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ABSTRACT

Purpose Therapeutic proteins are prone to oxidative modifica-
tion during manufacturing, processing, and storage that may lead
to degradation, aggregation, and immunogenicity. Protein carbon-
ylation is an irreversible oxidative modification and has been
identified as a hallmark of severe oxidative stress but not exten-
sively studied for its impact on the stability and activity of thera-
peutic proteins.

Methods \We describe the application of a modified ELISA-based
method to quantify global levels of carbonyl modification of com-
plex proteins. We investigated protein oxidation of large protein
molecules (transferrin, rabbit IgG, or 3-glucosidase) and complex
protein samples (human plasma) that were either stored in differ-
ent buffer formulations, with varying amounts of divalent iron, or
under different storage temperatures to determine the impact of
different physicochemical stresses on carbonyl modifications.
Results The modified ELISA allows for sensitive and specific
carbonyl quantification with measurements that closely match
those determined with the conventional spectrophotometric
method. The method was useful for complex protein mixtures
such as cell lysates without the need for additional procedures to
remove DNA and RNA. Our findings demonstrate significant
oxidative modification of each of the proteins stored in commonly
used buffers and excipients at 37°C, 23°C, and 4°C. The carbonyl
levels were further exacerbated with addition of trace amounts of
Fe?*. We also measured the extent of protein aggregation under
oxidizing conditions.
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Conclusions Collectively, our results indicate the importance of
better characterizing carbonyl modification of proteins during their
storage and use.
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INTRODUCTION

Characterization of protein therapeutics elicits challenges that
are unique when compared to chemically-synthesized small
molecules. Proteins are significantly larger and inherently
more complex in structure. In addition to post-translational
modifications (PTMs) such as glycosylation, phosphorylation,
acetylation, and deamidation that take place @ viwo (1,2),
protein biopharmaceuticals are also susceptible to other mod-
ifications such as oxidation and fragmentation during purifi-
cation, manufacturing, and storage (3—6). PTMs can affect
physicochemical characteristics of proteins which can poten-
tially lead to changes in secondary and tertiary structure,
solubility, and/or degradation by proteolytic as well as non-
proteolytic means. PTMs can also cause loss of function/
activity, aggregation, and possibly produce changes in immu-
nogenicity (5,7—14). Monitoring to ensure the quality of phar-
maceuticals within the pre-defined physicochemical charac-
teristics i3 pertinent for stability, safety, and efficacy of the
products.

Most amino acid side chains are candidates for oxidative
modification by a variety of mechanisms (3,4,15). Oxidative
modifications of cysteine and methionine residues have been
well characterized. Methionine oxidation to methionine sulf-
oxide and various other oxidative modifications are reported
to be associated with the loss of potency and stability in a
number of biopharmaceuticals (16-19). As a consequence of
metal-catalyzed oxidation, oxygen radicals, and ionizing radi-
ation, carbonyl covalent modification can be introduced into
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the amino acid side chains of arginine, lysine, proline, and
threonine (15,20). Carbonylation involves the formation of a
carbonyl (C=0, aldehyde or ketone) moiety on the side
chains. Hydroxyl radical-mediated carbonylation can al-
so mediate cleavage of proteins in cells and purified
proteins m vitro (21-25). Appropriately, the accumulation
of carbonyl residues has been used as a hallmark of
excessive oxidative stress and protein oxidative modifi-
cation (4,26,27).

Considering the potentially critical effect of oxidative mod-
ification on the stability, efficacy, and safety of therapeutic
proteins, it is pertinent to develop sensitive and reliable
methodologies to address protein oxidation throughout
manufacturing, processing, storage, and use. For examples
of carbonylation of proteins related to therapeutic usage, see
references (26,29) on studies with human serum albumin and
plasma.

