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Abstract

Fast photochemical oxidation of proteins (FPOP) is a chemical footprinting method whereby
exposed amino-acid residues are covalently labeled by oxidation with hydroxyl radicals produced
by the photolysis of hydrogen peroxide. Modified residues can be detected by standard trypsin
proteolysis followed by LC/MS/MS, providing information about solvent accessibility at the
peptide and even the amino-acid level. Like other chemical footprinting techniques, FPOP must
ensure only the native conformation is labeled. Although oxidation via hydroxyl radical induces
unfolding in proteins on a timescale of milliseconds or longer, FPOP is designed to limit «OH
exposure to 1 us or less by employing a pulsed laser for initiation to produce the radicals and a
radical-scavenger to limit their lifetimes. We applied FPOP to three oxidation-sensitive proteins
and found that the distribution of modification (oxidation) states is Poisson when a scavenger is
present, consistent with a single conformation protein modification model. This model breaks
down when a scavenger is not used and/or hydrogen peroxide is not removed following
photolysis. The outcome verifies that FPOP occurs on a time scale faster than conformational
changes in these proteins.

INTRODUCTION

Protein footprinting is an assay that monitors protein conformation by selectively labeling or
cleaving residues. This selectivity is, in part, a function of the target protein's solvent
accessibility; thus, an implicit picture of protein structure is afforded by footprinting.
Although the ways of modifying residues are diverse, and many have been in practice for
over forty years,! the advent of biomolecular mass spectrometry, employing electrospray
and matrix-assisted laser desorption ionization and interfaced to liquid chromatography,
makes possible highly specific, sensitive, and rapid analysis of modified peptides and
proteins.2 3 We wish to establish a marriage of mass spectrometry and chemical footprinting
to afford a tool for the elucidation of protein structure and dynamics, and for the
identification of partner binding sites, stoichiometry, and affinity.*

Protein oxidation by hydroxyl radicals is one class of footprinting methods; the various
subclasses are differentiated by the means used to generate the «OH. Hydroxyl radicals
probe solvent accessibility because they have comparable size to solvent water molecules
and high reactivity with a significant fraction of amino acid side chains. The advantages of
hydroxyl radical footprinting are twofold. First, the primary sequence of modified residues
is preserved by virtue of the stable covalent modification that occurs even though a protein
may be subjected to several hours and even days of handling and proteolysis following the
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chemical footprinting step. Second, the hydroxyl radical is a reactive reagent, modifying
many amino acid residues and affording a higher coverage footprint than those covalent
approaches that target specific residues (e.g., the acetylation of primary amines). Xu and
Chance®’ showed that in X-ray and y-ray water radiolysis, up to 14 of the 20 sidechains and
cys-cys disulfide bonds can be usefully modified in footprinting experiments.

Several hydroxyl radical footprinting approaches are currently in use, as detailed in a recent
review.8 Many of the early DNA:protein and protein:ligand binding site footprinting studies
used hydroxy! radicals generated from catalytic Fenton chemistry® consuming hydrogen
peroxide.10: 11 The synchrotron X-ray and 137Cs y-ray methods generate hydroxyl radicals
as the major reactive products from water radiolysis by high-energy photons. These methods
stem from the work of Chancel2-14 and coworkers, who footprint DNA/protein interactions,
RNA folding, and large proteins. Recently Hambly and Gross, and independently Aye et
al.,1>-17 reported similar methods of fast photochemical oxidation of proteins (FPOP) that
generate -OH by photolysis of mM hydrogen peroxide with a pulsed laser (either 248-nm
KrF eximer laser or 266-nm frequency quadrupled Nb YAG) and react them with protein in
a flow system. The laser provides a spatially small, high flux of light, maximizing the
exposure of a small volume of protein solution to radicals and ensuring all but a small
exclusion fraction of the protein in the flow is irradiated only once (Figure 1). In the design
by Hambly and Gross, a constituent radical scavenger limits the timescale of oxidation.
During a short timescale of oxidation (~ us), footprinting occurs at high yield.

