guard column (Tosch Bioscience, Montgo-
meryville, PA), and a G3000SWXL TSK-Gel col-
umn (Tosch Bioscience, Montgomeryville, PA) was
used. The mobile phase was composed of 100 mM

2e4

sodium phosphate and 200 mM NaCl at pH 7.2.
The flow rate was 1.0 ml/min. Approximately
50 ug of protein were injected on the column.

RESULTS AND DISCUSSION

Preliminary Results (F. Fragment Vs,
Reference Fusion Protein)

Preliminary experiments, comparing the ¥, frag-
ment portion of the fusion protein with the
reference fusion protein were performed in order
to assign some experimental data (i.e., calori-
metric peaks or unfolding transitions) to parti-
cular domains of the {usion protein. This
preliminary work enabled a better interpretation
of the data when supernatant and pellet fractions
of the fusion protein were later compared.
Micro-DSC experiments on the reference fusion
protein and F, fragment were performed to assess
the unfolding behavior of both proteins. The
ultimate goal was the correlation of each unfolding
transition of the fusion protein to its particular
domains (fused, Cp2, or Cp3d domains). The
unfolding pattern thermogram of the F, fragment
revealed the presence of two transitions at

in agreement with Tischenko et al.?* who showed,
also by DSC, that the two Cy2 domains melted as a
gingle cooperative block at a lower temperature

fe<d

Cp

Se-f o

it 30 ElE

Temperature (“C)

Figure 1. Representative differential scanning calorimetry (DSC) thermograms of
the F, fragment (solid line) and reference fusion protein (dashed line) in 25 mM citrate,

2% w/v mannitol, and 1% w/v glycine at pH 7.
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that the C3 domain block. Mimura et al. %% also
showed by deglycosylating the Cy2 domains of an
1gGy-Fe fragment that the Cy2 domains melted at
a lower temperature than the Cy3 domain block.
The thermogram of the fusion protein was char-
acterized by three distinet unfolding transitions at
55.2+£0.05, 68.0+0.1, and 85.2+0.2°C (Fig. 1).
The absence of a low-temperature unfolding
transition in the F. fragment thermogram indi-
cates that the first unfolding transition of the
fusion protein correspond to the fused domains.
Therefore, based on the DSC experiments, it can be
concluded that the three melting transitions
observed with the fusion protein can be attributed
to the fused, Cy2, and Cy3 domains, respectively.
Interestingly, Figure 1 shows that the fused
domains did not affect the stability of the Cyx3
domains, whereas the significant difference in
melting temperature of the Cu2 domains between
the F. fragment (71.8 £0.3°C) and the reference
fusion protein (68.04+0.1°C) could indicate a
destabilization of the Cu2 domains by the fused
domains.

Inorder to assess whether the order of unfolding
of the three domains of the reference fusion protein
observed by DSC experiments would parallel that
observed by chaotropic agent-induced denatura-
tion, urea (Fig. 2A) and guanidine hydrochloride
(Fig. 2B) unfolding experiments on the reference
fusion protein and F, fragment were performed.
The unfolding transitions were detected by chan-
ges in intrinsic Auorescence (maximum emission
position) upon incubating both proteinsin increas-
ing amounts of urea or guanidine hydrochloride.
Urea-induced unfolding revealed two unfolding
transitions for the fusion protein, while only one
unfolding transition was observed for the F, frag-
ment (Fig. 2A). The O, values were 3.2 £ 0.03 and
6.1 4 0.03M for the fusion protein and 6.3 £ 0.01M
for the F, fragment. Guanidine hydrochloride-
induced unfolding of the reference fusion protein
revealed three unfolding transitions at 0.8 + 0.02,
2.21+0.01, and 4.0 £ 0.30M, while only two transi-
tions were detected at 2.1 £0.01, and 3.7+ 0.06M
for the F, fragment (Fig. 2B). Although a signifi-
cant amount of work has been done on the kinetics
of unfolding and refolding of fragments of
19Gy, 2% a limited number of equilibrium experi-
ments has been reported.”® However, our data are
in agreement with those from Sumi et al.,*® who
demonstrated that the Cy2 domains unfolded
before the Ci3 domains in guanidine hydrochlor-
ide. Interestingly, urea, being a weaker chaotropic
agent than guanidine hydrochloride, could most