Most carbonyl assays rely on the reaction of 2,4-
dinitrophenylhydrazine (DNPH) with the carbonyl moiety of
amino acid side chains, resulting in a stable covalent bond
between DNP (dinitrophenylhydrazone) and the protein
(26,27,30,31). DNP is then detected and quantified either
spectrophotometrically using the 370 nm absorption, ELISA,
or Western blot immunoassay (26,27,31-33). While carbonyl
quantification by the currently available ELISA has been
shown to exhibit some correlation with the spectrophotomet-
ric method, necessity of nucleic acid removal from complex
biological samples might limit its wide application. An opti-
mized method with higher correlation with the spectro-
photometric method and greater sensitivity to low level of
carbonyls without nucleic acid removal is needed to allow
the methodology amenable to complex protein samples
and medium-throughput applications. In this report, we
describe a modified ELISA-based method in which a
number of experimental conditions are optimized. We
specifically address the correlation between ELISA and
standard spectrometric method, as well as evaluate the
potential interference of nucleic acid. The results indicate
that the modified ELISA combines sensitivity, simplified
methodology, and medium-throughput capability for
quantification of protein carbonyls in purified protein
samples as well as complex biological specimens.

Using this method, we demonstrate oxidation/
carbonylation of proteins and human plasma samples that
have undergone accelerated oxidation by an iron-
mediated Fenton reaction using different formulation
buffers and elevated storage temperatures. The results
also indicate significant oxidation/carbonylation of sam-
ples stored under routine refrigeration. To date, the ef-
fects of carbonylation during manufacturing, processing,
and storage of large proteins have not been extensively
studied. The availability of newer technologies, more sen-
sitive reagents, and the ease of streamlining an ELISA
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format might allow for a better understanding of oxidative
carbonyl modification on protein biopharmaceuticals un-
der manufacturing and storage conditions.

MATERIALS AND METHODS
Chemicals and Antibodies

Unless noted otherwise, all chemicals were from Sigma-
Aldrich (St. Louis, MO). Rabbit IgG, almond B-glucosidase,
transferrin, lyophilized human plasma, and bovine serum
albumin (BSA) were obtained from Sigma. 3,3,5,5-
tetramethylbenzidine (TMB Blue Substrate-Chromogen)
and HRP-conjugated rabbit anti-goat IgG were purchased
from Dako (Carpinteria, CA). Affinity purified goat anti-DNP
antibody was from Bethyl Laboratory (Montgomery, TX).
The Nunc Maxisorp 96-well plates were obtained from
EMD Millipore (Billerica, MA).

Preparation of Oxidized and Reduced Bovine Serum
Albumin and Preparation of Standard Solutions

BSA (Gat No. A7906) was dissolved in phosphate buffered
saline [PBS (EMD Millipore Cat No. 21-0400)] to a concen-
tration of 10 mg/ml at pH 7.4 and oxidized by incubating
with 5 mM NaOCI for 30 min at 23°C followed by extensive
dialysis against PBS at 4°C. A 200-fold volume of PBS was
used and the buffer was exchanged three times during the
dialysis. The carbonyl content was determined spectrophoto-
metrically as described below using an extinction coefficient of
DNP £5,,=22,000 M~ ' ¢m™' and BSA €940=
44,000 M™" em™". The oxidized BSA (0xBSA) preparation
used throughout this work contained 23 nmol carbonyl/mg
BSA, or 1.5 carbonyl residues per BSA molecule. To prepare
the BSA standards for the modified carbonyl ELISA, oxBSA
(23 nmol carbonyl/mg) was diluted in PBS containing
0.0125% Triton X-100 to yield 0.1 to 2.5 nmol of carbonyl/
ml. No adjustment for protein concentration was made. Stan-
dard solutions were stored at —80°C. Reduced BSA was
prepared by incubating BSA (10 mg/ml in PBS) with
20 mM NaBH, for 30 min at 23°C followed by dialysis against
dH,0.

DNPH Derivatization and Determination of Carbonyl
Content of Proteins by Spectrophotometer

