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Abstract. Hydroxyl radical (-OH) labeling with mass spectrometry detection reports
on protein conformations and interactions. Fast photochemical oxidation of proteins
(FPOP) involves -OH production via H,O, photolysis by UV laser pulses inside a flow
tube. The experiments are conducted in the presence of a scavenger (usually
glutamine) that shortens the -OH lifetime. The literature claims that FPOP takes place
within 1 ps. This ultrafast time scale implies that FPOP should be immune to labeling-
induced artifacts that may be encountered with other techniques. Surprisingly, the
FPOP time scale has never been validated in direct kinetic measurements. Here we
employ flash photolysis for probing oxidation processes under typical FPOP condi-

tions. Bleaching of the reporter dye cyanine-5 (Cy5) served as readout of the time-
dependent radical milieu. Surprisingly, Cy5 oxidation extends over tens of milliseconds. This time range is four
orders of magnitude longer than expected from the FPOP literature. We demonstrate that the glutamine
scavenger generates metastable secondary radicals in the FPOP solution, and that these radicals lengthen
the time frame of Cy5 oxidation. Cy5 and similar dyes are widely used for monitoring the radical dose experienced
by proteins in solution. The measured Cy5 kinetics thus strongly suggest that protein oxidation in FPOP extends
over a much longer time window than previously thought (i.e., many milliseconds instead of one microsecond).
The optical approach developed here should be suitable for assessing the performance of future FPOP-like
techniques with improved temporal labeling characteristics.
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Introduction

Mass spectrometry (MS) has become indispensable for
structural biology [1]. Native electrospray ionization
(ESI)-MS and ion mobility spectrometry yield information on
quaternary structure and subunit connectivities [2—4].
Hydrogen/deuterium exchange reports on secondary structure
and dynamics [5-8]. Cross-linking provides distance con-
straints that can be essential for structure determination efforts
[9-13].

Covalent labeling represents another important approach for
monitoring protein conformations and interactions [14—19].
Solvent-accessible side chains can be modified by water-
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soluble reactive species, whereas buried segments are sterically
protected. Numerous covalent labeling agents have been de-
veloped [14]. The resulting modification patterns can be
probed by peptide mapping, liquid chromatography, and ESI-
MS/MS. A potential problem associated with covalent labeling
is the fact that side chain modifications can alter protein struc-
tures. Thus, if a sample is exposed to prolonged labeling the
modification pattern may reflect a distorted structure, rather
than the conformation of interest. This issue can be addressed
by using low labeling levels, but such conditions cause analyt-
ical challenges because modification sites will have limited
abundance. Kinetic tests, although cumbersome, can help iden-
tify a regime where labeling-induced structural distortion is
negligible [14].

