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APPLICATION NOTE

An Improved Fast Photochemical Oxidation
of Proteins (FPOP) Platform for Protein Therapeutics
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Abstract.Unlike small-molecule drugs, the size and dynamics of protein therapeutics
challenge existing methods for assessing their high order structures (HOS). To
extend fast photochemical oxidation of proteins (FPOP) to protein therapeutics, we
modified its platform by introducing a mixing step prior to laser irradiation to minimize
unwanted H2O2-induced oxidation. This improvement plus standardizing each step
yield better reproducibility as determined by a fitting process whereby we used a non-
FPOP spectrum as a template to report the unmodified level. We also tested different
buffer systems for this modified FPOP platform with cytochrome c. The outcome is a
standard oxidation profile that can be compared between different laboratories and
regulatory agencies that wish to adopt FPOP for quality control purposes.
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Introduction

The development of protein therapeutics, especially mono-
clonal antibodies (mAbs), continues to grow [1–3]. Unlike

traditional small-molecule therapeutics (up to 500 Da), mAbs
are macromolecules that contain over 1000 amino acids, re-
quire comprehensive biochemical and biophysical characteri-
zation not only of the primary but also, more challengingly, of
the high order structures (HOS) [4–6]. HOS can be character-
ized by size exclusion chromatography (SEC), capillary elec-
trophoresis (CE), X-ray crystallography (X-ray), and nuclear
magnetic resonance (NMR) [7]. With the exception of X-ray
and NMR, most approaches afford limited site-specific infor-
mation. X-ray and NMR provide high resolution structures but
at the cost of time and sample. Needed are new approaches
with fast turnaround and low sample consumption [8].

Mass spectrometry (MS)-based top-down and bottom-up
approaches now show effectiveness for characterization of
mAb HOS [4, 9, 10, 6]. Although top-down strategies for
mAbs or other protein therapeutics [11, 12] are emerging, a
more general strategy is to use hydrogen deuterium exchange

(HDX) or FPOP and bottom-up sequencing [13–15] to pin-
point changes in HOS. Knowledge of these HOS changes must
be known to guarantee drug quality.

FPOP utilizes highly reactive hydroxyl radicals, which are
generated by laser photolysis of H2O2, to modify oxidatively
the side chains of more than half the common amino acids [16].
Reactivity is determined by solvent accessibility and intrinsic
reactivity, providing a measure for HOS. Unlike HDX, FPOP
can use slow and effective separation and analysis without
erasing modification information. The peptides carrying oxi-
dation are more hydrophilic than the unmodified, making them
easier to detect by LC/MS. Moreover, the FPOP platform can
be built in most laboratories unlike the sychrotron method [17,
18]. Thus, FPOP is complementary to HDX for assuring cor-
rect HOS of protein therapeutics [19, 20].

A modified FPOP platform is needed to meet the stringent
requirements of protein therapeutics characterization. Onemod-
ification described here is to premix the H2O2 with the protein
solution just seconds prior to laser irradiation to minimize
H2O2-induced oxidation. In addition, the time interval between
sample preparation and laser irradiation is readily controlled,
and this should increase measurement precision. Furthermore,
effects of different buffers in various FPOP experiments need to
be normalized before comparison.

Herein, we describe a modified FPOP platform for protein
therapeutics in which we admit a test protein, cytochrome c
(cyt. c), in buffer into the FPOP device. Cyt. c is chosen
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because it has a redox-active iron-heme center and, thus, is
sensitive to oxidation. Using cyt. c, we demonstrated the re-
producibility and robustness of this modified FPOP platform
under demanding conditions. We also added an asymmetrical
mixing step just prior to laser irradiation to minimize protein
exposure to H2O2; others have made similar developments, but
the motivation was to study protein folding [21]. The outcome
of our study is improved precision of footprinting. This mod-
ified platform should be useful particularly in pharmaceutical
applications, where reproducibility and integrity of data for
protein therapeutics are major issues.

Experimental
H2O2, water, acetonitrile, and formic acid at the highest purity
available were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Phosphate-buffered saline (PBS) powder, Trizma base,
catalase from bovine liver, bovine cyt. c were also from Sigma-
Aldrich. The cyt. c stock solution was prepared by filtering with
a micro bio-spin 6 column (Bio-Rad, Hercules, CA, USA).

