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Abstract

Solvent-accessibility change plays a critical role in protein misfolding and aggregation, the culprit 

for several neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS). Mass 

spectrometry-based hydroxyl radical (∙OH) protein footprinting has evolved as a powerful and fast 

tool in elucidating protein solvent accessibility. In this work we used fast photochemical oxidation 

of protein (FPOP) hydroxyl radical (∙OH) footprinting to investigate solvent accessibility in human 

copper zinc superoxide dismutase (SOD1), misfolded or aggregated forms of which underlie a 

portion of ALS cases. ∙OH-mediated modifications to 56 residues were detected with locations 

largely as predicted based on X-ray crystallography data, while the interior of SOD1 β-barrel is 

hydrophobic and solvent-inaccessible and thus protected from modification. There were, however, 

two notable exceptions - two closely located residues inside the β-barrel, predicted to have 

minimal or no solvent accessibility, that were found modified by FPOP (Phe20 & Ile112). 

Molecular dynamics (MD) simulations were consistent with differential access of peroxide versus 

quencher to SOD1’s interior complicating surface accessibility considerations. Modification of 

these two residues could potentially be explained either by local motions of the β-barrel that 

increased peroxide/solvent accessibility to the interior or by oxidative events within the interior 

that might include long-distance radical transfer to buried sites. Overall, comparison of 

modification patterns for the metal-free apoprotein versus zinc-bound forms demonstrated that 

binding of zinc protected the electrostatic loop and organized the copper-binding site. Our study 

highlights SOD1 hydrophobic groups that may contribute to early events in aggregation and 

discusses caveats to surface accessibility conclusions.
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Introduction

Protein misfolding and aggregation is associated with many human diseases, especially 

those with neurodegenerative phenotypes, such as Alzheimer’s disease, Parkinson’s disease, 

and amyotrophic lateral sclerosis (ALS) [1]. The aggregation propensity of proteins and 

peptides relevant to these diseases is dependent on their intrinsic physico-chemical 

properties [2]. What causes these proteins and peptides to aggregate and how the 

aggregation is linked to the disease remains the subject of intensive investigation.

Solvent-accessibility change is an important factor in protein aggregation. The exposure of 

hydrophobic groups of a protein often precedes its aggregation [3, 4] as the driving force for 

aggregation is similar to that for protein folding, i.e., the reduction of non-polar solvent-

accessible area and the maximization of van der Waals interactions, leading to lower free 

energy. The aggregation propensity of a protein increases as its nonpolar solvent-accessible 

area expands. Solvent accessibility is thus widely used in predicting the tendency of proteins 

and peptides to aggregate [5, 6]. The species with exposed hydrophobic groups are believed 

to represent partially unfolded intermediates that may proceed to form aggregates via mis-

folding pathways.

Mass spectrometry-based methods, such as hydrogen-deuterium exchange (HDX), are used 

to probe the accessibility and dynamics of a protein’s polypeptide backbone. Conversely, 

there has been rapid development of hydroxyl radical (∙OH) as a modification reagent for 

protein footprinting and its use in studying protein side-chain solvent accessibility. The size 

of ∙OH is similar to that of water molecules, and the reaction of ∙OH with amino acid side 

chains is 10 to 2000 times faster than that with the polypeptide backbone [7]. In the presence 

of quenchers, labeling occurs rapidly in milli-/micro-second time scales [8, 9] faster than 

protein unfolding [10]. Hydroxyl radicals are generated either by synchrotron radiolysis of 

water [8, 9] or by laser photolysis of hydrogen peroxide (Fast Photochemical Oxidation of 

Proteins; FPOP)[11]. The fast and irreversible labeling reactions allow various applications 

of ∙OH footprinting in answering important questions like protein folding/unfolding [12, 13], 

fast biological processes such as metal transport [14], conformational changes upon ligand 

binding [15] and epitope mapping [16, 17]. Recently, addition of a small molecule dosimeter 

has been used to improve the accuracy of surface accessibility measurements (SASA) [18–

20].
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From bacteria to humans, copper-zinc superoxide dismutase (SOD1) participates in 

antioxidant defense by catalyzing the disproportionation of superoxide radicals to dioxygen 

and H2O2. There has been intense interest in SOD1 since linkage between mutations in the 

human SOD1 (hSOD1) gene and ALS, a fatal neurodegenerative disease characterized by 

the death of motor neurons, was discovered in 1993 [21]. To date over 160 ALS-causing 

mutations have been identified [22, 23]. As in other neurodegenerative diseases, hSOD1-

associated ALS results from a “gain-of-function” mechanism thought to involve the 

formation of toxic aggregates [22, 23].