Hydroxyl radical (-OH) is one of the most widely utilized
covalent labeling probes. Its small size, high reactivity, and
water-like properties makes it an excellent reagent for tagging
solvent-accessible surface areas. ‘OH can be produced by
Fenton chemistry [20, 21], electrochemical methods [22],
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corona discharge techniques [23], water radiolysis [24-26], and
photochemical cleavage of H,O, [27-29]. All 20 amino acids
can react with -OH; about half of them generate products (often
+16 Da modifications) that are readily detectable by MS [25].
Hambly and Gross [30] were the first to conduct protein
oxidative labeling in a flow system with -OH production via
H,O, photolysis by ultraviolet laser pulses. The acronym
FPOP (fast photochemical oxidation of proteins) has been
coined for this technique [31]. It was claimed that FPOP goes
to completion within ~1 ps. This extraordinarily short time
frame has important implications. First, under single-hit con-
ditions, FPOP should be immune to labeling-induced artifacts
because protein tagging will be complete before conformation-
al changes can take place [30-32]. Secondly, FPOP holds
promise for examining short-lived protein folding intermedi-
ates [33]. FPOP has been adopted by various researchers, and it
has been applied to a range of protein systems [34—45].
Surprisingly, the time scale of oxidative labeling during
FPOP has never been verified experimentally. Instead, the as-
sertion of a ~1 s labeling pulse is based on kinetic estimates
[30], indirect statistical data [31], and stationary (not time-
resolved) dosimetry [32]. It is instructive to revisit the key
arguments [30]. Photochemical cleavage of hydrogen peroxide
by a nanosecond laser pulse generates radicals according to
H,0,—2 -OH. In purely aqueous solution and for an initial
-OH concentration of 1 mM [32], the recombination (2 -OH —
H,0,, k=6x10° M' s7") [46] will follow the profile of
Figure 1a, where a significant -OH concentration persists over
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Figure 1. Calculated radical concentrations during FPOP un-
der different conditions. (a) Aqueous solution containing -OH as
only solute. -OH depletion due to radical recombination is given
by [-OH] = [-OH]o/(1+kt[-OH]o). (b) Aqueous solution containing
-OH and 20 mM scavenger (GIn). Blue profile: -OH depletion
caused by reaction with GiIn, [-OH] = [-OH] exp(—t[GIn]o). Pa-
rameters are from reference [30]. Red profile in (b): formation of
secondary radicals, assuming a 1:1 molar ratio relative to the
depletion of -OH
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a few ps and beyond. FPOP employs scavengers (usually Gln)
to shorten the -OH lifetime. Gln has a rate constant of 5.4 x
108 M ' s7! for reaction with -OH [25]. The -OH concentration
profile calculated under pseudo-first order conditions for [Gln] =
20 mM drops close to zero within 1 ps (blue line, Figure 1b)
[30]. This plot represents the foundation of the claim that FPOP
is a microsecond covalent labeling technique [30-32].

We do not dispute that the -OH concentration in FPOP
drops to negligible values within ~1 ps. However, a compre-
hensive discussion has to include a// reactive species in the
solution. Most oxygen atoms incorporated into side chains
during FPOP do not originate directly from -OH (addition to
aromatic residues is a possible exception) [25]. More common-
ly, -OH abstracts a hydrogen, and the resulting radical un-
dergoes a series of reactions involving dissolved O,, culminat-
ing in +16 Da (or other) products [25, 47]. Importantly, hydro-
gen abstraction and subsequent oxidation can also be triggered
by radicals other than -OH [46—48]. Hence, one has to ask if
“secondary radicals” may be formed under FPOP conditions,
and whether such species can cause protein labeling after -OH
has disappeared.

The FPOP literature implicitly assumes that labeling is
terminated once -OH has interacted with the Gln scavenger.
However, reaction of an odd-numbered electron species (-OH)
with an even-numbered electron species (the scavenger) nec-
essarily generates a new radical. Thus, the scavenger will
generate secondary radicals according to [25, 46, 47, 49]

-OH + GIn—H,0 + Gln- (1)

Formation of HO,- (from the reaction of -OH with H,0,)
can take place as well [47], followed by Haber-Weiss chain
reactions that may produce additional reactive species [25].
Other secondary radicals form when Gln- reacts with dissolved
O, close to the diffusion limit [47, 49], thereby generating
peroxyl species [25, 46, 47, 49]

Gln- + 0,-GlIn-0-0- 2)

Transformations involving peroxyl radicals are not as fast as
direct -OH-mediated processes, e.g., reactions with methionine
take place with rate constants of ~10° M s versus ~10° M
s' [25, 50]. Nonetheless, the cumulative oxidation caused by
these secondary radicals in biological samples can be signifi-
cant because of their long lifetimes [47, 51].

The formation of secondary radicals is schematically indicated
by the red profile in Figure 1b. Owing to their complex chemistry,
it is difficult to predict how long these species will persist in the
FPOP solution [47, 49]. It cannot be ruled out that secondary
radicals contribute to analyte oxidation within the FPOP flow
tube. In other words, the claim that FPOP labeling is restricted to a
~1 us time scale [30-32] has to be carefully re-examined.