A 248 nm KrF excimer laser (GAM Laser Inc., Orlando,
FL, USA) tuned to approximately 30 mJ/pulse was used to
irradiate the sample solution. The laser beam was focused with
a convex lens (Edmunds Optics, Barrington, NJ, USA) onto a
150 μm i.d. fused silica (Polymicro Technologies, Pheonix,
AZ, USA), giving a 2.5-3.0 mm irradiation window. The laser-
pulse frequency was controlled by an external pulse generator
(B&K Precision, Yorbal Linda, CA, USA). The platform was a
modified version of our previous FPOP setup [16]. H2O2 and
the scavenger (glutamine, Gln) in PBS or Tris buffer were
mixed with protein (15 μM) solutions just prior to the FPOP
irradiation window. The mixing involved inserting the silica
tubing into a micro-tee mixer (Cobert Associates Lab, St.
Louis, MO, USA) and was achieved by using different i.d.
(for example, 75 and 150 μm) of silica tubing (Polymicro
Technologies, Pheonix, AZ, USA) with different flow rates.
The flow rates were also adjusted to ensure a 15% exclusion
volume to avoid repeated ·OH reaction. The labeled sample
was collected in low-binding tubes containing 10 μL of 50 nM
catalase and 200 mMmethionine to decompose residual H2O2.

The labeled protein samples were analyzed as described
previously [22]. They were desalted with a C8 trap column
using a short gradient. All ESI mass spectra were acquired in
the positive-ion mode on a MaXis 4G quadrupole time-of-
flight (Q-Tof) mass spectrometer (Bruker, Bremen, Germany).

Results and Discussion
Goals of developing a modified FPOP platform are tominimize
the interference of H2O2-induced oxidation of the protein,
maximize that due to •OH, and improve the reproducibility to
help meet requirements for pharmaceutical applications. Previ-
ously in FPOP, the protein solution is pre-incubated with H2O2

and Gln and loaded into a syringe that flows the solution in a
tube past an FPOPwindow. The incubation time of the proteins

in such solutions can be 2–3 min or longer depending on
experimental requirements and unplanned difficulties. H2O2-
induced oxidative modification can occur on highly reactive
side chains of methionine and cysteine during this time, possi-
bly introducing conformational changes to the protein and
adding ambiquity to results.

To address this issue, we incorporated an asymmetrical
mixing step prior to laser-irradiation window (Figure 1). With
the improvement, the protein solution in its original buffer is
delivered using one syringe, whereas H2O2 and Gln are deliv-
ered with another to give mixing at a set ratio (2:1
protein:H2O2/Gln solution) seconds prior to laser irradiation.
The asymmetric mixing assures that it is complete in less than
1 s.

The second improvement for the FPOP platform is to in-
crease the measurement precision for the extents of oxidation
from experiment to experiment. We standardized each step in
the modified platform, from initiating the syringe pump to
collecting the samples following FPOP by controlling time
accurately. Another improvement is that collecting the “plugs”
of oxidized protein solution is delayed by 60 s to ensure the
stability of syringe pumping and laser irradiation. Any solution
and air bubbles that remain in the capillary following washing
are also pushed out so that the concentrations of the protein,
H2O2, and Gln do not change, thus eliminating other variabil-
ity. For example, the laser irradiation starts at time 0; the
syringe pump pushing H2O2 and Gln, protein solutions, and
the collection starts 20–80 s later, respectively. The time for
collecting a sample is 120 to 150 s, depending on the laser
window width, laser frequency and the exclusion volume. This
time is constant, however, for each experiment. In summary, all
the FPOP experiments with this platform were controlled by a
timer on the sec timescale. This standardized process guaran-
tees each sample to be treated nearly identically, reducing
intersample variations.

We used a model protein, cyt. c, to evaluate the modified
FPOP platform. We chose to conduct three experiments: non-
laser control, non-H2O2 control, and FPOP, by following the
modified protocol. Both non-laser and non-H2O2 controls in
which all the steps were the same except the laser was not fired

Figure 1. Scheme for the modified FPOP platform
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or the H2O2 was not added, respectively, afforded the oxidative
baseline for the modified FPOP platform. Each experiment was
performed in quadruplicate to afford a good evaluation of
precision (Figure 2). We recommend that an oxidation profile
of the model protein under various FPOP conditions be used to
benchmark any platform and assure both reproducibility and an
appropriate level of oxidation for new experiments.

We then analyzed the intact, non-digested samples follow-
ing fast desalting to obtain a quick picture of the nature and
extent of oxidation. Although multiply charged protein ions
were observed (from +8 to +21) within 0.3 min elution window
from the trapping column, we chose the most abundant charge
state (+15) to give the oxidation profile (Figure 2) at good S/N,
and we integrated the signals over the entire elution window.
Each species was identified with a mass error less than 5 ppm.
For each charge state, the most intense peak corresponds to the
unmodified protein species. There is a lower intensity peak
corresponding to the singly oxidized species (+16 Da) ob-
served for non-laser control experiments. Any multiply oxi-
dized modified proteins (with one or more +16 Da shifts) were
only observed in the full FPOP experiments. We did not
observe significant changes among various charge states, indi-
cating robustness and good reproducibility (Figure S1, S2, and S3
for +9, +12 charges, and deconvoluted spectra, respectively).

