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Structural Analysis of Gelsolin Using
Synchrotron Protein Footprinting*
Janna G. Kiselar‡§, Paul A. Janmey¶, Steven C. Almo§�, and Mark R. Chance‡§�**

Protein footprinting provides detailed structural informa-
tion on protein structure in solution by directly identifying
accessible and hydroxyl radical-reactive side chain resi-
dues. Radiolytic generation of hydroxyl radicals using mil-
lisecond pulses of a synchrotron “white” beam results in
the formation of stable side chain oxidation products,
which can be digested with proteases for mass spectrom-
etry (MS) analysis. Liquid chromatography-coupled MS
and tandem MS methods allow for the quantitation of the
ratio of modified and unmodified peptides and identify the
specific side chain probes that are oxidized, respectively.
The ability to monitor the changes in accessibility of mul-
tiple side chain probes by monitoring increases or de-
creases in their oxidation rates as a function of ligand
binding provides an efficient and powerful tool for analyz-
ing protein structure and dynamics. In this study, we
probe the detailed structural features of gelsolin in its
“inactive” and Ca2�-activated state. Oxidation rate data
for 81 peptides derived from the trypsin digestion of gel-
solin are presented; 60 of these peptides were observed
not to be oxidized, and 21 had detectable oxidation rates.
We also report the Ca2�-dependent changes in oxidation
for all 81 peptides. Fifty-nine remained unoxidized, five
increased their oxidation rate, and two experienced pro-
tections. Tandemmass spectrometry was used to identify
the specific side chain probes responsible for the Ca2�-
insensitive and Ca2�-dependent responses. These data
are consistent with crystallographic data for the inactive
form of gelsolin in terms of the surface accessibility of
reactive residues within the protein. The results demon-
strate that radiolytic protein footprinting can provide de-
tailed structural information on the conformational dy-
namics of ligand-induced structural changes, and the
data provide a detailed model for gelsolin activation.
Molecular & Cellular Proteomics 2:1120–1132, 2003.

Hydroxyl radicals, generated through the radiolysis of water
using synchrotron radiation, can efficiently oxidize aromatic
and sulfur-containing amino acids on the surface of proteins
in direct relation to their reactivity and their solvent accessi-

bility (1, 2). In particular, the solvent-accessible side chains of
cysteine, methionine, phenylalanine, tyrosine, tryptophan, his-
tidine, proline, and leucine provide convenient probes for
synchrotron footprinting experiments (3). These residues
cover around 30% of the sequence of a typical protein and
thus provide multiple probes that offer significant coverage of
the entire macromolecule (prowl.rockefeller.edu/). The radio-
lytic footprinting approach is illustrated in Fig. 1. Following
digestion of irradiated protein solutions with proteases, the
products are separated by reverse-phase liquid chromatog-
raphy and analyzed by electrospray ionization mass spec-
trometry. The amounts of modified and unmodified peptides
are individually quantitated for a specific exposure time, and
the rate of oxidation of peptides containing the susceptible
sites is determined by measurements at varying exposure
times (1, 2, 4–6). This approach is very similar to deuterium
exchange mass spectrometry (MS)1 methods (7–11), except
that the side chains instead of the backbone positions are
probed and that the covalent nature of the modifications
permits the application of a wide variety of proteases, chro-
matographic separations, and tandem MS approaches to
identify the site of modification.
Three features of radiolytic footprinting as detailed here

assure that the intact population of molecules is probed. First,
the rate of loss of the unmodified fraction is examined, em-
phasizing the disappearance of biologically intact material.
Second, the total dose is limited, and third, the observation of
a first-order process in the loss of the unmodified fraction
assures that no dose-dependent change in reactivity is in-
duced by the oxidations. These safeguards are the hallmark of
all footprinting approaches, which depend on the covalent mod-
ification or cleavage of macromolecules to probe the structure
(12, 13). The rates of oxidation are analyzed in the context of
available structural data, from which the solvent accessibility of
the side chains of interest can be calculated. The power of the
method is most apparent in examining the changes in structure
upon ligand binding, as the oxidation rates of a particular pep-
tide site may increase, decrease, or stay the same in response
to ligation. Each of these possible results is informative in terms
of protein structure, dynamics, and mechanism.
Gelsolin is an actin-binding protein that has been implicated