Here we use flash photolysis to probe the time scale of
FPOP. Direct measurements of side chain oxidation kinetics
are difficult. We therefore record spectral changes of a reporter
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dye in the FPOP solution. The premise of these experiments is
that oxidation will alter the spectroscopic properties of the
reporter dye. This approach is closely related to the widespread
use of dyes as dosimeter molecules in protein samples [21, 25,
52]. We uncover major discrepancies between expected and
actual oxidation kinetics. Reporter dye oxidation extends over
a time period that is four orders of magnitude longer than
expected.

Experimental
Reagents

Horse holo-myoglobin, Gln, Met, Arg, and organic dyes were
purchased from Sigma (St. Louis, MO, USA). Apo-myoglobin
(apo-Mb) was prepared as described [35]. All aqueous protein
samples contained 10 mM sodium phosphate buffer at pH 7,
unless noted otherwise. For some experiments, the solutions
were acidified to pH 2 by addition of HCI.

Oxidative Labeling

FPOP experiments on apo-Mb were conducted using a
continuous-flow device as described [35]. A two-syringe
mixing approach was used to suppress background oxidation
by only exposing the protein (from syringe 1) to H,O, (from
syringe 2) immediately prior to laser irradiation. The contents
of both syringes were mixed on-line and pumped through a
fused silica labeling capillary (TSP100170 Polymicro Technol-
ogies, Phoenix, AZ, USA, inner diameter 100 um) at a total
flow rate of 40 pL min', corresponding to an average flow
velocity within the capillary of 84.5 mm s™'. The final mixture
contained 0.1% H,0,, 20 mM Gln, and 10 pM protein at pH 7
or pH 2. A GAM EX50 excimer laser (Orlando, FL, USA)
generating 18 ns laser pulses at 64 Hz, 248 nm, and 37.5 mJ
was used for - OH production 40 cm downstream of the mixer.
These experimental parameters are well within the range of
earlier FPOP experiments [30, 34, 36, 37, 39, 40, 53]. The
width of the laser beam at the irradiation spot was 1 mm, as
determined from paper burn patterns; 160 puL capillary outflow
aliquots were collected 1 s after labeling in microcentrifuge
tubes containing 80 pL of 100 mM phosphate buffer, 5 uM
Met, and 1 uM catalase prior to flash freezing in liquid nitrogen
and lyophilization. Background oxidation is negligible under
these conditions (Supporting Figure S1). Intact protein mass
analyses were performed on a Synapt G2 ESI mass spectrom-
eter (Waters, Milford, MA, USA) that was coupled to a Waters
UPLC employing a 1.7 pum C4 (BEH300) 2.1 mm X 50 mm
reversed-phase column. A detailed analysis of apo-Mb oxida-
tion patterns by MS/MS-based peptide mapping has been
reported previously [35]. For this reason, the current work only
focuses on intact protein spectra.

Flash Photolysis

Ideally, one would monitor the temporal evolution of reactive
species in situ (i.e., directly within the FPOP continuous-flow
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system). Unfortunately, the small dimensions and the unfavor-
able geometry of the capillary setup complicate such endeavors.
For optical measurements, the FPOP capillary was therefore
replaced with a 3 cm® quartz cuvette that was centered in the
beam of the excimer laser. A shutter was used to provide single-
shot conditions. All other conditions were as described above.
The cuvette was emptied and refilled with fresh solution after
each excimer laser shot. Time-dependent chemical changes
triggered by the 248 nm pulse were probed in orthogonal
geometry using a continuous-wave diode-pumped solid-state
laser (200 mW at either 532 nm or 635 nm) powered by an
U803 1A voltage supply (Agilent, Santa Clara, CA, USA). Cut-
off filters were used to eliminate spurious infrared emission, and
dry ice cooling was used to stabilize the probe laser output. After
passing through the sample, the probe laser intensity was re-
corded using a fast photodiode (FDS100; Thorlabs, Newton, NJ,
USA). The output of this detector was connected to a DC9240
digital oscilloscope (Yokogawa, Tokyo, Japan), and the signal
was sampled with a resolution of 16 ns per data point. Owing to
memory limitations, only 2 x 625,000 contiguous points could
be recorded, for a total of 2 x 10 ms. These two windows were
adjusted to cover the initial reaction kinetics starting at #=-2 ms,
as well as the time range around 1 s. A schematic depiction of
the flash photolysis setup is provided in Supporting Figure S2.