Here we report the first experimental evaluation of FPOP to test the claim by Hambly and
Gross that it labels a protein faster than its unfolding. Fast laser temperature-jump methods
coupled with several spectroscopy techniques have measured timescales of folding for
protein model systems.18 Recent studies by Chung and coworkers!® 20 using 2D IR
spectroscopy, dispersed vibrational echo spectroscopy, and MD simulation, showed that the
fast-folding response of ubiquitin, of breaking native contacts in its B-sheet, proceeds within
3 us of an abrupt T-jump. Although such perturbation is wholly different than chemical
modification, the timescale of ubiquitin response is suggestive of the earliest changes we
may expect for those proteins that are conformationally sensitive to oxidative modification.
Small in size and tractable for analysis, B-lactoglobulin (B-1g), apo-calmodulin (apo-CaM),
and lysozyme (LysC) are not structurally similar, yet are representative of proteins
exhibiting this sensitivity.21: 22 Therefore, we chose these proteins to test the hypothesis.

Venkatesh and coworkers?! proposed a method of ascertaining whether hydroxyl radical
reactions sample the native protein conformation or upset the structural equilibrium during
the timescale of exposure. Their approach is appropriate for continuous-dose methods
because they provide a near steady state hydroxyl radical concentration, allowing for a
pseudo-first order kinetic model to be used.?2 23 The FPOP method, however, cannot be so
evaluated because it is pulsed. A single laser pulse provides a well defined start, and
chemical quenching provides the “shutter” for the reaction. The 17-nsec laser pulse
generates an [*OH ] of approximately 1 mM. We estimate that the presence of glutamine
radical scavenger at 20 mM effectively quenches radical exposure by ~ 1 ps; thus, the
[«OH ] is not at steady state.16.

An appropriate approach is to test for a change in conformation induced by FPOP on the
labeling timescale. One means of monitoring protein conformational changes is to track their
charge-state distribution.24-2% This approach, however, has difficulty distinguishing fast and
slow FPOP-induced conformation changes. One might follow Maleknia and coworkers30-32,
who developed protein footprinting by generating reactive oxygen species in an ESI source,
accommodating rapid mass spectrometry analysis, but this approach suffers from the
uncertainty that protein conformation in a charge-dense droplet in a high electric field is
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relevant to solution biology. The special experimental features of FPOP require an indirect
evaluation method.

Test of Hypothesis that FPOP Oxidizes Protein Faster than its Unfolding

If an effective radical exposure at 1 ps is shorter than a significant structural response to
oxidative modification, and if the probability of modification at a site is a function of its
solvent accessibility, it follows that the modification probability at each site is independent
of other incurred modifications for such an exposure. It is also a function of the site's
inherent chemical reactivity.8 33 The modification probabilities of the most sensitive sites
can be approximated by an average probability. A binomial distribution models the
outcomes of this approximation. The probability a protein will be modified k times is:

N . a
P (k;N, p) :( k )pmndl\(l - Pmnd),\ k

for N potential modification sites, each with pnyq probability of modification. As N
increases, this probability diminishes for any one site, yet the product Npmoq is invariant. For
example, two proteins, one large and one small, undergoing controlled oxidative labeling,
will exhibit the same product distribution only if they are exposed at equal mass
concentration other things being equal (i.e., the solvent accessibility/size ratio and average
reactivity of each site). The limiting case of the binomial distribution as N — oo is the
Poisson distribution, with a probability mass function:

(?;'l/lk
k! (2)

P (k) =

Significantly, this is parameterized by only one factor, A, which is the expected number of
events (k) and their variance (k2) — (k)2. In practice for N > 50 and p < 0.02, an optimal A
gives a Poisson distribution matching the binomial, per outcome, to within the determination
error (inclusive of experimental error and modeling uncertainty) of any «OH modification
state of a protein.

The dominant product pathway for most residue sidechains reacting with «OH is the net
addition of oxygen (+16 Da) by substitution of H for OH.8 34 Consequently, the distribution
of madified products can be simplified as a 0, +16, +32... addition state distribution,
wherein proteins are binned only by the number of increments in 16 Da they have gained.
For a properly controlled FPOP experiment, we hypothesize that the distribution of 0, +16,
+32... products should be very nearly Poisson if the footprinting reactions occur more
rapidly than any significant protein unfolding. This hypothesis is the basis for our evaluation
of the three aforementioned proteins subjected to varying oxidation conditions.

EXPERIMENTAL SECTION

Reagents

Bovine p-Lactoglobulin A, lysozyme from chicken egg white, 30% hydrogen peroxide, L-
glutamine, L-methionine, catalase, urea, ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-
tetraacetic acid (EGTA), acetonitrile, formic acid, and phosphate buffered saline (PBS) were
purchased from the Sigma Aldrich Chemical Company (St. Louis, MO). Bovine CaM was
purchased from Oceanbiologics (Corvallis, OR). The proteins were used without further
purification. tris-(2-Carboxyethyl) phosphine hydrochloride (TCEP-HCI) was purchased
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from Pierce Biotechnology, Inc (Rockford, IL). Purified water (18 MQ) was obtained from
an in-house Milli-Q Synthesis system (Millipore, Billerica, MA).