Since it is likely that exposure of hydrophobic protein interior often precedes protein 

aggregation, identification of SOD1 species with exposed hydrophobic groups will thus 

provide insights into the early events of hSOD1 aggregation in ALS. The solvent 

accessibility of hSOD1 has been investigated by HDX, revealing an increased accessibility 

in an ALS mutant (A4V) [24] and two flexible β-strands, β3 and β4, in metal-free hSOD1 

[25]. While HDX provides information at the peptide backbone level, we describe here a 

study of solvent and H2O2 accessibility of hSOD1 at the peptide and residue levels using 

FPOP. Since hydrogen peroxide and oxygen are the products of the major catalytic activity 

of SOD1 it is reasonable to expect channels to conduct H2O2 away from the active site 

toward the solvent milieu. Consequently, ∙OH can be generated by UV photo-dissociation 

events within the protein’s structure potentially complicating the analysis beyond ‘surface 

accessibility’.

Materials and Methods.

Materials

Formic acid, 30% hydrogen peroxide, sodium chloride, and HPLC-grade solvents were 

purchased from Thermo Fisher (Waltham, MA). Catalase, L-glutamine, L-methionine, 

ammonium bicarbonate, sodium phosphate monobasic/dibasic, iodoacetamide, dithiothreitol 

(DTT), triethylammonium acetate, formaldehyde solution, formaldehyde-13C, d2 solution, 

sodium cyanoborohydride, and sodium cyanoborodeuteride were obtained from Sigma 

Aldrich (St. Louis, MO). Trypsin and chymotrypsin were purchased from Promega Corp. 

(Madison, WI). C18 zip tips were obtained from Millipore (Billerica, MA).

Expression and Purification of SOD1

Saccharomyces cerevisiae cells carrying YEp351-SOD1 were grown in YPD media (1% 

yeast extract, 2% peptone, 2% dextrose, pH 6) at 30 °C with shaking at 220 rpm to O.D. > 

10. Cells were harvested by centrifugation at 12,000 × g for 10 min. Isolation of hSOD1 was 

performed as previously described [26].

FPOP Labeling

The setup of the FPOP system was based on previous reports with minor changes. A KrF 

excimer laser (GAM Laser Inc., Orlando, FL) operated at 248 nm was used to irradiate the 

sample solution. The laser was focused through a 50 mm bi-convex lens (Thorlabs, Newton, 

NJ) to a beam of 2 mm wide (3.5 mm height) onto 150 μm i.d. fused silica tubing 

(Polymicro Technologies, Pheonix, AZ), the coating of which was removed using an ethanol 
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burner. The samples were pumped through the silica tubing using a syringe-infusion pump 

(KD Scientific, Holliston, MA).

The preparation of apo- and Zn-bound hSOD1 was performed as previously described [27]. 

The metal contents were confirmed by inductive coupled plasma mass spectrometry (ICP-

MS, Agilent 7500 Series).

Apo- and Zn-bound hSOD1 was mixed with glutamine and phosphate buffered saline (PBS, 

10 mM sodium phosphate, 138 mM NaCl, and 2.7 mM KCl, pH 7.4). A 10X stock solution 

of hydrogen peroxide (H2O2) was made and added just prior to sample infusion for FPOP 

labeling to achieve a final concentration of 5–15 mM. The final concentrations of SOD1 and 

glutamine were 32 μM and 20 mM, respectively. Samples were infused at a flow rate of 15 

μL/min into tubes containing 100 nM catalase and 30 mM methionine in PBS buffer, in 

order to remove excess H2O2 and generated reactive radicals. The laser was tuned to 65 mJ/

pulse and was pulsed at a frequency of 6 Hz. Given the flow rate, capillary dimensions, laser 

repeat rate and beam width above we estimate 85% of the sample was illuminated 

minimizing multiple hits in non-uniform flow [28]. In terms of the control samples, the same 

amounts of H2O2 were added, but the samples were infused in the same time frame without 

being irradiated by the laser. Holo-hSOD1 was not included in this study due to excessive 

oxidation in the control (plus H2O2, minus illumination) presumably due to presence of Cu. 