Excimer-laser induced photochemistry induces bleaching of
the reporter dye, which causes the light intensity J monitored
by the photodiode to increase. Time-dependent signals record-
ed in this way are displayed as absorbance difference A4,
calculated as

Jo

where J, is the light intensity averaged over 2 ms preceding the
248 nm laser pulse event, and J(7) is the light intensity after the
excimer pulse.

Results and Discussion
Choice of Reporter Dye

For characterizing kinetic processes in the FPOP solution we
monitored the bleaching of a reporter dye by flash photolysis.
A key criterion for choosing a suitable chromophore is the
presence of an absorption band in the visible range that can
be probed with a standard continuous-wave laser. This ex-
cludes some dyes that had been used earlier for FPOP dosim-
etry [52]. Initial experiments for the current work employed
rhodamine 6G, which can be probed at 532 nm. A potential
problem with this chromophore is the overlap of the 248 nm
excimer laser with a strong absorption band (Supporting
Figure S3a). This situation may cause unexpected photochem-
istry. Cyanine-5 azide (Cy5) has a lower absorption intensity at
248 nm, and it shows less 'O,-induced photobleaching
(discussed below). We thus chose Cy5 as reporter dye for all
subsequent experiments. Chemical transformations were



S. Vahidi and L. Konermann: Measurement of the FPOP Time Scale

probed at 635 nm (Supporting Figure S3b). The use of Cy5 and
related compounds for radical dosimetry in biological samples
is well established [54—56]. Cy5 possesses amide and aliphatic
functionalities, in addition to two indole-like moieties that
resemble Trp side chains (Supporting Figure S4a). Hence, it
is reasonable to assume that conditions resulting in Cy5 deg-
radation would also result in protein modifications. This view
is in line with the use of non-proteinaceous dosimeter dyes in
many previous protein -OH labeling studies [21, 25, 52]. Cy5
concentrations were kept low (5 uM) to minimize interferences
with the radical chemistry of the sample (see SI for additional
details).

Reporter Dye Background Reactivity

Prior to exposing Cy5 to FPOP conditions, it is important to
characterize its background reactivity. We thus first conducted
experiments in the absence of H,O,, scavenger, or protein.
Under these conditions, the 248 nm laser pulse causes a
~20 ns wide negative A4 spike at =0 (Figure 2a). This signal
reflects depletion of the Cy5 ground state and subsequent
relaxation of the excited molecule by fluorescence. Following
this spike, Cy5 exhibits residual bleaching (A4~-0.03) that
largely recovers within ~5 ms (Figure 2b), consistent with
triplet-singlet relaxation [57]. A minor absorbance difference
(A4~=-0.006) remains after 1 s, which indicates a low level of
irreversible photochemical damage. Permanent photobleaching
of organic dyes under the conditions used here is caused by
singlet oxygen ('0,), generated via interaction of dissolved O,
with triplet excited states [57—60].

The data of Figure 2 indicate that optical signals observed in
FPOP solutions will be somewhat affected by the inherent
photophysics and photochemistry of the reporter dye. In par-
ticular, near-instantaneous bleaching of A4~-0.03 reflects
triplet formation, rather than oxidation. 10,-mediated effects
are of little concern because the A4 values seen during FPOP
(discussed below) are significantly larger than the long-term
effects in Figure 2.