Oxidative-modification labeling

Each 50 uL sample was prepared in PBS (10 mM phosphate buffer, 138 mM NaCl, 2.7 mM
KCI, pH 7.4 at 25 °C) with a final protein concentration of 10 uM. Apo-CaM samples
included 100 uM EGTA for the chelation of adventitious calcium. Glutamine was added to a
final concentration of 20 mM in normal FPOP samples. Hydrogen peroxide was added to a
final concentration of 15 mM just before FPOP infusion. The flowing sample solution was
collected in a 0.6 mL microcentrifuge tube containing an additional 20 uL of 100 nM
catalase and 70 mM methionine in PBS, as per the normal FPOP procedure. The breakdown
of peroxide by catalase was conducted by allowing the sample to react for 10 min at room
temperature before freezing the samples at —80°C.

FPOP was conducted as described previously, but with150 um ID fused silica (Polymicro
Technologies, Pheonix, AZ).16 The 2.54 mm beam width was measured from a 30-shot burn
pattern on label tape affixed to a temporary beam stop placed in the plane of the flow cell.
Samples with an approximate 15% exclusion volume fraction (EVF) were infused at a rate
of 19.00 £ 0.04 uL/min, and the excimer pulse frequency was set to 6.00 £+ 0.02 Hz. 30%
and 60% EVF samples were infused at the same rate but with 4.94 + 0.02 and 2.82 + 0.02
Hz pulse frequencies, respectively.

Mass spectrometry

Each sample was thawed and Ziptipc4-desalted (Millipore, Billerica, MA) before ESI MS
acquisition on a Waters Ultima Global quadrupole time-of-flight (Milford, MA), operating
in V mode at 12,000 FWHM resolving power at 838.8 m/z ((CF3COONa)gNa* calibrant
ion). Some samples were subjected to a 1 h, 37 °C incubation in 8 M urea, 5 mM TCEP
prior to de-salting. The 10 uL 50% acetonitrile 1% formic acid elution solution was diluted
3-fold with 50% aqueous acetonitrile prior to direct infusion. The capacity of the 0.6 uL bed
Ziptipc4 was approximately 3.3 pg, so that 180-230 pmol of protein was infused at a flow
rate adjusted to insure accuracy in the time-to-digital conversion of the multi-channel plate
detector, requiring 80-180 ion counts/scan base peak. Scans spanning the entire
chromatogram were summed to improve the signal-to-noise ratio, typically 60-150 scans
depending on the flow rate.

Data analysis

A 20-40 m/z spectrum window about the 15t charge state of f-lg and apo-CaM and 10t
charge state of LysC was fit with a model FPOP product distribution (described below), for
each protein replicate. The window range encompassed all detected product peaks and a 10
m/z region lower than the unmodified peak average m/z for baseline estimation.

MATHEMATICAL MODELING

The FPOP charge state spectrum model is the weighted sum of the set of Ny non-zero
oxygen-addition states [M + O + z.-H]?*, [M + 2.0 + zH]?*,..., [M + Noy -0 + z-H]?,
together with the unmodified state [M + z-H]?*. The it state A; is represented as an
unresolved isotopic distribution centered on the [M +i-O + z-H]** average m/z; its
contribution is weighted by the coefficient a;. The sum has the form:

Spectrum Model (m/z;ao, ai,..., ay,. ) :Zf\igaiA,' (m/z)+E )

Anal Chem. Author manuscript; available in PMC 2011 September 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gau et al.

Page 5

The baseline constant E is the average spectrum noise taken 5-7 m/z lower than the
unmodified protein peak in the zI" charge state. There is no uncertainty in the form of the
isotopic distribution as we know the elemental composition of each oxygen-addition
product. A Mathcad 14 Minimize algorithm was used to fit the model to the spectrum to
determine the coefficient values; these values convey the oxygen-addition state distribution
and were tested for goodness-of-fit to a Poisson distribution. The solution convergence
tolerance was 10712,

We further expand the spectrum model two ways. One motivation is to deal with the charge
state spectrum that is complicated by low abundance starting material, electrospray adducts,
and other FPOP oxidation products that do not correspond to +16, +32... We assume that
these latter adducts are equally likely to be observed for each +16, +32... state, including the
unmodified protein, with an important exception discussed below. ESI MS of control
samples, wherein the protein is subjected to identical sample handling and peroxide
exposure but not pulsed laser irradiation, provided spectra for determining the presence of
adducts of the starting protein and other impurities, ESI-induced losses of ammonia and
water, direct hydrogen peroxide oxidation, and salt adduction. A peak detection algorithm
was employed to detect and pass the mass shifts and relative intensities of these peaks to the
modeling algorithm.