The oxidation seen in the minus irradiation control (Fig. S1A) was omitted from the 

analysis.

Mass Spectrometry Sample Preparation

The samples for determining the global modification level were preparing by acidifying an 

aliquot of each irradiated or control sample and eluting it from C18 zip tips.

To prepare samples for determining the modification at peptide and residue level, an aliquot 

of each irradiated or control sample was dried using a speed vac and then resuspended in 50 

mM ammonium bicarbonate and 6 M guanidinium hydrochloride, pH 7.8. The samples were 

reduced with 10 mM DTT for 30 min and alkylated with 30 mM iodoacetamide in the dark 

for 1 hr. They were then diluted 1:4 with 50 mM ammonium bicarbonate, pH 7.8 and 

digested overnight at 37 °C with trypsin or chymotrypsin at an enzyme:protein ratio of 1:20.

The digested samples were dried using a speed vac and then resuspended in 100 mM 

triethylammonium acetate. The reductive dimethylation of the lysine groups was performed 

as previously described[29, 30]. The irradiated (heavy) and control (light) samples were 

mixed together at a 1:1 molar ratio and were then cleaned up by elution from C18 Zip tips 

(Millipore).

LC-ESI-MS and MS/MS

The global MS spectra were obtained using LTQ (Thermo Scientific) coupled with a HPLC 

(Agilent 1100 series). Samples were loaded on to a polymeric reverse-phase column 

(PLRPS; 2.1 × 150 mm, 300 Å, 5 μm; Agilent). We used a 50 min. gradient with a 10 min. 

equilibration phase with 2% solvent B (acetonitrile with 0.1% formic acid), a linear increase 

Sheng et al. Page 4

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to 95% solvent B in 30 min, and a final re-equilibration to 2% solvent B for 10 min. Mass 

spectra were acquired over an m/z range of 300–2000.

The digested samples were analyzed using LTQ Orbitrap XL (Thermo Scientific) equipped 

with an Eksigent (Dublin, CA) NanoLiquid chromatography-1D plus system and an 

Eksigent autosampler. They were loaded onto an Agilent 5 × 0.3 mm, 5 μm ID, ZORBAX 

300SB-C18 pre-Trap column (Santa Clara, CA) and washed for 10 min. with 100% Buffer 

A (0.1% formic acid) at a flow rate of 6 μL/min. The peptides were then separated on a 

Precision Capillary Columns, 0.1 × 150 mm, 3 μm ID, 200 Å, MAGIC C18AQ column (San 

Clemente, CA), using a flow rate of 400 nL/min. The following elution gradient was used: 

0–20 min. 4–35% Buffer B (100% acetonitrile), 20–24 min. 35–80% Buffer B and 24–26 

min. 80% Buffer B. The column was then re-eqilibrated for 18 min. with Buffer A. Mass 

spectra (ESI-MS) and tandem mass spectra (ESI-MS/MS) were recorded in positive-ion 

mode with electrospray ionization voltage of 1800 V, capillary voltage of 49 V, tube lens of 

130 V, and capillary temperature of 180 °C. Information dependent acquisition was 

performed where the 5 most intense ions were selected in the m/z range of 300–1600 using a 

100,000 resolution FTMS scan and subjecting them to MS-MS using broadband collision 

induced disassociation of normalized collision energy of 35% and LTQ detection. Dynamic 

exclusion was applied for a period of 60 seconds.

Data Analysis

The .raw files were imported into Progenesis LC-MS (version 4.1, Nonlinear Dynamics, 

Durham, NC). The software aligns the chromatograms of the irradiated and control samples, 

assigns the mass peaks, and creates a merged set of mascot generic format (mgf) files from 

all acquisitions. The mgf files were then searched for unmodified and modified SOD1 

peptides using an in-house software package. Only precursor ions with abundance higher 

than 5× 103 were considered for MS/MS search.