The carbonyl content of purified or complex samples were
determined spectrophotometrically as described by Levine
et al. (26) with minor modifications to volume of the reaction
and concentration of the protein. Briefly, protein in 0.2 ml of
buffer (concentration of 3—4 mg/ml) was derivatized by addi-
tion of 0.4 ml of 10 mM DNPH in 2 M HCl for 10 min. The
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proteins were precipitated by addition of 100% (w/v)
trichloroacetic acid (TCA) to a final concentration of
20%. The precipitate was kept on ice for 10 min followed
by washing with a 10% TCA solution. The excess residual
free DNPH that was co-precipitated with the protein was
removed by washing the precipitate three times with
ethanol/ethyl acetate (1:1 v/v). The precipitate was then
air dried and re-dissolved in 0.1 ml of a solution contain-
ing 6 M guanidine and 20 mM potassium phosphate at
pH 2.3. The absorbance at 370 nm and 280 nm were
then measured by spectrophotometer (Agilent Model
8453) to determine the carbonyl level and protein con-
centration. The carbonyl content of the protein (nmol/mg
protein) was determined as described by Levine et al. (26)
using 22,000 for the molar extinction coeflicient of DNP
at 370 nm. Protein concentration was obtained from the
equation [Aggo—(0.43 X Ag70)] / €950, where €95 1s specific
to each protein and the [0.43XAs70] subtraction corrects
for the DNP contribution to the 280 nm absorbance.
Additionally, the free DNPH moiety that co-precipitated
with the protein was separated via size exclusion chroma-
tography using a Bio-gel P-6 spin column (BioRad, Her-
cules, CA) and 6 M Gu-HCI solution to address the
effectiveness of ethanol/ethyl acetate extraction of DNPH
(Supplementary Figure S1).

Accelerated Oxidation of Proteins by Modified Fenton
Reaction

Proteins or plasma samples were dissolved in Buffer A (5 mM
Na-acetate buffer at pH 5.0, 0.15 M NaCl, and 0.02% Tween
20) or Buffer B (5 mM Na-acetate buffer pH 5.0, 4% manni-
tol, and 0.02% Tween 20). Accelerated oxidation of protein
was achieved by modified Fenton reaction in the presence of
50 uM Hs0O,, 200 uM ascorbic acid, and the indicated
concentrations of FeSO, (see X-axis in Fig. 3). The protein
mixtures were kept at 4°C, 37°C, or room temperature for the
indicated time and the carbonyl contents were determined.
Where indicated, proteins were also oxidized by incubation
with 100 pM Fe?" and 25 mM ascorbic acid.

Analysis of Protein Aggregation

Particle formation and turbidity in the protein solution
(1 mg/ml) stored under various conditions were initially
assessed by measuring 350 nm and 280 nm absorbance. The
aggregates were further investigated by dynamic light scatter-
ing (Malvern Zetasizer Nano, Malvern Instruments,
Westborough, MA) and microfluidic particle imaging analyses
(Flowcam, Fluid Imaging, Scarborough, ME). The extent of
aggregation was also investigated by binding to a molecular
rotor dye, ProteoStat (Catalog no. ENZ-51023-KP002, Enzo
Life Sciences, Farmingdale, NY) according to manufacturer

instructions. Additionally, we assessed the dimerization/
multimerization by gel electrophoresis (4-12% Bis-Tris
NuPAGE, Life Technologies, Grand Island, NY).

Modified Carbonyl ELISA Assay
Standard ELISA Conditions

Protein was derivatized by mixing 10 ul protein solution
(1 pg/ul), 10 pl 12% SDS (w/v), and 20 pl DNPH (10 mM
dissolved in 2 M HCI). After incubation for 10 min at room
temperature, 20 pl 2 M Tris-base was added to neutralize the
reaction mixture. 3 pl of each DNP-derivatization reaction
was mixed with 0.25 ml of adsorption buffer (20 mM
NaHCOg, 150 mM NaCl, 0.25% SDS (w/v), pH 8.5) and
0.1 ml of the mix was aliquoted in duplicate into each well of a
96-well Maxisorp plate. Each well contains 0.2 pg derivatized
protein. The plate wells were covered with plastic film and
incubated overnight at 4°C.. The wells were gently rinsed 6—7
times with 0.2-0.3 ml PBST washing buffer (PBS containing
0.05% Tween 20) followed by incubation with 0.2 ml PBST
containing 1% BSA at 37°C for 1 h to block non-specific
binding sites. After removal of the blocking solution, 0.1 ml
goat anti-DNP antibody was added into each well and incu-
bated at room temperature for 1 h (1:2,000 dilution in PBS-T
containing 1% BSA). The wells were rinsed gently 6-7 times
with 0.2-0.3 ml PBST washing buffer and 0.1 ml rabbit anti—
goat IgG antibody, horseradish peroxidase conjugated, was
added into each well and incubated at room temperature for
1 h (1:3,000 dilution in PBST containing 1% BSA). After 6-7
rinses with 0.2-0.3 ml PBST washing buffer, the bound
secondary antibody was titrated by addition of 0.1 ml TMB
substrate equilibrated to room temperature. Typically, suffi-
cient color has developed after 2-5 min of incubation under
the experimental conditions described. The reaction was
stopped by addition of 0.1 ml stop solution (0.5 M HoSOy)
followed by measurement of absorbance at 450 nm and
690 nm, a blank reference wavelength. The carbonyl contents
of experimental samples were determined from a standard
curve generated from the Ays0-Aggp reading of oxBSA stan-
dard reactions.