The low abundance FPOP products that do not correspond to the substitution of H for OH or
the simple addition of an oxygen atom (+16) fall into two categories: resolved and
unresolved. Resolved peaks corresponding to losses of ammonia, water, and the —30 Da
major product of acidic residue oxidation from the zero oxygen-addition state were
observable as they are shifted to lower m/z than the major oxygen-addition product series.
Especially for apo-CaM (see Figure 4), these peaks were more conspicuous than in the
control and must result from species produced in the FPOP treatment. Additional control
experiments in which hydrogen peroxide was not added showed that the excimer laser did
not contribute to these modifications (data not shown). Other FPOP products include but are
not limited to +14 Da carbonyl incorporation at aliphatic residues, —23, —22, —10 and +5 Da
shifted histidine oxidation products, and —43 Da deguanidination at arginine.8 Their low
abundance is obscured by the dominant 0, +16, +32... distribution and so are unresolved.
The distribution of proteins undergoing such reactions and having | +16 Da additions, was
modeled as a normal distribution, whose amplitude, variance, and centroid displacement
from the ith oxygen-addition state were set by the algorithm. All of the parameters that
model the complexity of each population of proteins having 0, +16, +32... mass increments
were determined by preliminary empirical modeling, in the case of resolved and control
adducts, or for the unresolved adducts, by the same Minimize algorithm that determines the
state coefficients. It is important to note that these parameters are state-invariant, unlike the
state coefficients.

The second spectrum model expansion is crucial for determining the distribution of 0, +16,
+32,... for its Poisson goodness-of-fit evaluation. Owing to the EVF, only a fraction of the
full contribution of the O state (i.e., the signal for the unoxidized protein) should be
included in the FPOP product distribution analysis. This fraction represents the proteins in
the irradiated volume that undergo no additions of 16, 32... Furthermore this fraction
contributes FPOP adducts other than those in the series corresponding to +16, +32...,
whereas the EVF does not. The model is rewritten as:

Spectrum Model (1 — f) ap, A'()+fa()Ag+ZZ“]‘ a;A+E @
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Here the 0" state is split between the exclusion volume portion (1 — £)agA’,, Which has the
form of a simple isotopic distribution convolved with those adduct peaks seen in the control
experiments, and the irradiated volume portion, fagAy which has a form identical to all other
oxygen-addition states and so contains all complicating terms. The parameter f is not the
irradiation fraction of the O'" state; rather, the adjusted coefficient fay, is proportional to the
0th state peak area attributed to this fraction by definition (eqn 2). The other a; coefficients
are likewise proportional to their +16, +32... state peak areas. The parameter f is fixed in the
modeling algorithm by its relation to the independently measured EVF:

EVF -x)%A

f(EVF) e —
A +E\/F~<A —A')

-0 =0 -0

(3)

The underscored state variables denote integration over the entire m/z spectrum
encompassing the charge-state product distribution.

A Mathcad 14 Minimize algorithm was also used to fit a Poisson distribution to the set of 0,
+16, +32... state peak areas {fAg,Ail t = 1,...,Ngx}. The Poisson characteristic parameter A
determined by this minimization gives the Poisson +16, +32... addition state expectation
value. A second modeling approach was also examined, in which f was varied to optimize a
Poisson fit, thereby determining the EVF. This tested the corollary of our hypothesis: that an
FPOP protein-product distribution well modeled by a Poisson should provide an EVF
corroborating its independent measure—although a match doesn't prove the converse. The
reader is referred to Supporting Information for a more detailed discussion of the modeling
and Poisson-fitting algorithms.