The software package constructs a library containing SOD1 peptides with all possible 

FPOP-induced oxidative modifications and searches for peptides from the mgf files based on 

their precursor ion masses with errors of <= 100 ppm and their MS/MS spectra. Each 

peptide can have at most one miscleavage. The acetylation of the SOD1 N-terminus and 

dimethylation of lysine residues (heavy) were set as static modifications. The FPOP-induced 

variable modifications that were considered for MS/MS search are listed in Table S1. Up to 

three variable modifications per peptide were considered. The MS/MS spectra of the 

matches were then visually examined to ensure that they were valid.

For quantification based on stable isotope tagging, individual MS runs were combined, and 

the peak intensity of dimethyl labeling pairs was calculated by summing the three most 

intense peaks of each peptide (Figure S2). The extent of modification of each peptide is 

defined as

= 1 −
IFPOP
Icontrol
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where IFPOP and Icontrol are the peak intensities of the same peptide in the irradiated and 

control samples with light and heavy isotope labelling, respectively.

Peptide quantification was performed using Progenesis LC-MS, which quantifies ion 

abundance from the survey scan data. The fraction of a peptide with specific modifications 

was calculated as the ratio of ion abundance of this peptide to the total ion abundances of the 

same peptide that are unmodified or modified.

Molecular Dynamics (MD) simulations to access the differential penetrance of H2O2 and 
Glutamine into the SOD1 protein.

The differential access of the substrate H2O2 and the amino acid glutamine from the bulk 

aqueous solvent to the active-site channel of native superoxide dismutase with metal ligands 

or with metal-depleted apo-SOD protein was further studied using molecular dynamics 

simulations with the Gromacs software suite of programs (version 5.1.1). Coordinate files 

for the monomeric metal ligand structure of the protein (2LU5.pdb) or apo-metal depleted 

SOD (1HL4.pdb) were obtained from the Protein Data Bank (http://www.rcsb.org/pdb/) and 

placed in a 64 × 64 angstrom simulation box. The solute was then added to the protein with 

either H2O2 (RHQH.pdb) or glutamine (FBCA.pdb) model structures from the Automated 

Topography Builder (ATB) and Repository version 2.2 (https://atb.uq.edu.au/) to a solvent 

box concentration of 5 mM using the Build – Solvent cluster utility of VEGA ZZ Molecular 

Modeling Toolkit (version 3.1.0; nova.disfarm.unimi.it/cms/index.php). The simulation box 

was then solvated with SPC water and sodium counter ions were added to achieve neutrality. 

Minimization and production dynamics runs were carried out employing the Gromos 

54a7_atb united atom force field (ATB).

The SOD structure, solute and solvent system were then refined using the GROMACS suite 

of MD programs [31] (http://www.gromacs.org). The system was then minimized using a 

steepest decent strategy followed by a three-step minimization -equilibration process at 

311oK for a total of 200 pico seconds. This included both NVT and NPT equilibration 

phases to allow water and solute molecules to reorient around the any exposed parts of the 

protein. Equilibration protocols employed a PME strategy for Coulombic long-range 

interactions and Berendsen temperature coupling. A Berendsen strategy was also used for 

pressure coupling in an isotropic mode to emulate solution motion. After equilibration the 

system was subjected to a dynamics production run at the same temperature using the Nose-

Hoover protocol and pressure (Parrinello-Rahman) values used in the pre-run steps for a 

period of 300 ns. The Verlet cut-off scheme was employed for all minimization, 

equilibration, and production steps.

The output of the production run simulation was analyzed with the Gromacs suite of 

analysis tools while molecular graphics were rendered using Pymol (version 1.7.4.1; 

Schrodinger, LLC).
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Results and Discussion

Zn binding stabilizes the hSOD1 electrostatic loop

To elucidate the impact of metal binding on solvent exposure, we performed FPOP labeling 

on apo- and Zn-loaded SOD1 at the same concentration of H2O2. The mass spectra of the 

undigested proteins were similar (Figure S1), both containing a distribution of 0, +16, +32, 

… Da states, corresponding to the introduction of oxygen atoms. Although its amount was 

reduced by over 20-fold with FPOP labeling, the unmodified protein remained the most 

abundant species, in good agreement with other FPOP studies [10, 11]. Both trypsin and 

chymotrypsin were used for efficient proteolysis of control and modified samples enabling 

relative quantification of unmodified peptides. Chymotrypsin is typically avoided for 

quantification of modified residues since it targets residues that are oxidized frequently 

potentially interfering with enzyme specificity and thus peptide yield.