likely not promote the unfolding of the Cy3
domains for both the fusion protein and the F,
fragment. The fluorescence maximum emission
values obtained for the fusion protein and the F,
fragment in the presence of 8M urea (352 and
350 nm, respectively) were similar to those mea-
gsured in the plateau region between the second
and third unfolding transitions in guanidine
hydrochloride. This cbservation would indicate
that in 8M urea, both the fusion protein and the F,
fragment were not fully unfolded (ie., the Ci3
domains were most probably not unfolded). With
both urea- and guanidine hydrochloride-unfolding

b

395 o

€ Flugrescence emission maximum (nm)
Flyorgscence smission maximum {nm}

T

wm

® Fiuerescence emission maximum (nm)
O Fluersscence emission maximum {nm)

7 7 7 7 3
1 2 3 4 & B

Guaniding hydrochioride (M)

Figure 2. Unfolding of the F. fragment (@) and
fusion protein (O} in urea (&) and guanidine hydro-
chloride (B) in 25 mM citrate, 2% w/v mannitol, and 1%
w/v glycine at pH 7. Maximum flucrescence emission
was used to monitor the unfolding of both profein
samples. The solid and dashed lines represent the best
curve-fit for the determination of the urea (A) and
guanidine hydrochloride (B) concentrations correspond-
ing to the midpoint of the transitions (Cy,) for the F,
fragment and fusion pretein, respectively.
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experiments, the absence of the first unfolding
transitionin the F fragment sample indicates that
the fused domains of the fusion protein unfold first,
confirming the DSC experiments. As with heat
denaturation, the three unfolding transitions
observed with guanidine hydrochloride for the
fusion protein can be attributed to the fused, Cy2,
and Cyx3 domains, respectively.

Visible Aggregates Versus Supernatant

After filtration of the visible aggregates no mea-
surable decrease in protein concentration of the
soluble fraction could be detected, indicating that
the amount of vigible aggregates was negligible,
although pharmaceutically and clinically not
acceptable. After separation by centrifugation,
the visible particulates of the fusion protein
(pellet) were compared to the supernatant by
reducing and nonreducing SDS-PAGE, intrinsic
fluorescence, ANS bhinding, urea and guanidine
hydrochloride unfolding and refolding with and
without 2-mercaptoethanol.

The visible particulates were initially analyzed
by reducing and nonreducing SDS-PAGE (Fig. 3).
The nonreduced supernatant f{raction was char-
acterized by a main band at about 115 kDa
associated with faint impurity bands. This obser-

vation confirmed the SEC results on the super-
natant fraction in which no significant increase in
soluble aggregates was measured (0.8%) as com-
pared to the reference fusion protein (0.7%). The
nonreduced pellet fraction was also characterized
by a main band at about 115 kDa, corresponding to
the soluble protein, indicating that boiling the pel-
let in SDS resulted in the solubilization of some
of the initially insoluble protein. However, some
amount of insoluble aggregate was still observed in
the sample as indicated by the smearing effect and
the presence of sume proteinaceous material at the
bottom of the sample well (i.e., material too large to
even enter the gel). In addition, a band of soluble
aggregate (~200 kDa) was also observed in the
pellet fraction. The reduced supernatant {raction
was characterized by a main band at about 55 kDa
associated with faint impurity bands. The reduced
pellet fraction was characterized by a main band at
55 kDa, corresponding to the reduced solubilized
protein. Some proteinaceous material was still
observed at the bottom of the sample well,
indicating the presence of insoluble material.
Interestingly, the band of soluble aggregate was
less apparent (although still detectable) in the
reduced sample, possibly indicating the presence
in the pellet of some covalently linked aggregated
species. However, it is also possible that reducing

Figure 3. Reducing and nonreducing SDS-PAGE gel of supernatant and pellet
fraetions of the fusion protein. Lanes 1 and 2 represent the nonreduced supernatant and
pellet fractions, respectively. Lanes 3 and 4 represent the reduced supernatant and pellet

fractions, respectively.
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BIOPHYSICAL CHARACTERIZATION OF INSOLUBLE AGGREGATES OF A MULTI-DOMAIN PROTEIN 2075

the samples enhanced the dissociation of noncova-
lently linked aggregates that could not have been
dissociated in nonreducing conditions.