Results and Discussion

Taking that a single conformation protein invariant to FPOP has a large number of
independent sites of low modification probability, the distribution of species for which the
molecular weight has increased by 0, +16, +32... should be well modeled by a Poisson
distribution. The low specificity of hydroxyl radical footprinting means up to 85 residue
sidechains in a 100-residue protein may be modified, depending on *OH exposure. The
frequency of a residue's modification can be further split among the atomic sites of the
residue (e.g., phenylalanine can be modified at o, m, p sites). It follows that there are more
than 100 oxidative-modification sites, even for a small 100-residue protein. The probability
of reaction is site-specific, and is determined by the site's inherent reactivity and solvent
accessibility. Xu and Chance® showed in y-ray radiolysis dose experiments that among 10 of
the 12 most reactive amino acids, oxidation by hydroxy! radicals spans a 30-fold range of
first-order product formation rates..

While the reactivity at any site is unique, it is well approximated as having an average
modification probability, pmeg. We designed the FPOP experiment so that the OH radicals
have a short lifetime in a properly quenched experiment. Shortening the radical exposure
time reduces the set of reactive sites, thereby improving the representation of each site as the
average. If the time is too short, the residue resolution of the footprint experiment will be
lost. Replacing 20 mM GIn with 20 mM Phe depletes [+OH ] at a 10-fold faster ratel®; we
observed that >90% of oxidative-madification products for several proteins are abolished
with this change (data not shown).

In the event that the protein partially contorts from its native conformation on the timescale
of radical exposure, the distribution of products from oxygen addition will change if one or
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more oxidation targets have a substantially different solvent accessibility. In this case, the
resultant distribution cannot be Poisson for two reasons. First, the site probabilities are no
longer independent. Second, the native state py,og cannot describe the average modification
probability for newly exposed sites because their exposure time is shorter. For the simplest
example, consider the oxidative modification of a mixture of two protein conformations,
each insensitive to oxidation-induced perturbation and each with its own ppq4. The oxygen-
addition state distribution for each population is ideally Poisson, but the overall protein
population is not; that is, the distribution from the sum of two Poisson distributions having
different means is not itself Poisson.

Although we have not tested that a protein with an invariant conformation exhibits a
Poisson-like oxygen-addition distribution following FPOP, this is a reasonable assumption.
Rather, if we find the distribution of products is Poisson or nearly so, we may conclude the
conformation was unaffected during labeling. Thus, the test for induced FPOP-timescale
conformation change requires 1) determining the distribution of products corresponding to
substitution of H by OH or by addition of an oxygen atom, 2) determining its best-fitting
Poisson distribution, and 3) evaluating the goodness-of-fit.

We also tested whether changes to the FPOP procedure and to post-labeling conditions and
sample handling affect the product distribution. When the GlIn radical scavenger, normally
constituent with the sample, is removed, the radical lifetime is determined principally by its
self-reaction rate and is approximately 100-times longer.16: 33 Consequently, we expect that
oxidation-sensitive proteins will adopt significantly different product distributions from a
best fitting Poisson because there will likely be a structural response on this timescale.
Furthermore, given that covalent modification footprinting can involve days of sample
handling, millimolar levels of hydrogen peroxide may slowly oxidize proteins especially at
exposed Met and Cys.3 Intentionally or otherwise, buried residues often experience solvent
exposure with such handling, so that all peroxide-reactive residues are vulnerable. By
omitting catalase and allowing hydrogen peroxide to persist following FPOP treatment, we
can test the sensitivity of FPOP-treated protein to further peroxide oxidation and long-time
(minute-hour) conformational change.

Data Acquisition and Analysis

We chose not to model a deconvoluted or “decharged” mass spectrum of each sample,
owing to uncertainties in fitting to the output of the Waters MaxEnt1 maximum entropy
algorithm supplied with the mass spectrometer data system. We selected single charge states
instead: the 15™ charge state of B-lIg and 10t charge state of LysC. These choices are
justified by their match to the charge state-invariant product distribution of the FPOP-treated
protein, determined in an experiment wherein the protein was denatured by urea prior to
ESI-MS (data not shown).