To achieve fast and accurate analysis of the FPOP data, we used duplex stable isotope 

dimethyl labeling to quickly identify peptides whose level of unmodified form changed 

significantly [30, 32] (Figure S2), a similar tactic to the 15N labeling strategy used 

previously [33]. We found that the region encompassing residues 123 −143 became less 

modified in Zn-hSOD1 (P-value < 0.05) (Figure 1a). This region belongs to one of the 

functional loops, the electrostatic loop (residues 121–144; Figure 2), which acts as an active-

site lid, limiting access of solvent to the metal-binding sites. The effect of Zn binding was 

consistently observed at increased H2O2 concentrations (Figure S3). Our findings are in 

agreement with a flexible and disordered electrostatic loop as has previously been found in 

crystallographic [34, 35] and NMR [36] studies of apo-hSOD1. The electrostatic loop thus 

results in an open clamshell conformation in the metal-free protein with closure induced by 

binding of Zn.

Previous NMR data demonstrated that other regions, such as the zinc loop and four β-

strands (β4, β5, β7, β8), also showed increased disorder in apo-hSOD1 [36]; in our study, 

however, these regions displayed similar solvent accessibility in apo- and ZnhSOD1 (Figure 

1). One explanation is that the extent of a region’s exposure to solvent does not always 

correlate with the motion of the region. For example, β3 (Q16-E25) was almost completely 

modified by FPOP (see below), although NMR data showed that it was well-ordered in 

metal-free SOD1 [36].

Site-specific oxidation of hSOD1

From trypsin and chymotrypsin digestion, the peptides that carried the highest degree of 

modification corresponded to residues 24–36 and 21–32, respectively (Figure 1). Noticeably, 

they both contain Trp32, a surface residue belonging to β3 (Figure 2). Trp32 was found to 

carry a mass shift of +32 Da, with respect to the net addition of two oxygen atoms (Table 

S2). As tryptophan is the second most reactive residue toward ∙OH (k = 1.3 × 1010 M−1s−1) 

[9], Trp32 is expected to be highly modified. Indeed, compared to the unmodified residues 

24–36, the ion abundance of the same peptide carrying a +32 Da modification on Trp32 was 

higher by an order of magnitude (Table S3).
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Trp32 oxidation occurs naturally in both wild-type and ALS-mutant hSOD1 [37]. 

Bicarbonate-mediated peroxidase activity of hSOD1 resulting in oxidation of Trp32 alters 

the copper active site geometry [38] leading to aggregation of the protein [39]. Conversely, 

substitution of Trp32 reduces aggregation propensity of ALS-mutant hSOD1 and mitigates 

its cytotoxicity to motor neurons [37]. As ∙OH radicals are continuously produced by Fenton 

reactions [40] and peroxynitrite (ONOO-) decomposition in vivo, Trp32 oxidation has been 

suggested to contribute to aggregation of hSOD1 in ALS[41]. Despite the sensitivity of 

Trp32 to oxidation, when hSOD1 was isolated as detergent-resistant aggregates from spinal 

cords of ailing ALS-model mice, the protein was predominantly unmodified with its Trp32 

residue intact [42].

Using an in-house MS/MS search engine, we identified the modifications of 56 residues in 

apo-hSOD1 (Tables S1 & S2). They spread throughout the 153-residue SOD1 polypeptide 

chain and include all but one of the copper and zinc ligands (Figure 3, Table S2). We found 

33 unique types of modifications on 16 unique types of amino acids, including not only 

aromatic residues but also aliphatic ones like alanine, even if the latter are less susceptible 

toward ∙OH-mediated oxidation by 1–3 orders of magnitude [9, 43] consistent with reaction 

of ∙OH with side chains being efficient and unspecific.