Addition of H>O,

We next explored the behavior of CyS5 solutions containing
0.1% H,0,, without scavenger or protein. The 248 nm laser
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pulse results in a maximum signal amplitude of A4~=~-0.11
(Figure 3a). This bleaching takes place in two stages. A4d~—
0.03 is reached within a few ns, reflecting triplet formation as in
Figure 2. The subsequent transition down to A4 ~—0.11 occurs
over 2 ps. We attribute this second stage to -OH-mediated
oxidation of CyS5, a view that is supported by ESI-MS analysis
of'the dye solution (Supporting Figure S4). The pus time scale of
the Cy5 bleaching kinetics in the presence of H,O, is roughly
consistent with the expected -OH recombination profile of
Figure la [30]. Disregarding minor triplet relaxation on the
ms time scale, A4 remains stable to the end of the experimental
time window at #~1 s (Figure 3b), implying that no further
chemical changes take place.

Addition of Scavengers

A key aspect of FPOP is the use of scavengers for tuning the
-OH lifetime. The goal of the current study is to explore the
solution chemistry under typical FPOP conditions, and hence
we primarily focus on Gln, which represents the most widely
used scavenger [30-32]. As a next step of our investigation, we
thus studied the behavior of Cy5 in 0.1% H,0, and 20 mM GIn
(without protein). Exposure to the 248 nm pulsed laser is
followed by an unexpectedly slow response. Following a small
instantaneous change (A4 ~-0.03 due to triplet formation), the
absorbance remains constant for more than 10 ps (Figure 3c).
Additional bleaching takes place on the time scale of tens of
milliseconds, culminating in A4 =-0.075 after 1 s (Figure 3d).
Comparable effects were observed for amino acid scavengers
other than Gln (Supporting Figure S5). Gln experiments were
also repeated at a lower H,O, concentration of 0.01%, resulting
in very similar slow bleaching kinetics, albeit with reduced A4
(data not shown).

Why does Gln slow down Cy5 oxidation in such a dramatic
fashion? Without Gln there are few reactions that compete with
direct -OH-mediated oxidation of the reporter dye, causing
significant Cy5 degradation during the -OH lifetime of a few
us (Figure 2a). The presence of 4000-fold excess Gln provides
new reaction pathways that compete with -OH-mediated oxi-
dation of Cy5. Such conditions likely favor the formation of
secondary radicals such as GIn-O-O-, and other metastable
species (reactions 1 and 2) [46, 47, 49]. The data of Figure 3¢
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Figure 2. Absorbance changes of the reporter dye Cy5 monitored at 635 nm, following a 248 nm excimer laser pulse at t=0. (a)
Microsecond range. (b) Millisecond to second range. The data were acquired in 10 mM aqueous phosphate buffer (pH 7) without any

other additives
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Figure 3. Cy5 absorbance changes triggered by a 248 nm laser pulse at pH 7. (a), (b) Phosphate buffer with 0.1% H,O,, no
scavenger. (c), (d) Typical FPOP conditions: 0.1% H>O, and 20 mM Gin

and d indicate that these secondary radicals persist over tens of
ms, and that they cause Cy5 oxidation long after -OH has
disappeared from the solution.

In summary, addition of Gln as scavenger dramatically
slows down oxidative bleaching of the reporter dye. Instead
of shortening the labeling pulse, Gln extends the time scale of
Cy5 oxidation by favoring the formation of metastable second-
ary radicals. Other amino acids are more effective scavengers
(e.g., Met at pH 7, Supporting Figure S5). However, scaven-
gers with very high potency are unsuitable for FPOP because
they shut down oxidation of the reporter dye (Supporting
Figure S5a) and the protein [30].