RESULTS
Establishing Optimal ELISA Conditions

Standard Reaction Curves for Oxidized BSA and LOD/LOQ
of the Assay

We first sought to establish reaction curves for carbonyl con-
tent in BSA standard solutions to determine the range and
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LOD/LOQ of the ELISA-based assay. The advantage
of an ELISA method over other procedures resides in
the potential for relatively lower LOD (limit of detec-
tion) and LOQ (limit of quantification), and medium
throughput applicability. The LOD and LOQ of the
assay depend on the difference in color development
between the negative controls of the assay and the test
samples, as well as the coefficient of variation of the
assay. The carbonyl standard solutions are prepared by
serially diluting oxidized BSA (oxBSA: oxidized at
23 nmol/mg) in PBS. Under the modified assay condi-
tion, the negative controls for the assay included- 1) a
DNPH derivatization control where the detection pro-
cedure is performed without protein and 2) a negative
derivatization control where protein is treated with 2 M
HCI instead of DNPH. These negative controls exhibit-
ed 0.02-0.05 Ay50-Aggo absorbance units above that of
a blank well with TMB substrate only.

Figure 1 shows a typical standard curve obtained
from analysis of oxBSA. Under the experimental condi-
tions described above, 2—5 min incubation was sufficient
to develop a strong signal. Considering the simplified
limit of detection (LOD) of an ELISA signal is three
times the standard deviation of the negative control, the
LOD of the assay is found to be 0.02 pmol/well.
Similarly, considering 10 times the standard deviation
of the negative control as the limit of quantification
(LOQ), this yields 0.05 pmol/well. Figure 1 also shows
the dynamic range of the assay where the linear regres-
sion curve can be generally applied extends from 0.04
to 0.5 pmol/well or 0.2 to 2.5 nmol/mg protein.

Comparison of the Modified ELISA and Spectrophotometric Assay
Formats for Carbonyl Measurement

For carbonyl quantification of purified proteins, spectro-
photometric measurement is currently the gold standard
to which other detection methodologies are compared
(30). Thus, we determined the correlation between car-
bonyl content of protein obtained by both the modified
ELISA and the spectrophotometric methods. Shown in
Fig. 2a, the values obtained by the two methods in four
protein preparations were very similar and the differ-
ences were not statistically significant.

Effect of Nucleic Acid in Complex Samples

Carbonyl moieties in DNA and RNA can also react
with DNPH (34). Therefore, carbonyl contents can be
overestimated in complex samples such as tissue extract
and plasma that may contain nucleic acid. To avoid this
potential problem, a streptomycin precipitation of
nucleic acid prior to or after derivatization, has been
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Fig. | Standard curve of oxidized BSA. Oxidized BSA standards (0.1, 0.25,
0.5, 1.0, 1.75 and 2.5 nmol carbonyl/ml PBS) were prepared by diluting the
stock oxBSA (23 nmol carbonyl/mg protein) in PBS containing 0.0125%
Triton X-100. 10 ul of each solution was derivatized and quantified under
the standard reaction condition. The values of the Y-axis are averages of
duplicate assays. The values on the lower scale bar on the X-axis (pmol/well)
indicate DNP (pmol) added to each well. The values of the upper scale bar
indicate conversion of this value to carbonyl (nmol/mg) for experimental
samples analyzed under the standard assay conditions; for example 0.2 pmol
carbonyl/0.2 g proteiniwell is equivalent to 1.0 nmol carbonyl/mg protein.

suggested (34,35). To investigate the effect of nucleic
acids in protein carbonyl quantification by the modified
ELISA, an oxidized BSA sample was spiked with 2 pg
(20% w/w) or 0.5 pg (5% w/w) of herring sperm DNA
or yeast tRNA, respectively, and the carbonyl contents
were measured and compared to un-spiked samples. As
shown in Fig. 2b, no significant increase in carbonyl
level over control samples was observed, indicating the
added nucleic acid (up to 20% w/w) did not interfere
with the modified ELISA. Thus, the tested ELISA con-
ditions appear to allow quantification of protein carbon-
yl without the need to eliminate contaminating nucleic
acid.