This integrity of a distribution determined for a charge state is of concern because ESI
affords different responses (different charge-state distributions) to different conformers of a
protein. A partially unfolded protein can accommodate more protons and will have a charge
state distribution shifted to higher charge. In fact, two proteins (B-lg and LysC) exhibited
product distributions that were charge-state dependent; that is, at higher charge states, the
peak corresponding to the unmodified protein is significantly diminished, and the higher
+16, +32... states are relatively more populated than at lower charge states. Denaturing and
reducing (B-lg has 2 and LysC 4 disulfide linkages) a portion of each protein following
FPOP treatment just prior to desalting and direct infusion, we could minimize any
dependence of the relative product distribution on charge state. This charge-state
dependence indicates that the protein ultimately infused for ESI analysis existed as a mixture
of conformers in the un-denatured treatment (an acidic 50% acetonitrile solution does not
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fully denature B-1g and LysC although this may be due to their intact disulfide bonds).
Venkatesh, Sharp and coworkers2l: 22 showed that the proteins selected for this study are
susceptible to partial unfolding upon oxidation. Our finding that proteins undergoing
multiple +16, +32... additions dominate the higher charge states corroborates their finding.
Although the 8 M urea denaturing solution was freshly prepared, significant carbamylation
(+43 Da) of primary amines was observed in the unoxidized control sample for both
proteins. On this basis, we chose to analyze single charge states to obtain the distribution of
0, +16, +32... states and eschewed the analysis of post-FPOP urea-denatured samples.

On the other hand, apo-CaM, a 16.8 kDa dumbbell-shaped protein with no disulfide bonds,
showed a relative FPOP product distribution that was invariant of charge state. Its 15t
charge state was analyzed because its peaks were the most intense in the mass spectrum.

Agreement with a Poisson Distribution

The optimum model fit to the 15th charge state of B-1g sample oxidized under normal FPOP
conditions (Figure 2) typifies the fit observed for all three proteins under the same
conditions. The spectrum/model relative residuals (hormalized to the spectrum intensity) at
each data point are generally in good agreement. The model fit, however, is poorer at higher
m/z: the average |relative residual| doubles from 0.042 at to 0.082 at m/z > 1235 (Figure 2a).
The higher +16, +32... addition states are more resolved in the calculated (model) spectrum
than in the experimental spectrum. This may be a consequence of an underestimation of the
background contribution in this region. Given this uncertainty, the states analyzed for
Poisson likeness were restricted to the first states, accounting for at least 95% of the signal.

Each 0, +16, +32...state contribution in 2b has two dominant features: a major isotopic
distribution peak with a centroid at [M, + tO + 15H]1>* and a broad normal distribution
with an intensity 1.0 £ 0.3% that of the major peak; this was seen for all proteins under all
FPOP treatments. The portion of the 0™ state owing to zero oxygen additions in the
irradiated volume is fixed in the spectrum modeling by the measured EVF (eq 3).

The distribution is affected by changes in EVF, radical scavenger, and post-FPOP oxidation
protection: Figure 3 shows spectra of B-lg treated with these variations and again typifies the
CaM and LysC spectra (Figure 4). Intensity is plotted relative to each spectrum's maximum.
Exposure for 5 min to 15 mM H,0, does not oxidize these proteins (Figures 3a, 4a, 4d). In
the “normal” FPOP treatment, radical exposure is controlled with constituent GIn scavenger.
Post-FPOP oxidation is minimized by removing any left over H,O, by reaction with
catalase and adding millimolar levels of Met.36 Methionine, a competitive oxidation reagent,
was used because the samples were not analyzed immediately after their treatment. Tuning
the EVF from 60 to 15% by increasing the laser frequency for samples submitted to a
properly controlled FPOP procedure (Figure 3b—d) increases the levels of oxidation.
Without radical control (no GIn scavenger) and/or removal of peroxide post FPOP (Figure
3e-f), the product distributions skew significantly to higher oxidation levels. The S/N ratio
is also worse, as an equivalent amount of protein is spread over more states, relative to the
other spectra.

The Poisson fitting to the modeled distribution of B-Ig samples is shown in Figure 5. The
state coefficients {fa,, aj | i =1, ..., Nox} determined by the spectrum modeling are
proportional to the ion counts comprising the peak area of each state; these values are
normalized to give probability values in the figure. In all cases, the f factor was fixed by the
measured EVF, except for the FPOP experiments without the glutamine scavenger. The
standard error bars are in general small except for the 0" state. This stems from the
sensitivity of the 0" state to the f factor calculation—small changes in the set of coefficients
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{ai |1 =0, ..., Nox} can compensate a larger change in f without unduly worsening the
spectrum model fit.

Qualitatively, the Poisson distribution fitting to the sample distributions obtained by
appropriately controlled FPOP at all experimental EVF levels is much better than for
samples submitted to FPOP but without scavenger (GIn) or post-FPOP removal of peroxide
by catalase. This is also realized for the other two proteins, apo-CaM and LysC. Table 1
summarizes the Student's-t goodness-of-fit evaluation for each 0,+16,+32...oxidation state.
The chi-Squared goodness-of-fit test was not employed because there is modeling
uncertainty in binning large ion counts among oxidation states, and it does not convey per
state residual statistics.