Flash Photolysis of Protein-Containing Samples

Next we examined the behavior of solutions containing all
ingredients typically encountered during FPOP, i.e., H,O,,
Gln, and protein, in addition to Cy5. Apo-Mb was chosen as
model system because it has been extensively studied in earlier
FPOP experiments [30, 35]. Measurements were conducted at
different pH to explore possible conformational effects. At
pH 7, apo-Mb adopts a compact structure, while pH 2 induces
large-scale unfolding [61].

Figure 4a and b depict theoretical Cy5 bleaching curves,
calculated by assuming that (i) the -OH concentration follows
the “blue” profile of Figure 1b and (ii) that -OH is the only
species causing analyte oxidation. Both points are key para-
digms of the FPOP literature [30-32]. For the theoretical curves
in Figure 4a and b, maximum bleaching is attained within 1 us.

Experimental Cy5 profiles acquired at pH 7 show a small
absorbance change due to triplet formation at #~0. Subsequent
large-scale bleaching of the reporter dye extends over at least
~10 ms (Figure 4c, d). Similar data were observed at pH 2
(Figure 4e, f). The kinetics of these protein solutions are not too

different from those seen in the absence of apo-Mb (Figure 3c,
d). The experimental results of Figure 4 are in stark contrast to
the corresponding theoretical FPOP profiles. Cy5 bleaching
occurs over ~10 2 s rather than 10 °s.

The reporter dye serves as a proxy for solvent-accessible
side chains, akin to a dosimeter molecule [21, 25, 52]. We
recognize that the intrinsic chemistry of Cy5 is somewhat
different from that of amino acid residues. Considering the
high reactivity of typical radical compounds, however, it is
reasonable to expect that conditions resulting in Cy5 oxidation
will also lead to protein oxidation [47, 49]. In other words, our
Cy5 bleaching data strongly suggest that protein oxidative
labeling during FPOP takes place ~10,000 times more slowly
than originally suggested [30-32]. These slow oxidation kinet-
ics are attributed to the presence of metastable secondary
radicals, as outlined above.

FPOP Mass Spectra

Irregularities consistent with the results of the preceding sec-
tions are evident even in standard FPOP/MS experiments. For
illustrating these issues, it is helpful to recall a few basic points.
Assuming a homogeneous flow profile [62], the laser frequen-
cy fin FPOP is adjusted such that labeled solution segments are
separated by regions that do not undergo irradiation [30, 31].
For a laser beam diameter s and flow velocity v the excluded
volume fraction [31] is EVF=1 — (s X f)/v [62]. Oxidation
levels are reported as unmodified fraction, Fy,=1y, / I,,, where
Iy is the ion count of the unoxidized protein, and 7, is the total
ion count [25]. Geometric considerations imply that ', should
never be lower than EVF [30, 31]. Hence, experimental data
with Fy<< EVF indicate the presence of unexpected artifacts.

FPOP of native apo-Mb produced the mass distribution of
Figure 5a. These data closely resemble previously published



S. Vahidi and L. Konermann: Measurement of the FPOP Time Scale

1161

Time (us) Time (s)
0 4 8 12 0.000 0.002 0.004 0.006 1.009 1.010
(a) (b)
0.00 1 F 0.00
S -0.04 +-0.04
expected kinetics
-0.08 + -0.08
-0.12 -0.12
(c) (d)
0.00 i t 0.00
< 004 MMMNMWW | 004
| Cy5 + H,0, + GIn + protein (pH 7)|
-0.08 + -0.08
-0.12 - - - - +-0.12
e f
0.00 i @) u ® F 0.00
sy v . oy " i I
<<)1: -0.04 4 r -0.04
Cy5 + H,0, + GIn + protein (pH 2) |
-0.08 4 r -0.08
-0.12 - - - - - - - - - +-0.12
0 4 8 12 0.000 0.002 0.004 0.006 1.009 1.010
Time (us) Time (s)