Effect of Detergents on the Assay

The ELISA method described here utilizes binding of
DNP-derivatized proteins to polystyrene surfaces via hy-
drophobic interaction. Because the binding is via hydro-
phobic interaction, detergents might potentially interfere
with the binding. We investigated the effect of various
detergents on the protein binding by adding them to the
adsorption buffer. Commonly used detergents for cell/
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Fig.2 (a) Comparison of ELISA assay and spectrophotometric measurement. Lyophilized human plasma and purified proteins were oxidized with 100 uM Fe**
and 25 mM ascorbic acid and the carbonyl contents were determined by ELISA or spectrophotometric measurement. The effectiveness of free DNPH removal
by ethanol/ethyl acetate extraction prior to spectrophotometric measurement was confirmed by comparing to samples where the DNPH was removed by size
exclusion utilizing Bio-gel P-6 micro spin column (Supplementary Figure S1). (b) Effect of nucleic acid contamination on the protein carbonyl quantitation. The
indicated amount of DNA or RNA was added to 10 g of oxBSA in the standard derivatization reaction, and the carbonyl contents were determined. The Y-axis
represents values relative (%) to control without nucleic acid added. (c) Effect of detergent on the adsorption and detection of DNPH-derivatized BSA. Oxidized
BSA standard at | nmol carbonyl/mg protein was derivatized under standard conditions and subjected to ELISA with or without the indicated concentrations (%
final) of detergent in the adsorption buffer. ELISA signal (Auso-Agso) relative to control reaction where no detergent was added was determined. Oct-Gle: Octyl-3-
D-glucopyranoside; O-6004: Octyl-3-D- | -thioglucopyranoside; D-4266: 3-(Decyldimethylammonio)propanesulfonate inner salt; DOC: Deoxychorate sodium

salt. These data are average of two independent experiments.

tissue lysate preparation with low critical micelle concen-
tration (CMC) including NP-40, Triton X-100, and
Tween-20 interfere with the protein adsorption when
present in as low as 0.0001% (Fig. 2c). A zwitterionic
detergent, CHAPS, was also found to interfere with the
assay. In contrast, anionic detergent Deoxycholate (DOC)
and non-ionic detergents with high CMC such as octyl-f-
D-glucopyranoside and Octyl-B-D-thioglucopyranoside
(O-6004) appeared to interfere minimally while
3-(Decyldimethylammonio) propane sulfonate inner salt
(at low concentrations) (D-4266) showed interference at
approximately 15% at concentrations of 0.0001 and
0.00003%. Thus, our observation suggests that non-ionic
detergents with low CMC may interfere with the assay
while non-ionic detergents with a high CMC or an

anionic detergent might be more compatible with the
assay protocol we tested.

Metal-Catalyzed Oxidation of Complex Proteins
Under Stressed Conditions

Effect of Iron, Temperature and Excipient on Protein
Oxidation/Carbonylation

Trace amount of metals can leach out from various sources
such as stainless steel containers, prefilled syringes, and con-
tainer closure system components that are used during protein
manufacturing, storage, shipping, and clinical use (36). Fur-
thermore, polysorbate 20 and 80, nonionic detergents used in
biopharmaceutical formulation for preventing aggregation
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and promoting stability, may form peroxides at elevated tem-
peratures or upon exposure to light (37). Thus, it is possible
that unexpected metal catalyzed oxidation of protein phar-
maceuticals could take place under certain stressful conditions
(38,39). To demonstrate the potential utility of the carbonyl
quantification for monitoring the metal-catalyzed oxidative
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Fig. 3 Effect of iron concentration, storage temperature, and buffer compo-
sition on oxidation/carbonylation. Lyophilized human plasma (panel a) or
almond [3-glucosidase (panel b) was reconstituted in Buffer A or Buffer B with
the indicated concentrations of iron at either 4°C or 37°C. Buffer A contained
5 mM Na-acetate buffer at pH 5.0, 0.15 M NaCl, and 0.02% Tween 20,
while Buffer B additionally contained 4% mannitol but did not contain NaCl.
These data are an average of two independent experiments. * p <0.05
compared to initial starting preparation (labeled “Starting”).
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Fig. 4 Time course of protein carbonylation. Samples were prepared in P>
Buffer B with 0.2 uM FeH/HzOz/ascorbic acid and stored at 4°C, 23°C, or
37°C for up to 2 weeks. 3—Glucosidase (panel a); Rabbit IgG (panel b); or
Transferrin (panel €) were each tested with or without Fe”". The data
represent an average of two independent experiments.