We then fit the mass spectra by using a custom MathCAD-
based (ver. 14.0M010 by Parametric Technology Corporation,
Needham, MA, USA) fitting program as described in
Supporting Information. The % unmod results for all non-
laser controls and non-H2O2 controls (Figure 2) show that only
small amounts of modification are seen. With FPOP, multiple

oxidation patterns were observed, and only∼30% of the pro-
teins under test conditions remain unmodified.

We compared the results obtained by submitting cyt. c to the
original FPOP setup (Figure 3) with those by the modified
platform (in quadruplicate) to evaluate precision. For the orig-
inal FPOP setup, the % unmod is 23% ± 3%, whereas the
average is 26.3% ± 0.6% with the modified ver. (Figure 3b
versus Figure 2c). The improved precision (0.6% versus 3%)
demonstrates an advantage of the modified platform. In addition,
the oxidation levels of products (i.e., +16 versus +32 species)
also show greater variations when using the original FPOP setup.
Furthermore, the unmodified level for non-laser condition is
significantly lower with the original than with the modified
platform (40% versus 61.0%), suggesting H2O2-induced oxida-
tion occurred with the original platform. This effect is dimin-
ished when FPOP occurs because it dominates the oxidation
extent. Indeed, this oxidation may vary between proteins, de-
pending on the protein, the number of solvent-accessible sites,
and the number of readily oxidized residues (e.g., Met). For
example, cyt. c is only a 12 kDa protein with most residues in
flexible regions. Thus, its oxidation may be greater compared
with a larger protein of a tighter structure (e.g., protein therapeu-
tics). Incorporating a mixing step with H2O2 prior to FPOP
establishes a more reproducible protocol with less non-FPOP
oxidation.

Another advantage of FPOP is that the protein can be
footprinted under conditions that are close either to physiolog-
ical (unlike X-ray crystallography) or to those for storing/
administering protein therapeutics. Different buffer systems
can introduce variations in the FPOP results because the buffer
components can quench some of the radicals [23]. We tested
PBS and Tris buffers to evaluate the effect. Different concen-
trations of Tris as well as of H2O2 were tested to achieve a
similar oxidation profile as 10 mM PBS and 15 mM H2O2

(Figure S4). With a higher concentration (25 mM) of Tris
buffer, the test protein undergoes 20% less oxidation (% unmod

% unmodified protein for standard experiments

Condition Exp. #1 Exp. #2 Exp. #3 Exp. #4 Average

Non-laser (a) 61.6 61.9 60.6 59.7 61.0 ± 1.0

Non-H2O2 (b) 63.1 63.7 64.5 64.0 63.8 ± 0.6

FPOP (c) 26.8 25.4 26.3 26.6 26.3 ± 0.6

Experiments

(a)

#1 #2 #3 #4

m/z

In
t

(b)

(c)

Figure 2. Mass spectra of FPOP-labeled cyt. c (+15 charge)
obtained by using a modified FPOP platform in quadruplicate
for (a) “non-laser” control, (b) “non-H2O2” control, and (c) stan-
dard FPOP conditions. The % unmod for each experiment is
included in the table accompanying the figure

% unmodified protein for no mixing FPOP setup

Condition Exp. #1 Exp. #2 Exp. #3 Exp. #4 Average

Non-laser (a) 32 42 49 38 40 ± 7

FPOP (b) 25 26 23 20 23 ± 3

m/z

In
t

Experiments
#1 #2 #3 #4

(a)

(b)

Figure 3. Mass spectra of FPOP-labeled cyt. c using the orig-
inal FPOP platform in quadruplicate for (a) “non-laser” control,
and (b) standard FPOP conditions. The % unmod for each
experiment is included in the table accompanying the figure
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of 46.3% versus 26.3%), or 10% when we used higher concen-
tration (30 mM) of H2O2 (% unmod of 37.4% versus 26.3%).
Only when the protein was labeled in 10 mM Tris buffer in the
presence of 30 mM H2O2 can we obtain a similar oxidation
profile as under typical conditions (% unmod of 27.8% versus
26.3%). These results suggest that the modified FPOP setup is
flexible but needs normalization when using different buffers or
setups (e.g., as in different laboratories).

In summary, the modified setup and experimental protocol
give better reproducibility and less H2O2-induced oxidation,
two improvements needed for protein therapeutics characteri-
zation and for FPOP in general. Different buffers (10 mM Tris
and 30 mM H2O2) provide similar profiles as the usual condi-
tion (10 mM PBS and 15 mM H2O2). We plan to test the
improved platform by analyzing antibody-antigen systems.
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