Significant differences in the fluorescence emis-
sion maximum were observed between the vigible
aggregates and the supernatant (Fig. 4). The
fluorescence emission signal for the supernatant
fraction following excitation at 280 nm (Fig. 4) was
characterized by two maxima at 316 and 324 nm. A
similar flucrescence emission profile was sbhtained
following excitation at 295 nm (data not shown),
indicating that the presence of these two maxima
was most probably due to the presence of trypto-
phan residues in different states of solvation
rather than a tyrosin influence on the fluorescence
emission signal. A significant red shift from 316/
324 nm for the supernatant to 332 nm for the
particulates was detected, likely indicating a
partial reorganization of the tertiary structure,
thus resulting in the solvent exposure of one or
several tryptophan residues.

Interestingly, a significant increase in ANS
fluorescence intensity concomitant to a blue shift
{from 522 to 508 nm) was observed for the
particulates (Fig. 5), indicating the presence of
partially folded structures in this sample.””*® On
the other hand, no ANS binding was observed for
the supernatant. This ANS binding experiment
seemed to confirm the intrinsic fluorescence
measurement; whereby the particulates appeared

to be partially unfolded thus enabling binding of
the extrinsic dye.

The unfolding behavior in urea of the super-
natant and the unfolding/solubilization behavior
of the pellet fractions of the fusion protein was
compared by following fluorescence emission
maximum (Fig. 6). For the pellet fraction, both
solubilization and unfolding phenomena occur
concomitantly in urea, complicating the interpre-
tation of the data. The first transition, correspond-
ing to the fused domains, was significantly
different between the supernatant and the parti-
culates (Fig. 6), although the corresponding C,
values did not significantly change (3.2 +0.03M
for the supernatant and 3.41+0.056M for the
particulates). The smaller amplitude of change
in the fluorescence emission maximum values
observed for the pellet fraction likely reflected
the partially unfolded state of the fused domainsin
the particulates previously detected by ANS
binding and red-shifted intrinsic fluorescence.
The similarity of the C,, values would indicate
that the fused domains, although most probably
partially unfolded, are not aggregated. The second
transition, corresponding to the Cy2 domains, was
not significantly different between the superna-
tant and the particulates (Fig. 6). Similar ampli-
tude changes in the fluorescence emission maxima
and C,, values (6.1 £0.03M for the supernatant
and 6.3+0.056M for the particulates) were

Relative fluorescence intensity

€ H
380 380 400 420

Wavelength (nm)

Figure 4. Intrinsic fluorescence emission spectra of the supernatant (@) and pellet
{O) fractions of the fusion protein in 25 mM citrate, 2% w/v manunitol, and 1% w/v glycine

at pH 7.
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Figure 5. ANS flucrescence emission spectra when combined with the 25 mM citrate,
2% w/v mannitel, and 1% w/v glycine buffer at pH 7 (4), the supernatant (@) and pellet
() fractions of the fusion protein in 25 mM citrate, 2% w/v mannitol, and 1% w/v glycine

atpH 7.
355

335 -
Iguwm,_e.—‘a—-%ﬁ@

Fluorescence emission maximum {(nm)
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Figure 6. Unfolding of the supernatant (@) and pellet () fractions of the fugion
protein in urea in 25 mM citrate, 2% w/v mannitol, and 1% w/v glycine at pH 7. Maximum
fluorescence emission was used to monitor the unfolding of hoth protein samples. The
golid and dashed lines represent the best curve-fit for the determination of the urea
concentrations corresponding to the midpeint of the transitions (C,,) for the supernatant
and pellet fractions, respectively.

JOURNAL OF PHARMACEUTICAL SCIE

ES, VOL. 94, NO. 9, SEPTEMBER 2005
Regeneron Ex. 2073
Alvotech v. Regeneron
PGR2025-00085
Page 8 of 15

RGN-EYLEA-BIOSIM-00741172



BIOPHYSICAL CHARACTERIZATION OF INSOLUBLE AGGREGATES OF A MULTI-DOMAIN PROTEIN 2077

observed, most probably reflecting that the Cyi2
domains are neither unfolded nor involved in the
aggregation process. The fact that the fluorescence
emission maximum values obtained for the parti-
culates were still slightly blue shifted compared to
those for the supernatant by 8M urea, seemed to
indicate that aggregated species were still present
in 8M urea, resulting in some tryptophan residues
being buried.