modification of protein therapeutics, we conducted prelimi-
nary studies on iron-mediated protein oxidation.

We first analyzed the effect of Fe*" and storage tempera-
ture on the oxidation/carbonylation of lyophilized plasma
proteins (Fig. 3a) and almond B-glucosidase (Fig. 3b) prepared
in two sodium acetate buffers: Buffer A containing 0.15 M
NaCl and 0.02% Tween 20 or Buffer B containing 0.02%
Tween 20 and 4% mannitol, an excipient commonly used as a
stabilizer in drug formulation (40). A varying amount of Fe**
ranging from 0.1 pM to 10 uM was added to initiate the
modified Fenton reaction and samples were stored at either
4°C or 37°C. After 6 days of incubation, the protein carbonyl
level was quantified by the modified ELISA. The addition of
as little as 0.1 uM Fe”" increased the carbonyl level signifi-
cantly in both plasma proteins and B-glucosidase as compared
to those without added iron (Fig. 3). The extent of carbonyl-
ation was Fe”" concentration dependent except p-glucosidase
stored at 4°C. Mannitol in the buffer showed complex and
opposing effects depending on the protein investigated and
storage temperature. The addition of mannitol reduced car-
bonyl levels in plasma proteins and B-glucosidase stored at 4
and 37°C respectively, while apparently increasing carbonyl
levels in plasma sample stored at 37°C. Mannitol had little
effect on the carbonylation of B-glucosidase stored at 4°C
suggesting a protein-specific response to the presence of man-
nitol. Notably, carbonyl levels in both plasma proteins and f-
glucosidase increased significantly during storage at 4°C with-
out addition of Fe**. Following 6 days of storage at 4°C. the
carbonyl content of plasma protein increased from 0.4 nmol/
mg in the initial preparations (marked as “Starting” on the X-
axes of Fig. 3a) to 1.0 nmol/mg. Similarly, the carbonyl
content of f-glucosidase stored for 6 days increased from 1.3
to 2.3 nmol/mg.

We next investigated the time course of oxidation/
carbonylation of protein stored at various temperatures in
the presence of 0.2 uM Fe™* (Fig. 4). B-glucosidase, rabbit
IgG, and transferrin were prepared in Buffer B, and the
protein carbonyl levels were monitored during storage over
2 weeks. We chose Buffer B because of the potential stabilizing
effect of mannitol during the extended period of incubation.
All test proteins revealed an iron-, temperature-, and storage
time-dependent increase in carbonylation while each protein
exhibited individual levels and kinetics of carbonyl formation
(Fig. 4). In the case of rabbit IgG and p-glucosidase with Fe**/
H50y/ascorbic acid, the carbonyl levels reached a plateau
after incubation for 2 weeks at 5 nmol/mg (0.75 mol
carbonyl/mol protein) and 7 nmol/mg (0.4 mol carbonyl/
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mol protein), respectively, while the carbonylation of transfer-
rin continued to increase.