Folding of a β-barrel protein involves the exclusion of water as the interior of the β-barrel 

forms a hydrophobic cavity. From the X-ray structural data, 24 residues are predicted to have 

limited solvent accessibility in metal-deficient hSOD1 (Table S4), of which 16 (Ala4, Cys6, 

Leu8, Ile18, Phe20, Val29, Val31, Ile35, Phe45, Val47, Ala89, Ala95, Leu117, Val119, 

Ala145, Ile149) are located at the inner wall of the β-barrel. Our results largely agree with 

the X-ray data, as the majority (15 out of 16) of the residues at the β-barrel inner wall 

remained unmodified, indicating that the β-barrel was largely folded when the labeling 

occurred.

Oxidation of inaccessible residues

The oxidized products of several completely inaccessible residues, such as Val118, were 

found (Figure 3, Table S2). It resides at the exterior of β-strand β7 and is deeply buried 

under the copper active site formed by four histidines, His46, His48, His63, and His120 

(Figure 2). As a defined conformation at the copper site would protect Val118 from 

oxidation, its oxidation reveals an unstructured state of the apoprotein copper site. This 

finding is consistent with the NMR data, demonstrating that β-strands β4 and β7, while 

holding Val118 and three copper-binding histidines, are significantly disordered as a 

consequence of the lack of both of the metal ions[36]. In our study, none of the peptides with 

oxidized Val118 was found in Zn-loaded hSOD1 (Table S5), in agreement with the previous 

finding that Zn binding organizes all the β-strands [36, 44].

Finally, we were surprised to find two modification sites inside the β-barrel. Phe20, a residue 

at the β-barrel inner wall, is spatially close to Ile112, a residue at the β-barrel plug. The 

distance between Phe20 C3 and Ile112 Cδ is 3.7 Å (Figure 4). Despite minimal or zero 

solvent accessibility (ASA = 0.37 and 0 Å2, respectively), Phe20 and Ile112 of apo-hSOD1 

both carried oxidative modifications (Figure 3, Table S2) with their MS/MS spectra shown 

in Figure S4. Based on label-free quantification, the percentages of peptides with oxidized 
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Phe20 and Ile112 were ~6% and ~0.06%, respectively (Table S6, S7). The oxidized products 

were consistently detected from irradiated apo-hSOD1, although the extents of modification 

were only marginal. Oxidation of Phe20 but not Ile112 was observed after FPOP of Zn-

hSOD1 (Table S6, S7). The role of these residues in the aggregation of hSOD1 is under 

investigation.

The observation by FPOP of oxidation in the hydrophobic core of a folded β-barrel protein 

surprised us since it challenges the ‘surface accessibility’ paradigm. Firstly, oxidation could 

result from transient local unfolding of the β-barrel that exposes otherwise inaccessible 

residue side chains. Oxidation of Met residues (Serpin Met374 & 385) with crystal-structure 

derived zero SASA was observed by Wang and Chance who used MD simulations to 

observe ‘dynamic excursions’ of the S atoms that apparently enabled their hydroxyl radical 

oxidation in radiolysis experiments [45]. Analysis of metal-free hSOD1 solution structure 

has suggested that the β-barrel exhibits “breathing” motions [36] and that two β-strands, β7 

and β8, adopt an open conformation [36], which enlarges the β-barrel mouth close to the N- 

and C-termini (Figure S5). Our previous finding that the third and fourth β-strands, β3 and 

β4, are prone to unfolding provides another pathway that enhances H2O2, O2 and water 

molecule access to interior residues [25]. The modifications of Phe20 and Ile112, if resulting 

from the partial unfolding of the hSOD1 β-barrel, could implicate a transition state with an 

increased non-polar solvent-accessible area that predisposes aggregate formation. As 

mentioned previously, SOD1 presents a special case where both H2O2 and O2 require 

internal pathways to leave the active site region and travel to the aqueous milieu giving 

opportunity for UV photodissociation to directly generate ∙OH within the interior ‘solvent 

inaccessible’ domain of the protein or for direct oxidation of internal residues to occur prior 

to reaction with O2. If small molecule quenchers (or dosimeters) do not have access to the 

interior then ∙OH would have a lifetime reflective of diffusion prior to reaction with protein, 

which would be expected to be very short compared to the lifetime in quencher solution 

given the immediate proximity of protein. With available X-ray structures of both holo- and 

apo-hSOD1 we used molecular simulations to further investigate differential small molecule 

access to the interior of apo-hSOD1 (Figures S6–S9). While H2O2 freely penetrated both 

structures regardless of metal occupancy, the free amino acid glutamine remained excluded 

in both cases for the duration of the simulation. Differential access of peroxide versus small 

molecule quencher/dosimeter complicates SASA for the small SOD1 protein.