The reversibility of unfolding of the super-
natant and pellet fractions in urea was assessed
after incubation both in 5 and 8M urea. After
incubation in 5M urea, only the fused domains
should have been unfolded in both fractions, while
both the fused and Cy2 domains of both fractions
should have been unfolded after incubation in 8M
urea. After incubation in 5M urea, the unfolding of
the supernatant fraction was completely reversi-
ble (Fig. TA), the fluorescence emission maximum
of the native fold (324 nm) being observed in
the samples containing traces amounts of urea.
The unfolding/solubilization of the pellet fraction
after incubation in 8M urea was also reversible
{Fig. TA), the initial fluorescence emission max-
imum (332 nm) being observed for the samples
containing trace amounts of urea. The reversibil-
ity of unfolding/sclubilization of the pellet {raction
indicates that the fused domains did not refold to
their native conformation, but refolded to their
initial partially folded/misfolded state, probably
indicating that other domains of the protein, not
affected by the incubation in 5M urea, were driving
the misrefolding of the fused domains. Similar
results were observed after incubation in 8M urea
(Fig. 7B). Both sets of domains of the supernatant
fraction refolded following the same profile as their
unfolding, the native conformation being observed
in the most urea-dilute sample (324 nm fluores-
cence emission maximum). Unfolding reversibility
was also observed for the pellet fraction, both
domains refolding via the same profile as their
unfolding one (Fig. 7B). Again, the refolding of the
particulates to their partially unfolded/misfolded
state seems to indicate that other domains of the
protein, not affected by the incubation in 8M
urea, were driving the misrefolding of the fused
domains.

The unfolding behavior in guanidine hydro-
chloride of the supernatant and the unfolding/
solubilization behavior of the pellet fractions of the
fusion protein were compared (Fig. 84). The first
transition (corresponding to the fused domains)
was significantly different between the super-
natant and the particulates. This guanidinium

chloride data set confirmed the partial unfolding of
the fused domains in the particulates (e, a
smaller amplitude change in the fluorescence
emisgion maximum values than for the super-
natant fraction) and their lack of apparent invel-
vement in the aggregation process (i.e., similar C,,
value between the particulates, 0.7 £ 0.02M, and
the soluble protein, 0.8+ 0.02M). The second
transition (Cx2 domains), similar to the urea
unfolding experiment, seemed to indicate a
native-like structure of the Cy2 domains in the
particulates (similar amplitudes and C,, values for

tant, 2.3+£0.02M). The third transition (Cy3
domains) was significantly different between the
particulates and supernatant (Fig. 8a). A signifi-
cant shift toward higher guanidinium chloride
concentrations was observed for the C,, value of
the particulates (5.2 + 0.08M) as compared to that
of the supernatant (4.1+0.1M), most probably
indieating the involvement of the Cy3 domains in
the aggregation process. Although the flucres-
cence emission maximum values measured for the
particulates at 7TM guanidine hydrochloride were
approaching those obtained for the supernatant at
similar guanidine hydrochloride concentration, a
gignificant difference in fluorescence emission
maximum was still observed, most probably
indicating that not all aggregates were dissociated
in 7M guanidine hydrochloride. Boiling the pellet
sample previously incubated in 7M guanidine
hydrochloride did not result in any increase in
fluorescence emission maximum as compared to
that of the unboiled sample (data not shown),
probably indicating extremely tight binding
between some aggregates or the presence of
covalently linked aggregates. The presence of
insoluble materialsin the pellet fraction incubated
in 7 M guanidine hydrochloride was also confirmed
by SDS-PAGE (Fig. 9). Despite the unavoidable
poor quality of the gel due to the presence of high
concentration of guanidine hydrochloride in some
samples, the presence of inscluble protein could
be clearly observed at the bottom of the well of the
pellet fraction incubated in M guanidine hydro-
chloride (Fig. 9, lane 4).