Figure 4. Cy5 absorbance changes under FPOP conditions, with 0.1% H,0,, 20 mM Gin, and 10 uM apo-Mb. (a), (b) Expected
profiles according to reference [30], calculated as described in the Supplementary Information. (c), (d) Experimental data acquired at

pH 7. (e), (f) Experimental data acquired at pH 2

spectra [30], demonstrating that our FPOP conditions are con-
sistent with those used by others. The mass distribution of
Figure 5a yields F;;=0.21, in reasonable agreement with the
expected value of EVF=25%. Such comparisons have been
used in the past to support the view that FPOP data are consis-
tent with expectations, and that labeling is tightly controllable
via a judicious choice of s, £, and v [30, 31]. Surprisingly, there
is a dramatic F; versus EVF mismatch when FPOP is applied
to non-native proteins. FPOP of acid-unfolded apo-Mb pro-
duces F;=4.3%, much lower than the expected value of 25%
(Figure 5b). Similarly, FPOP of semi-unfolded barstar with
EVF=25% [63] resulted in Fy;=7% (Figure 2a in reference
[41]). Tt is concluded that F; values in FPOP tend to be too low
(i.e., the percentage of oxidized protein is higher than expect-
ed). It seems likely that such Fy; < EVF scenarios arise due to
mixing within the capillary after excimer laser exposure, as
excluded volume portions come in contact with irradiated flow
segments that contain secondary radicals.

Inconsistencies between EVF and F; have received little
attention in the past. Perhaps this is because earlier FPOP work
largely focused on native proteins where many side chains are
protected by burial, such that overoxidation artifacts are diffi-
cult to recognize. Unfolded proteins (as in Figure 5b and
reference [41]) are more conducive to stringent Fy versus
EVF tests because of their greatly elevated reactivity.

FPOP Without Scavenger

As discussed above, the presence of free GIn extends the FPOP
labeling pulse rather than shorten it. This suggests that mea-
surements without scavengers could represent an interesting
alternative, although such conditions can induce over-
oxidation [30]. Cy5 absorption measurements on solutions
containing 10 uM native apo-Mb and 0.1% H,O, (without
Gln) show that 80% of the total bleaching takes place within
100 us (Figure 6a, b). This is considerably faster than in the
presence of Gln (Figure 4c, d). Nonetheless, bleaching is
slower than the ps kinetics seen for solutions containing only
Cy5 and H,O, (Figure 3a, b), suggesting that the protein itself
can become a reservoir for secondary radicals.

A complication encountered for scavenger-free solutions
is the fact that the extent of Cy5 bleaching depends on the
protein structure. For acid-unfolded apo-Mb (Figure 6¢c, d)
the total signal amplitude is roughly twice that seen at
pH 7 (Figure 6a, b). This observation demonstrates that
for scavenger-free samples, the concentration of solvent-
accessible side chains affects the radical milieu in the
solution. Ten uM apo-Mb is roughly equivalent to the
organic content of (rnx10) uM scavenger, where n is the
number of solvent-accessible side chains. For fully unfolded
apo-Mb (n=153), this corresponds to an effective amino
acid concentration of 1.53 mM. Native apo-Mb is
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Figure 5. Deconvoluted apo-Mb mass distributions after
FPOP in 0.1% H>O, with 20 mM Gin. (a) Native protein at
pH 7. (b) Unfolded protein at pH 2. “0” denotes unmodified
apo-Mb, whereas “17, “2”, ... indicate the number of incorporat-
ed oxygens (+16 Da adducts)

characterized by a much lower number of n. Hence, in
scavenger-free solutions the protein conformation can mod-
ulate the behavior of reactive species. In the presence of
scavenger (e.g., 20 mM Gln, Figure 4c—f) there is a suffi-
ciently large background concentration of organic moieties

that protein unfolding effects become negligible for the
Cy5 bleaching kinetics. Hence, scavengers provide im-
proved labeling control in protein conformational studies,
but they slow down the oxidation kinetics.