One further possibility is that long-range electron/hole transfer could move oxidation sites 

thereby contributing to the modification of Phe20. Multi-step tunneling/hopping of 

electrons/holes between reactants separated by several nanometers has been observed in a 

variety of metalloproteins by Gray and Winkler[46, 47]. The higher occurrence frequencies 

of aromatic residues in oxidoreductases with respect to other protein classes are believed to 

originate from their roles in mediating these long-range electron/hole transfer events, as the 

reactions are faster between aromatic amino acids.[46, 48]. Phe20 is spaced at 12.7 Å from a 

surface histidine, His110 (Figure 4). The Phe20 radical (Phe20∙) could form via a hole 

transfer from oxidized His43 (His43∙) with a predicted tunneling time of nanoseconds, much 

shorter than the time required for the unfolding of β-barrel proteins[49]. Oxygen atoms 

would then be added rapidly to the Phe20 aromatic ring, given proximity to O2. Given that 

previous studies show addition of ∙OH resulting in a transient histidyl radical [50] this 
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explanation may be less likely. The lifetime of secondary oxidants in FPOP has been 

discussed with respect to the aqueous phase [51].

Conclusions

In this study, we have demonstrated the successful application of FPOP in identifying 

solvent exposed groups of hSOD1. The combination of peptide- and residue-level analysis 

gave detailed information about the solution structure of hSOD1 that was in substantial 

agreement with widely available structural information from the literature. The electrostatic 

loop and the copper-binding site were both disordered in the apoprotein and became 

organized when Zn was bound. Adding complexity, we found evidence for oxidative 

modifications of two residues (Phe20 and Ile112) that should be inaccessible inside the β-

barrel, potentially resulting from either partial unfolding of the β-barrel or from long-

distance electron/hole tunneling from His43 radicals formed on the protein surface. 

Additionally, our molecular simulation analysis revealed differential access of peroxide 

reagent over larger quencher molecules. Differential access of reagent, quencher and 

dosimeter molecules challenges the assumptions that underlie the FPOPSASA relationship, 

at least for the small hSOD1. Despite caveats, the FPOP analysis described promises to be a 

powerful tool for identification of intermediates that are produced in the early stage of 

hSOD1 aggregation.
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Figure 1. 
The electrostatic loop becomes less solvent accessible upon zinc binding. The figure shows 

the extent of modification of peptides from hSOD1 proteins irradiated in the presence of 5 

mM H2O2. The proteins were digested by trypsin (A) and chymotrypsin (B). The extent of 

modification was determined by comparing the intensities of unmodified peptides between 

irradiated and control samples (see Experimental Section, Figure S2). (C). The trypsin 

difference data was superimposed upon the hSOD1 monomer structure with blue 

representing the region less solvent accessible in the Zn-bound form (residues 123–143) 

while a short region that became more accessible is shaded in red (116–122). The graphic 

was generated from PDB 1HL4 using PyMOL software and shows a ribbon diagram of the 

monomer polypeptide backbone with Zn bound (gray disc). The structure 1HL4 was 

obtained by X-ray crystallography of the Zn-bound apo-hSOD1 [35].
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Figure 2. 
The ribbon diagram of metal-deficient (20% occupancy of Zn) hSOD1 (PDB: 1HL4) shows 

that Trp32 is highly solvent accessible while Val118 is shielded by the copper-binding site. 

Peptide 123–143 (the electrostatic loop is regarded as 121–144) is highlighted in blue. Trp32 

and Val118 are shown in orange, and the copper ligands are shown in magenta. The graphic 

was generated using PyMOL software.
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Figure 3. 
Location and Mass Change of FPOP-Induced Modifications on Apo-hSOD1. The mass 

shift(s) are shown below each modified residue. The copper and zinc ligands are highlighted 

in red and blue, respectively. Cysteine residues are highlighted in yellow.
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Figure 4. 
The modifications of residues, Phe20 and Ile112, with limited solvent accessibility (PDB: 

1HL4). The numbers are the measured distances. The graphic was generated using PyMOL 

software.
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