Oxidation/Carbonylation and Aggregation

In order to address whether the oxidation/carbonylation is
associated with protein aggregation, we first utilized the Ags/
Aggg absorbance ratio of the solution as an indicator of light
scatter due to protein aggregation (38,39). As shown in Fig. 5a
and b, the Ags50/Aggo ratio increased significantly for f-
glucosidase stored at 37°C with or without added Fe®*/
HyOy/ascorbic acid, while moderate aggregation was seen
in the sample spiked with Fe**/H,0,/ascorbic acid and
incubated at 23°C for 2 weeks. No increase was observed in
the Ags0/Aggp ratio for any of the samples of rabbit IgG or
transferrin. This observation was then confirmed by dynamic
light scattering and by microfluidic particle imaging analyses
using FlowCam. As shown in Fig. 5c, derived count rate in
dynamic light scatter measurement indicates the formation of
B-glucosidase aggregates but not rabbit IgG or transferrin
(Supplementary IFigure S2A). The B-glucosidase aggregate is
large enough so that supernatant fraction following centrifu-
gation at 13,000 rpmX 10 min shows little dynamic light
scattering (see last 2 bars on graph in Fig. 5¢). The microfluidic
imaging analysis showed the aggregates in B-glucosidase solu-
tion stored at 37°C are over 4 um in diameter and the size
increases further with oxidation/carbonylation mediated by
Fe?" (Fig. 5d). Next, we tested protein aggregation by using a
molecular rotor dye (ProteoStat) that is suggested to fluoresce
from the torsional constraint of binding to protein aggregates
(41). Consistent with the results obtained from analysis by
dynamic light scattering and microfluidic particle imaging,
the dye showed increased fluorescence with B-glucosidase
stored at 37°C but not rabbit IgG or transferrin (Fig. 5d and
Supplementary Figure S2). To examine whether the aggre-
gates are formed through intermolecular disulfide bonds, the
protein samples were subjected to denaturing SDS-PAGE
analysis in the presence or absence of reducing agent (data
not shown). Bands corresponding to dimers or multimers were
not observed for any of the samples, indicating the aggregates
of B-glucosidase do not undergo covalent aggregation under
these conditions.

DISCUSSION

We have developed a modified carbonyl ELISA method with
a number of slight modifications to previously published pro-
cedures (32,33). The modifications include DNPH reaction
conditions, adsorption buffer composition, DNP detection
reagents, and the setting of the negative control for the exper-
imental samples. For instance, the procedure reported here
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uses 0.2 pg of DNP-derivatized protein/well, an amount
below the limit of protein binding capacity of the polystyrene
well (0.25-0.3 pg/well) versus a saturated amount (1.0 pg/well)
employed by Buss e al. (32). Under saturated conditions, the
size, shape, and hydrophobicity of individual proteins can
influence adsorption to the polystyrene surface and affect the
accessibility of the primary detection antibody. Second, the
carbonyl standard solutions we used in this investigation were
prepared by serial dilution of oxidized BSA based on carbonyl
content and not total protein concentration. This experimen-
tal condition was employed based on our observations that
protein amounts up to 0.3 pg/well has little effect on adsorp-
tion efficiency and that reduced BSA shows low but significant
levels of DNPH reactivity. BSA reduced by NaBH, showed
Ag7 equivalent to 0.6-0.8 nmol carbonyl/mg protein and
was also detected by ELISA (32). Thus, adjusting protein
concentration in BSA standard with reduced BSA, and
subtracting the value of reduced BSA as the negative control
of the assay may potentially underestimate the carbonyl con-
tent of experimental samples (32). The impact of the modifi-
cations collectively achieve: 1) sensitive and reliable detection
of carbonyl residues using 10 pg of protein, 2) carbonyl values
that match closely those determined with the conventional
spectrophotometric method, and 3) carbonyl quantification
of complex protein samples without the interference of nucleic
acid. Close correlation of carbonyl values obtained by the
modified carbonyl ELISA and spectrophotometric assay and
elimination of the additional nucleic acid removal step greatly
enhances the utility of the ELISA format for rapid quantifica-
tion of oxidation/carbonylation in a wide variety of protein
samples.

Under the standard assay conditions, we obtained an LOQ
of 0.05 pmol carbonyl/well, indicating the assay can quantify
an increase of 0.25 nmol/mg protein carbonylation (equiva-
lent to 0.017 mol/mol of MW 50 kDa protein). This sensitivity
represents a significant advantage over the spectrophotomet-
ric method (26,27) and roughly translates to being able to
detect a change of 0.006 Ag7y units for every 1.0 Aogy unit
(assuming the Aggp of 1 mg/ml protein is 1.0).