Conclusions

The current work represents the first attempt to characterize the
FPOP time scale by applying time-resolved measurements. We
find that reporter dye bleaching is four orders of magnitude slower
than the 1 ps time scale expected from the FPOP literature [30—
32]. Fast (us) CyS5 bleaching is observed only in the absence of
other organic species. The addition of scavengers (such as Gln) or
other organic moieties (such as protein) dramatically slows down
CyS5 bleaching by favoring the formation of metastable secondary
radicals. The discrepancy of expected versus measured time
scales uncovered here may be rooted in the misconception that
FPOP oxidation is mediated only by direct -OH/analyte interac-
tions. The wider literature suggests that FPOP conditions will
favor the formation of various secondary radicals, and that these
species can cause oxidation long after -OH has disappeared [25,
46, 47, 49]. The reactivity of secondary radicals is lower than that
of -OH, but due to their extended lifetimes they can nonetheless
cause significant analyte oxidation [47, 51].

The key question is to what extent the measured Cy5
bleaching profiles reflect the protein oxidation kinetics in
FPOP. Side chain oxidation is “UV-Vis silent”, such that in
situ kinetic experiments are difficult. The use of a non-
proteinaceous reporter dye is a way to sidestep this problem,
analogous to dosimetry experiments conducted previously by
others [21, 25, 52]. The idea underlying those dosimetry

Time (us) Time (s)
0 4 8 12 0.000 0.002 0.004 0.006 1.009 1.010
0.0 (a) (b) r 0.0
-0.1 b-0.1
< 021 e ~0.2
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-0.4 ‘ ‘ r-0.4
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<
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0 4 8 12 0.000 0.002 0.004 0.006 1.009 1.010
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Figure 6. Cy5 absorbance changes under FPOP conditions as in Figure 4, but without scavengers (the solutions contained 0.1%
H-O, and 10 uM protein). Data were acquired at pH 7 (a), (b) and pH 2 (c), (d). The AA scale covers a wider range than in the

preceding figures
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studies is that the chemical nature of the reporter dye is of
secondary importance, keeping in mind that -OH and many
other radicals react indiscriminately with a wide range of
organic compounds [25, 46, 47, 49]. The successful use of
cyanines for earlier dosimetry applications [54-56] suggests
that these considerations also hold for Cy5. Hence, it is likely
that the Cy5 bleaching profiles seen in our experiments ap-
proximately mirror the time course of protein oxidative label-
ing during FPOP.

In conclusion, our data suggest that protein oxidative mod-
ifications during FPOP are formed within tens of milliseconds
(i.e., four orders of magnitude slower than the originally sug-
gested time scale of 1 ps) [30-32]. Sulfur-containing and
aromatic side chains will be particularly vulnerable to second-
ary oxidation because of their high reactivities [25]. Thus,
FPOP may not represent a “magic bullet” that is immune to
labeling-induced structural artifacts by virtue of ultra-rapid
chemistry. Also, the structural information obtainable in sub-
millisecond FPOP folding experiments may be limited [33].
The prospects are more favorable for structural studies on
longer time scales and under equilibrium conditions. The pos-
sible implications of secondary radicals for pulsed oxidative
labeling techniques other than FPOP remain to be investigated.

The issue of secondary oxidation artifacts in protein structur-
al studies has been discussed previously, with focus on much
longer time scales (seconds to hours) [64, 65]. For example, it is
common practice to mix the FPOP capillary outflow with me-
thionine and catalase for suppressing oxidation mediated by
H,0, and other reactive species [30, 35]. In contrast to those
earlier studies, the current work focuses on events taking place
within tens of milliseconds. Addressing secondary oxidation on
the millisecond time scale is challenging because the solution
has not yet emerged from the FPOP capillary under typical
operating conditions, complicating the addition of solution sup-
plements. It is hoped that future refinements employing novel
fluidic approaches, modified solvent additives, and different
ways of radical generation will help overcome existing limita-
tions. The spectroscopic technique introduced here provides a
tool for benchmarking such future improvements.
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