in remodeling the actin cytoskeleton during numerous cellular
processes. It can sever actin filaments as well as bind and cap
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the fast growing barbed end (14, 15). Gelsolin is activated by
Ca2� and inhibited by polyphosphoinositides (14–17). The
protein, composed of six homologous subdomains (termed
S1–S6), exists in a cytoplasmic form and plasma form and is
known to have nanomolar and micromolar affinity Ca2� bind-
ing sites (18). All six subdomains have a similar folding topol-
ogy consisting of a central five- or six-stranded �-sheet sand-
wiched between a long �-helix running approximately parallel
to the strands and a shorter �-helix running approximately
perpendicular to the strands (17). The crystallographic struc-
ture of the inactive Ca2�-free form of equine plasma gelsolin
has a compact globular shape; the S1–3 and S4–6 halves of
the molecule are connected by a long linker forming extensive
interactions between the S6 domain and S1–S3. Specifically,
individual �-sheets of S1 and S3 form an extended �-sheet,
while S2 and S3 are connected by an extended 30-residue
stretch that runs over the central sheet of S1. An extended
�-sheet is also formed between S4 and S6; a long loop of 22
amino acids connects S5 and S6. Thus, the organization of S1
relative to S3 and the organization of S4 relative to S6 are
similar. However, the positioning of S2 relative to S1 and S3 is
different compared with S5 in relation to S4 and S6.
The N-terminal half of the molecule is implicated in severing

actin filaments, whereas the C-terminal half of gelsolin ap-
pears to function as a regulatory domain that senses the
intracellular Ca2� concentration and signals this event to the
N-terminal half (19). In particular, the helical C-terminal helix of
S6 (termed the “latch”) directly contacts the F-actin binding
helix of S2 (17) making its actin binding sites inaccessible in
the absence of Ca2�. Upon Ca2� activation gelsolin under-
goes substantial changes in structure, involving a number of
rearrangements that reveal actin filament and actin monomer
binding sites (20–23). Thus, the side chains associated with
these rearrangements are predicted to have different rates of
oxidation in the absence and presence of Ca2�.
Recently, we examined Ca2�-dependent oxidation for a

number of peptides within gelsolin. We showed that five of the
analyzed peptides experience Ca2�-dependent increases in
oxidation rate, while two peptides exhibit Ca2�-dependent
protections. Quantitative Ca2� titration isotherms described a
three-state equilibrium activation of gelsolin, and specific
structures for the activated intermediates were proposed (4).
In this paper we provide a more complete analysis, including
measurement of the oxidation rate of 81 (of 85 possible)
tryptic peptides in gelsolin, and evaluate the oxidation rates
(or lack of oxidation) on the basis of side chain surface acces-
sibilitiesderived from theCa2�-freegelsolin structure. TheCa2�-
dependent changes in oxidation of these peptides are also
examined to understand the activated state, for which explicit
structural data have been previously unavailable. TandemMS of
each oxidized peptide identifies the specific side chain probes
that report structural alterations. We identify 38 side chains
throughout the molecule that are sufficiently surface-accessible
to permit oxidation; the variation in the oxidation of these

probes specifically locates the sites sensible to the Ca2�-de-
pendent conformational change. In addition, the probes that are
not oxidized (but intrinsically reactive) also specify sites in the
molecule that do not become significantly exposed in the acti-
vation process. The results demonstrate the specific residues
buried in the inactive gelsolin structure that become more ac-
cessible in the calcium activation process. These include resi-
dues in the C-terminal helical tail that contact the F-actin bind-
ing helix as well as residues indicated as participating in the
F-actin binding site. Finally, we use the data to illustrate the
potential applications of the footprinting method to a wide range
of questions involving protein structure and dynamics.

EXPERIMENTAL PROCEDURES

Sample Preparations and Experimental Design—Recombinant hu-
man plasma gelsolin was prepared by the method of Wen et al. (24).
Prior to radiolysis experiments, protein was dialyzed against 10 mM

cacodylic acid sodium salt trihydrate, 0.5 mM EGTA (�99.0%, Fluka
Chemical Corporation, Milwaukee, WI) buffer, pH 7.0, at 4 °C with
three changes. The extinction coefficient at 280 nm of 1.4 ml/(mg�cm)
(25) was used to determine the gelsolin concentration. For the dose-
response experiments, the protein concentration was adjusted to 10
�M. Samples for the EGTA-treated form of gelsolin (calcium-free form
of the protein) were used as described above. The Ca2� concentra-
tion was calculated to be �1 nM using computer programWEBMAXC,
version 2.10 (Stanford University, 2000) (26). For the Ca2�- activated
form, CaCl2 (99.99%, Aldrich) was added to the protein, which con-
tained 10 mM cacodylic acid sodium salt trihydrate and 0.5 mM EGTA,
to achieve a calculated free Ca2� concentration of 0.2 mM. The buffer
and CaCl2 solutions were prepared using nanopore-filtered water and
stored in plastic vessels. Less than 120 nM contaminating free Ca2�

was measured in 10 mM cacodylic acid sodium salt trihydrate buffer,
pH 7.0, using the fluorescent Ca2� indicator Fura-2 (Molecular
Probes, Inc., Eugene, OR). The free Ca2� concentrations for the
buffers containing EGTA and/or Ca2� were calculated using the com-
puter program WEBMAXC, version 2.10 (Stanford University, 2000)
(26), which includes a number of parameters including buffer condi-
tions, nucleotide, temperature, and ionic strength. A 5-�l portion of
each protein solution was dispensed into a 0.7-ml microcentrifuge
tube for radiolysis and stored on ice for �3 h prior to use. Radiolysis
experiments were performed at ambient temperature.

Synchrotron X-ray Radiolysis—Radiolysis experiments were per-
formed at beamline X28C of the National Synchrotron Light Source of
the Brookhaven National Laboratory (Long Island, NY) (1, 27, 28). An
electronic shutter equipped with a platinum/iridium alloy aperture
(Vincent Associates, Rochester, NY) was used to control the millisec-
ond exposure times. All experiments were performed at a ring energy
of 2.8 giga electron volts and at a beam current between 183 and 195
mA (1, 4). The sample tubes with 5 �l of protein solution were
positioned in a holder and held parallel to the x-ray beam. The beam
dimensions were adjusted to irradiate the entire sample using com-
puter-based alignment. After exiting the beamline, the photons exit
the storage ring beam pipe through a beryllium window and travel
within the hutch through air over 50 cm before reacting with the
sample. Two sets of samples were exposed to x-ray for 0, 20, 40, 80,
and 160 ms.

Proteolysis—Irradiated proteins in 10 mM cacodylic acid sodium
salt trihydrate, 0.5 mM EGTA buffer, pH 7.0, were digested at 37 °C
with 1:50 w/w sequencing grade modified trypsin (Promega Corpo-
ration, Madison, WI) for 12 h. Digestion was terminated by freezing
the samples.

Mass Spectrometric Analysis—The extent of oxidation in the radio-
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lytic peptides was determined using a Finnigan (San Jose, CA) LCQ
quadrupole ion trap mass spectrometer equipped with an electros-
pray ion source. Digested protein solutions were directed into the ion
source with a flow rate of 50 �l/min using an Alliance 2690 Waters
Corporation (Milford, MA) high pressure liquid chromatography sys-
tem via a VYDAC (Hesperia, CA) 1.0 � 150-mm reverse-phase C18

column. Proteolytic peptides were eluted from the column with a
gradient of acetonitrile of 1%/min. Mass spectra were recorded in the
centroid mode. ESI-MS/MS spectra were acquired to identify sites of
amino acid side chain oxidation (30, 31) and interpreted manually with
the aid of the ProteinProspector (University of California, San
Francisco, CA) and PAWS (Proteometrics, New York, NY) algorithms.

Modification Rates Calculation—The fraction unmodified was cal-
culated from the ratio of the area under the ion signals for the
unoxidized peptides to the sum of those for the unoxidized peptides
and their radiolytic products (totals). Background modification seen
for the methionine-containing peptides in the unexposed sample was
subtracted from the totals. The fraction unmodified for each individual
peptide at each time point was normalized to the fraction at zero
exposure time, where the fraction unmodified is 1.0 (one). The frac-
tion-unmodified peptide was fit to the equation Y � Y0 e

�kt using the
Origin 6.0 (Microcal Software, Inc., Northampton, MA) program,
where Y and Y0 are the fraction of unmodified peptide at a time t and
0 (seconds), respectively, and k is a first-order rate constant. Dose-
response curves are presented as the unmodified fraction (plotted on
a logarithmic scale) versus x-ray exposure time.