This initial study applying the methodology demonstrates
the potential importance of monitoring protein oxidation/
carbonylation. Results shown in Fig. 3 indicate: 1) proteins
can be oxidized even during storage at 4°C, 2) presence of
very low concentrations of added Fe”" increase the oxidation/
carbonylation, and 3) mannitol, a common excipient, exerts
differing effects on carbonylation depending on the protein,
storage temperature, and buffer composition. The exact rela-
tionship between the presence of mannitol and the physico-
chemical characteristics of a protein is not known and will
require focused studies on the higher-order structure of indi-
vidual proteins and their mechanisms for metal-catalyzed
oxidation. The iron concentrations used in our investigation
(0.1 and 0.2 uM) are similar to those observed by Zhou et al.
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Fig. 5 Analysis of B-glucosidase aggregation. (a) The Ass/Asgo ratio of B-glucosidase solution stored for 2 or 14 days was measured with or without Fe® ™. The
ratio indicates light scattering caused by protein aggregates. (b) Representative spectrogram of B-glucosidase stored for 14 days under various conditions. The
samples are labeled as follows: (line 1) at 4°C, (line 2) at 23°C with Fe> " /H,O,/ascorbic adid, (line 3) at 37°C, (line 4) at 37°C with Fe** /H,O,/ascorbic acid. (c)
Analysis of B-glucosidase aggregation using Zetasizer dynamic light scattering. B-glucosidase was stored in Buffer B for 7 days with or without Fe?* /H, O, /ascorbic
acid at various temperatures. Y-axis shows representative derived count rates (Keps: Kilo counts per second). Starting refers to the starting 3-glucosidase solution
before storage. 37°C- sup or 37°C+ Fe’" sup denote supematant fraction after centrifugation at 13,000 X 10 min of corresponding sample. (d) Distribution of
the aggregate size analyzed by microfluidic particle imaging. The X-axis indicates the representative size distribution of aggregates in micron. (1) B-glucosidase
stored at 4°C without Fe? " /H,O,/ascorbic acid; (2) [-glucosidase stored at 37°C without Fe2 ™ /H,O,/ascorbic acid; (3) B-glucosidase stored at 37°C with Fe2*/
H,O,/ascorbic adid. (e) Binding of a molecular rotator dye to 3-glucosidase. 25 ug of 3-glucosidase was mixed with dye as described in the methods section. Y-
axis denotes relative fluorescence emission (excitation 550 nm/emission 600 nm). Dye only control had no added protein, Starting refers to the starting 3-
glucosidase solution before storage.
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where the authors measured iron leachate at 20-30 ppb con-
centration in a buffer using stainless steel coupons immersed
for extended periods of time (36). Therefore, while the results
shown here are set to induce protein oxidation at an acceler-
ated rate, it is theoretically plausible that Fe?" mediated
protein oxidation/carbonylation can take place under routine
storage conditions.

The differential effect of Fe?* mediated protein oxidation/
carbonylation on physicochemical characteristics was further
demonstrated by analysis of aggregation. As shown in Fig. 5,
large aggregates were formed in B-glucosidase solution after
7 days of storage at 37°C and this aggregation was further
exacerbated with addition of Fe**/H,Oy/ascorbic acid. No
aggregation was observed with f-glucosidase stored at 23°C
with or without Fe*"/ H50O4/ascorbic acid. Collectively, these
findings indicate that storage temperature might be a primary
triggering factor for aggregation of B-glucosidase and suggest
that oxidation/carbonylation exacerbates this
aggregation.

Taken together, these results demonstrate the validity
of carbonyl quantitation to address protein oxidation
that can take place under normal as well as stressed
conditions. Clearly, the results shown here are snapshots
of protein oxidation/carbonylation under narrow, spec-
ified set of stressed conditions, and more studies are
needed to dissect the exact dynamics and kinetics of
carbonylation for a protein of interest and to determine
its criticality for therapeutic proteins. Multiple factors
such as pH, buffer composition, storage temperature,
agitation, in-use conditions, excipients, and presence of
trace amounts of metal may likely affect oxidation in a
protein-specific manner (19,42,43). The unique response
displayed by each protein to Fe?" mediated oxidation/
carbonylation, with or without mannitol, emphasizes the
importance of formulation optimization specific to each
protein drug product.
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