For the FPOP experiment in which the EVF was 15% and no scavenger (Gln) was present,
the EVF could not be correctly calculated (Figure 5a). Setting the f factor to zero (i.e., the
protein in the exclusion volume accounts for all of the zero-addition state) forces the model
to give an EVF of 9%. The fraction of unoxidized protein is significantly less than the
measured EVF. A reasonable interpretation of the result in Figure 3e is that there is some
zero oxygen-addition state contribution from the irradiated volume; this further depresses
the calculated EVF from the expected value. In fact, uncoupling the calculated EVF from its
measured value by using the Poisson-dependent modeling approach shows that for the
FPOP-treated sample without scavenger, the EVF is less than half 15% (Table 2). This is
illustrated for B-Ig in Figure 6. Each normalized distribution is for a sample submitted to
FPOP with a 15% EVF; plots a and b clearly show poorer fitting than the plot obtained when
the sample is submitted to FPOP with the correct controls in place (plot c).

Thus, contrary to the controlled FPOP treatment, some of the protein in the EVF is oxidized
when the radical scavenger is absent. This may occur for three reasons: (1) the radical and
protein diffuse from the irradiated volume, (2) oxidation is initiated by diffuse 248 nm light
outside the considered reaction volume, and/or (3) one protein is oxidized by another
following laser irradiation. The first mechanism is unlikely. Even without considering the
hydroxyl radical recombination rate of 5.5x10~2 M~1s71, the concentration of hydroxyl
radical 5 microns into the exclusion volume after 100 psec is only 0.15% the 1 mM
theoretical maximum instantaneous [+«OH ] in the irradiated volume.16: 33 The «OH diffusion
coefficient was estimated by molecular dynamics simulation to be 7.1x1079 m2 s~1,37.38
Without any scavenger, protein oxidation in the excluded volume may be due to lingering
radicals created at low levels from H,0, photolysis. Although highly collimated, the
incident laser beam edges may extend >10 microns beyond the observed irradiation width.
Finally, the oxidation by hydroxyl radicals is not a one-step process. In some protein-
hydroxyl radical reactions, superoxide is created. Superoxide has a longer half-life than
hydroxyl radical; sulfur-containing residues are sensitive to this ROS, although their
reaction with O, ™« is much slower than with «<OH.”: 36 Additionally, some protein-
hydroperoxide intermediates may react intermolecularly instead of following the usual
pathways to modification.3® These peroxides are formed predominantly at aliphatic residues
where a carbon-centered radical from hydrogen abstraction by an hydroxyl radical is
stabilized by dissolved molecular oxygen.34

The last mechanism of intermolecular oxidation is potentially a problem for all oxidative-
modification footprinting strategies. Yet evidence thus far from proteolysis and MS/MS
analysis of constituent peptides shows that the sites of oxidation are consistent with the
residue sidechain solvent accessibilities calculated from x-ray crystallography and NMR
structures of several proteins.13: 15. 16, 22 States higher than +8 oxygens are of very low
abundance when FPOP is correctly controlled, but they are significantly more populated
when a radical scavenger is not included. Latent protein-peroxide oxidation of newly
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accessible residues may be a millisecond-minute pathway capable of enriching these higher
states without the presence of large excesses of Glin.

Conclusion

FPOP conducted properly by including control on radical lifetime and minimizing exposure
to peroxide post FPOP provides a means of footprinting proteins without perturbing unduly
their conformation during labeling. Although some proteins undergoing several oxidations
do unfold at longer times (by the time of ESI-MS), this unfolding occurs post-FPOP, as
established by finding a good fit of the +0, +16, +32... state product distribution to a
Poisson distribution under proper conditions. The underlying assumption is that the Poisson
model is applicable to footprinting a protein population sharing an invariant conformation
and having many non-cooperative oxidation sites. In cases where radical and peroxide
controls are insufficient, the product distribution is shifted to higher states of modification,
as expected, and is no longer well described by a Poisson distribution. The implication that
partial unfolding occurs during the timescale of modification is consistent with the Poisson
model. This test is not ad-hoc as it holds for three proteins. Moreover, we suggest that the
approach is an appropriate validation of any oxidative-modification footprinting. The global
modification distribution of «OH-treated proteins larger than 20 kDa can also be examined
for concordance with a Poisson distribution—in fact the Poisson approximation of the
binomial distribution is improved with more labeling sites.