Side Chain Solvent Accessibility Calculation—The VADAR com-
puter program (PENCE, University of Alberta, Edmonton, Alberta,
Canada) was used to calculate the solvent-accessible surface areas
of all side chains (Å2). The crystal structure of calcium-free equine
plasma gelsolin (Protein Data Bank code 1D0N) was selected for this
analysis. Human plasma gelsolin shares 95% of its sequence with
equine plasma gelsolin.

RESULTS AND DISCUSSION

Footprinting Strategy to Examine the Structure of Calcium-
free Gelsolin—Ca2�-free gelsolin was exposed to the x-ray
beam for intervals ranging from 0 to 160 ms and then digested
with trypsin as described under “Experimental Procedures.”
Because synchrotron radiolysis induces covalent changes in
the protein structure, it is important to ensure that the oxida-
tions do not influence the data derived from the technique. The
levels of oxidation are controlled by using the minimum expo-
sure time necessary to generate detectable signals. With milli-
second time scale exposures, oxidative modifications dominate
the chemistry compared with cleavage events and cross-linking
(2, 29). Moreover, because surface residues are primarily oxi-
dized, resulting in polar substitutions of side chains, the effects
on the global protein structure are typically minimal. Thus, the
irradiation dose is optimized to produce oxidations of reactive
sites with minimal perturbation of the protein and to generate
data that is first-order for the loss of unmodified material.
Following digestion of the protein with trypsin, the peptide

products were quantitatively analyzed by mass spectrometry
coupled to high performance liquid chromatography as de-
scribed under “Experimental Procedures.” Examining the loss
of unmodified fraction for particular peptides provides a rate
constant that is sensitive entirely to the unmodified popula-
tion. In contrast, analyzing the rate of formation of the modi-

fied population would directly measure the oxidation of al-
ready oxidized material. Moreover, the dose-response curves
derived from data analysis are extrapolated to zero fraction
modified, reflecting the first-order process indicative of con-
stant reactivity consistent with a low dose regime. If the
structure was altered by modification (for example resulting in
protein unfolding), the oxidation rate as a function of dose
would likely increase, and the dose-response curve would be
nonlinear. Because the reaction rates correlate with measures
of solvent accessibility of the residue side chains within the
protein structure, comparison of the oxidation rates of various
peptides for the Ca2�-free and Ca2�-activated gelsolin pro-
vides structural comparisons relevant to the activation process.
Identification of Oxidized Peptide Products from Ca2�-free

FIG. 1. A schematic representation of synchrotron radiolysis
and mass spectrometry experiments. Proteins in the absence and
presence of Ca2� are exposed to the synchrotron x-ray beam. Green
schematically indicates the oxidation sites in the absence and pres-
ence of Ca2�. Blue indicates the sites that were oxidized only in the
presence of Ca2�. Oxidized proteins are subjected to proteolysis and
MS, which is employed to quantitatively measure the extent of mod-
ification. The specific oxidation site(s) are determined by MS/MS.
Dose-response profiles are plotted for each modified peptide. Mod-
ification rates for proteolytic peptides derived from Ca2�-free and
Ca2�-activated gelsolin forms are calculated and compared.
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Gelsolin—The protease digestion of the oxidized protein sam-
ple results in the formation of peptides and their stable oxi-
dation products that are readily separated by the gradient of
the reverse-phase chromatography and quantitated using ESI
mass spectrometry. The total ion current chromatograms of
the tryptic digest of gelsolin before (panel A) and after (panel
B) radiolysis for 80 ms are shown in Fig. 2. Nine peptides are
labeled in this chromatogram for illustration. The chromato-
gram in panel B clearly indicates additional peptide peaks
(marked �16 or �32) that correspond to the oxidized pep-
tides that appear after protein exposure. Because the proteo-
lytic peptides and their oxidized products have in most cases
very similar structure and a molecular mass that is shifted by
�16 or �32 atomic mass units (corresponding to the addition
of one or two oxygens, respectively), the ionization and de-
tection efficiencies of these peptides are relatively compara-
ble. However, because the oxygen adducts result in the for-
mation of more polar peptides, the retention time is typically

reduced. For example, the modified product for peptide seg-
ment 722–748 (Fig. 2B) that incorporated one oxygen was
eluted from the column a half-minute prior to its unoxidized
parent peptide, whereas the same peptide modified by two
oxygens was detected about 1 min prior to the unoxidized
peptide. However, in the case of protein segments with an
oxidized methionine residue, the retention time for peptides
with one or two incorporated oxygens can be several minutes
less than the unoxidized peptide. For example, a methionine-
containing peptide comprised of residues 652–686 that was
modified by one and two oxygens was eluted from the column
2 and 3 min prior to the unmodified peptide, respectively (Fig.
2B). By careful examination of the chromatogram, the unoxi-
dized and oxidized products for each peptide can be identi-
fied. Of 85 total tryptic peptides expected for gelsolin, 81
peptides were detected in the chromatogram (resulting in
95% coverage of the gelsolin sequence); the identity of these
peptides was verified by MS/MS sequencing. Twenty-one