The reversibility of wunfolding in guanidine
hydrochloride of the supernatant and pellet frac-
tions was assessed after incubation in 8M guani-
dine hydrochloride. Post incubation, all three
domains should have been theoretically unfolded
in both fractions. Unfolding of the supernatant
fraction was completely reversible (Fig. 8B), the
fluorescence emission maximum of the native fold
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Figure 7. (A) Unfolding in urea (closed symbols) and refolding (open symbols) after
incubation in 5M urea of the supernatant (circles) and pellet (triangles} fractions of the
fugion protein in 25 mM citrate, 2% w/v mannitol, and 1% w/v glycine at pH 7. Maximum
fluorescence emission was used to monitor the unfolding of hoth protein samples. The
solid and dashed lines represent the best curve-fit for the combined (unfolding and
refolding) data for the supernatant and pellet fractions, respectively. (B) Unfolding in
urea (closed symbols) and refolding {(open symbols) after incubation in 8M urea of the
supernatant (circles) and pellet {(triangles) fractions of the fusion protein in 25 mM
citrate, 2% w/v mannitol, and 1% w/v glycine at pH 7. Maximum fluorescence emission
was used to monitor the unfolding of both protein samples. The solid and dashed lines
represent the best curve-fit for the combined (unfolding and refolding) data for the
supernatant and pellet fractions, respectively.
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Figure 8. (A) Unfolding of the supernatant (@) and pellet (O) fractions of the fusion
protein in guanidine hydrochloride in 25 mM citrate, 2% w/v mannitel, and 1% w/v
glycine ai pH 7. Maximum fluorescence emission was used to monitor the unfolding
of both protein samples. The solid and dashed lines represent the best curve-fit for
the determination of the guanidine hydrochleride concentrations corresponding te
the midpoint of the transitions (Cy) for the supernatant and pellet, respectively.
(B) Unfolding in guanidine hydrochloride (closed symbols) and refolding (open symbols)
after incubation in 8M guanidine hydrochloride of the supernatant (circles) and pellet
{triangles) fractions of the fusion protein in 25 mM citrate, 2% w/v mannitol, and 1% w/v
glycine at pH 7. Maximum fluorescence emission was used to monitor the unfolding of
both protein samples. The solid line represent the best curve-fit for the combined
(unfolding and refolding) data for the supernatant fraction. The dashed and dotted lines
represent the best curve-fit for the pellet fraction data during unfolding and refolding,
respectively.
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Figure 3. SDS-PAGE gel of supernatant and pellet fractions of the fusion protein
incubated with and without 7TM guanidine hydrochloride, in the absence and presence of
3% (wiv) 2-mercaptoethanol. Lanes 1-4 represent the nonreduced supernatant and
pellet fractions incubated in the absence and presence of TM guanidine hydrochloride,
respectively. Lanes 5-8 represent the reduced supernatant and pellet fractions
incubated in the abgence and presence of 7M guanidine hydrochloride, respectively.

(324 nm) being observed in the samples containing
traces amounts of guanidine hydrochloride. The
unfolding of the pellet fraction induced by 8M
guanidine hydrochloride appeared to be irrever-
sible, as an obvious hysteresis was observed in the
refolding experiment (Fig. 8B). The fluorescence
emission values obtained during the refolding of
the pellet fraction were in between those measured
for the unfolding of the pellet fraction and the
refolding of the supernatant fraction, probably
indicating that the species present in the pellet
fraction after incubation in 8M guanidine hydro-
chloride were a mixture of soluble and still
aggregated species. This experiment seems to
confirm the nonreducing SDS-PAGE gel in which
the boiling in SDS resulted in the solubilization
of some aggregated species, although aggregated
material was still present. The same refolding
experiment of the pellet fraction was repeated
after the incubated sample in 8M guanidine
hydrochloride was boiled for 5 min. Interestingly,
no difference in the refolding pattern between the
boiled and unbeiled samples was observed (data
not shown), indicating that boiling did not result in
further dissociation of the aggregates.