Accurate modeling requires approximately half-height resolution of distinct +16 Da states;
mass resolving power achievable on FTMS instruments is needed for proteins as large as
BSA (66 kDa). The modification distribution should be only a function of the native
conformation state of a protein. If the native state is an equilibrium mixture of
conformations, the distribution will not necessarily be Poisson. If this non-Poisson
distribution occurs in a properly controlled FPOP experiment, then it serves as a means for
testing conformational change induced by additional perturbations (such as denaturant) to
the native equilibrium.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic of FPOP whereby a protein in a solution flowing in fused silica reacts with OH
radicals. Shown is the reaction region with typical flow rate, laser pulse frequency, and laser
spot size.

1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Anal Chem. Author manuscript; available in PMC 2011 September 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gau et al.

3000

2000

lon Count

1000

3000

2000

lon Count

1000

0

1222 1

Figure 2.

Page 13

spectrum

Emodel

O 0th state

@ FPOP oxygen-
addition states 0-4

N

28 1234

m/z

Graph (a) is of the ESI-QTOF mass spectrum of the 15th charge state of FPOP-treated [3-
lactoglobulin and its composite model. Graph (b) is of the background-subtracted model and
its first five oxygen-addition state components (hashed fill). The 0" state (gray) is made up
of a 53% contribution from the exclusion volume fraction (not shown) and a 47%
contribution from the irradiated portion of the sample that did not react with OH radicals.
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Figure 3.

ESI-QTOF mass spectra of the 15th charge state of six B-lactoglobulin samples subjected to
varying FPOP conditions. Spectrum (a) is of the control, absent only laser irradiation; (b) is
of a normal FPOP treatment with an EVF 60%; (c) is of a normal treatment with an EVF
30%; (d—f) are of samples with an EVF of 15%; (d) is of a normal treatment (all controls);
(e) is of a treatment absent 20 mM GlIn; and (f) is of a treatment without use of scavenger
(GIn), removal of peroxide (by catalase), and control of post FPOP oxidation (addition of
Met).
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Figure 4.

ESgI—QTOF mass spectra (a—c) are of the 15! charge state apo-calmodulin; spectra (e—g) are

of the 10' charge state of lysozyme. Spectra (a) and (d) are of the controls, absent only laser
irradiation; (b) and (e) are of samples after normal FPOP treatment (i.e., with scavenger and

removal of peroxide post FPOP); (c) and (f) are of samples after FPOP treatment absent the

scavenger (20 mM Gln).
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Figure 5.

The irradiation volume oxygen-addition state ion counts are modeled for the spectrum of
each bovine B-lactoglobulin sample. The modeling was constrained such that the calculated
EVF matched the independently measured EVF. Per condition, shown with standard error
bars along a solid line, are the averages of the normalized ion counts of four replicates (a—c)
and two replicates (d—e). The diamonds along a dotted line show the non-linear regression
best-fit Poisson distribution to the average oxygen-addition state distribution. The number of
states per sample distribution fit to a Poisson was chosen to account for at least 95% of
protein signal. Plot (a) is for sample submitted to FPOP but without the glutamine radical
scavenger. When all zero oxygen-addition protein is assigned to the EVF, its value is 9%,
short of the measured 15%. Plot (b) is for sample submitted to FPOP but without removal of
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peroxide post-FPOP, with a 15% EVF. Plot (c) is for sample FPOP-treated with a 15% EVF.

Plot (d) is for sample FPOP-treated with a 30% EVF. Plot (e) is for sample FPOP-treated
with a 60% EVF.
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Figure 6.
The irradiation volume oxygen-addition state ion counts are modeled for the spectrum of

each B-lactoglobulin sample. A non-linear regression best fit Poisson distribution was
simultaneously determined; the EVF was varied to optimize the fit. Per condition, shown
with standard error bars along a solid line, are the averages of the normalized ion counts of 4
replicates (b and c); case (a) is singlicate. The number of states per sample distribution
plotted account for at least 95% of protein signal. The diamonds along a dotted line show the
Poisson distribution. Plot (a) is for sample FPOP-treated without glutamine radical
scavenger, post-FPOP catalase, or post-FPOP methionine. The best fit exclusion volume
was calculated at 6.6%. Plot (b) is for sample FPOP-treated without glutamine, with a
calculated EVF of 7.0 £ 0.4%. Plot (c) is for sample FPOP-treated with a calculated EVF of
17 + 2%. In all cases the measured EVF was 15%.
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