Similar folding and refolding experiments in
guanidine hydrochloride were performed in the

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 94, NO. 9, SEPTEMBER 2005

presence of 3% (w/v) 2-mercaptoethanol (Fig. 10).
The unfolding of the supernatant fraction in
reducing conditions resulted in only two unfolding
transitions with C, values of 1.14+0.01 and
3.1 £0.07M. The unfolding was not completely
reversible (only one transition being observed
during the refolding), although the conformation
of the refolded protein appeared to reach a similar
conformation than that of the fusion protein prior
to its unfolding in reducing conditions (at least as
observed by fluorescence emission maximum
position). The unfolding of the pellet fraction was
algo characterized by two unfolding transitions
with C,, values of 1.140.2 and 3.3:£0.02M.
Interestingly, as observed in nonreducing condi-
tions, the fluorescence emission maximum values
obtained for the pellet fraction as compared to
those for the supernatant fraction were red shifted
by about 7 nm in the absence of guanidine hydro-
chloride, but were blue shifted by about 4 nmin the
presence of TM guanidine hydrochloride. The
initial red shift, most probably indicate the partial
unfolding of the fusion protein in the pellet
fraction, while the blue shift seems to indicate
that aggregates were still present at high guani-
dine hydrochloride concentration, despite the
presence of 3% (w/v) Z-mervcaptoethanol. This
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Figure 18. Unfolding in guanidine hydrochloride and 2-mercaptoethancl {closed
symbols) and refolding (open symbols) after incubation in 8M guanidine hydrochloride
and 2-mercaptoethanol of the supernatant (circles) and pellet (triangles) fractions of the

fugion protein in 25 mM citrate, 2% wivm
fluorescence emission was used to monit

annitol, and 1% w/v glycine at pH 7. Maximum
or the unfolding and refolding of both protein

samples. The solid and dashed lines represent the best curve-fit for supernatant fraction
data during unfolding and refolding, respectively. The dash-dotted and dotted lines

represent the best curve-fit for the pellet

respectively.

observation proves that the putative presence of
covalently linked aggregates in the pellet fraction
is not the reason for the nonsolubilization of the
aggregates in TM guanidine (nonreducing condi-
tion). Instead, very strong noncovalent hinding
between protein molecules seems to preclude the
aggregates from complete dissociation in high
guanidine hydrochloride (Fig. 8A) or beiling SDS
buffer (Fig. 3). However, the presence of non-
reducible covalently-linked aggregates (i.e., ditory-
sine) could also be a potential explanation for these
results. The presence of insoluble aggregates after
incubation of the pellet fraction in 8M guanidine
hydrochloride and 3% (w/v) 2-mercaptoethanol
was confirmed by SDS-PAGE (Fig. 9, lane 8), a
proteinaceous deposition at the bottom of the well
being clearly observed. As expected, the unfolding
of the aggregated species was not completely
reversible and fluorescence emission values
obtained during the refolding of the pellet fraction

- fraction data during unfolding and refolding,

were in between those measured for the unfolding
of the pellet fraction and the refolding of the
supernatant fraction (Fig. 10).

The formation of insoluble aggregates isusually
regarded as a thermodynamically irreversible
process; therefore, it is assumed that the growth
phase should continue until no more soluble
material is available. However, in this particular
case, the aggregation process did not seem to
grow exponentially but rather stops after only an
insignificant amount of soluble protein has pre-
cipitated. In fact, the overall concentration of
goluble protein was not measurably decreased by
particulate formation. This phenomenon could
possibly be explained by the preferential precipi-
tation of only a subpopulation of the soluble
protein. Another plausible explanation for such a
phenomenon, would be the total consumption of a
necessary putative cofactor (initially present at
low levels).
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CONCLUSIONS

The visible aggregates were characterized using
several biophysical techniques. Despite the com-
plexity of the protein structure, it was possible to
pinpoint the differences between the visible
aggregates and the soluble protein at the domain
level. Based on these experiments it was possible
to extrapolate that, in the pellet fraction (i) the
extracellular domain of the protein was unfolded
but not involved in the aggregation process, (ii)
the Cy2 domain was native-like, and (iii) the Cux3
domain was involved in the aggregation process.
Careful characterization of the aggregates should
permit a more scientific rationale to solve aggre-
gation issues whenever encountered.
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