FIG. 2. The representative total ion current chromatograms for the tryptic digest of gelsolin exposed for (A) 0 and (B) 80 ms,
respectively. Additional peaks corresponding to the oxidation products are marked �16 or �32.
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TABLE I
Rate constants for the oxidation of gelsolin peptides at 0 and 200 �M Ca2�

Data for some of the peptides have been reported previously (4).
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peptides were detected to be oxidized for the inactive gelsolin
sample, and the extent of the oxidation was measured for
each peptide at each synchrotron dose (time of exposure).
The fraction of unoxidized peptide was calculated from the
ratio of the area under the ion signal for the unmodified
peptides to the total peptide (sum of ion signals for the un-
oxidized peptides and their radiolytic products). Dose-re-
sponse curves for all oxidized peptides were constructed by
plotting the fraction unmodified (on a log scale) for each peptide
as a function of exposure time. Duplicate (or triplicate) experi-
ments revealed that variations in the measured fraction of un-
modified peptide at any exposure time were less than 1.5% and
were not observed to exceed 2.5% in absolute value. First-
order rate constants for all oxidized peptides in the absence of
Ca2� were derived from this analysis as described previously (1,
2, 4, 6); the rates of oxidation are shown in Table I.
Representative dose-response curves for three of these

peptides are shown in Fig. 3. The data are the average of two
independent experiments with the error bars representing the
range of values observed. The quality of the data and the
adherence to first-order behavior are apparent. It is also clear
that different peptides have significantly different rates of
oxidation. These rates range from no detectable oxidation for
peptide 162–166 within S2 to a rate of 0.69 � 0.05 s�1 for
peptide 121–135 within S1, while peptide 722–748 within S6
is oxidized at a rate of 1.91 � 0.15 s�1. The oxidation rate
data for all peptides are shown in Table I; 21 peptides had
detectable levels of oxidation in the absence of Ca2�, while 60
peptides did not exhibit oxidation (data of this type are shown
only for peptide 162–166 in Table I). These observations sug-
gest that most of the reactive side chain residues are buried
inside the structure consistent with the highly compact crystal
structure. Also, this is an important result for the method
because these buried residues remain unreactive throughout

the experiment; they are “canaries in the coal mine.” If oxida-
tion is disrupting protein structure, the interior of the protein
would be expected to become solvent-exposed. The peptide
segment 162–166 (part of the F-actin binding site) in the EGTA
conformation of gelsolin represents a typical buried probe of
this kind. It contains two modifiable residues (leucine and
phenylalanine) that have 0 Å2 solvent accessibility (Table I).
Correlation of Footprinting and Crystallographic Data for

Ca2�-free Gelsolin—The following reactivity order for side
chain modification of small peptides in an unhindered steric
environment (i.e. highly accessible) under synchrotron radiol-
ysis has been reported: Cys, Met � Phe, Tyr � Trp � Pro �

His, Leu (3). This is consistent with pulse radiolysis data where
the rate of reaction of hydroxyl radicals with isolated amino
acids has been measured (30). However, as demonstrated for
gelsolin above, in the case of proteins, oxidations occur only
on the reactive residues that are accessible. Knowing the
values for the side chain accessible surface areas (Å2) for all
amino acids within the gelsolin sequence, we can predict the
potentially modifiable residues in the experiment. The theo-
retical measures of solvent accessibility were calculated as
described under “Experimental Procedures” using the avail-
able crystal structure of Ca2�-free equine plasma gelsolin
(17). Because the human plasma and equine plasma gelsolin
share 95% sequence identity, similar accessibilities are ex-
pected. The reactive residues within the 21 oxidized peptides
of Ca2�-free gelsolin with their side chain accessible surface
areas printed immediately below the one-letter code are
shown in Table I. We have reported previously a positive
correlation between reactivity of a particular side chain resi-
due and its solvent accessibility (1, 2, 5, 6); this correlation is
evident in the data here. For example, the peptide composed
of residues 121–135 has five potentially reactive amino acids:
Phe-125, Phe-130, Leu-131, Tyr-133, and Phe-134 with cal-
culated solvent-accessible side chain surface areas of 76, 0,
13, 13, and 11 Å2, respectively (Table I). Thus, phenylalanine
at position 125 is �5� more accessible to the solvent than the
other four residues and expected to be the most likely can-
didate for oxidation (this is proven by MS/MS below). More-
over, the reaction rate for peptide 121–135 was calculated to
be 0.7 s�1, which is approximately one-half the rate of peptide
49–72 (�1.5 s�1). Consistent with this rate difference, the first
peptide contains a highly reactive residue with a side chain
accessible surface area of �76 Å2, whereas the second pep-
tide has two equally reactive residues with a total side chain
accessible surface area of �150 Å2. On the other hand, pep-
tides comprising residues 301–311, 334–341, 538–542, 694–
701, and 715–721 contain potentially reactive amino acid side
chains, including Cys-304 (4.7 Å2), Phe-305 (2.8 Å2), Leu-307
(0.3 Å2), Phe-338 (0.4 Å2), Leu-538 (0.1 Å2), Phe-539 (0.0 Å2),
Leu-697 (41.0 Å2), and Pro-716 (3.5 Å2), that are not suffi-
ciently accessible to the solvent to provide detectable reac-
tivity under these conditions (data not shown).
Overall, there are 186 potentially reactive residues (based

FIG. 3. The representative dose-response curves for the oxida-
tion of three peptides after radiolysis of Ca2�-free gelsolin. Pep-
tide 162–166 (S2) showed no oxidation. The peptides comprised of
residues 121–135 (S1) and 722–748 (S6) exhibited modifications
ranging from modest to highly oxidized, respectively.
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on the eight typically observed) distributed across the entire
protein sequence. Of these 186 amino acids, 60 residues are
completely inaccessible (0.0 Å2) to the solvent and were un-
reactive in Ca2�-free gelsolin under the radiolysis conditions
applied. Thirty-four of the potentially reactive sites exhibited
oxidation (Table I). All oxidized residues were compared with
the theoretical measures of the solvent accessibility calculated
for Ca2�-free gelsolin. As a result of this analysis, the threshold
values of detection for phenylalanine and tyrosine side chains
were determined to be �14 Å2 in the solvent-accessible surface
area of the side chain group; for tryptophan the threshold value
is �18 Å2, while for proline and leucine side chains, the acces-
sibility had to be above �60 Å2 for the detection of modification.
This reactivity order is similar to what is seen for model pep-
tides, but the exact detection thresholds above are specific for
this experiment and depend on exposure times, beam flux,
sample concentrations, and buffer conditions.
For methionine the results are more complicated. For ex-

ample, substantial oxidation was observed for Met-283, -406,
and -412 despite the low theoretical measures of solvent
accessibility that were calculated. In previous studies we sug-
gested that one of the possible explanations for this phenom-
enon may lie in a different mechanism of oxidation, including
electron transfer from close-by, solvent-accessible residues
(1). Thus, the methionine residues not only appear to probe
the solvent-accessible surface of the side chain but also are
sensitive to the local environment within 5–8 Å. On the other
hand, the theoretical measures of the solvent accessibility for
Met-243, -509, -517, and -635 were calculated to be 1, 14, 0,
and 14 Å2, respectively, and no oxidation was observed for
these residues. Also, for Met-342 and -662 the accessibility is
54 and 72 Å2, respectively, and a high oxidation rate for the
peptides containing these residues was observed. In addition,
Met-25 is disordered in the crystallographic structure and was
found to be reactive in our experiments. These observations
suggest that Met-25 may be solvent-accessible. For six amino
acids within the Ca2�-free gelsolin sequence, including Pro-
30, Leu-33, Leu-287, Tyr-344, Pro-345, and Trp-677, oxida-
tion was not observed. Because they are located in peptides
that contain highly accessible and reactive methionine resi-
dues, methionine oxidation dominated for these peptides.
Overall the observed modified residues are distributed

throughout the protein; thus, they provided sufficient cover-
age of the structure such that we can analyze structural
changes for each of the six domains of gelsolin independently
with several probes each. It is also important to emphasize
that overall, the peptide oxidation data are consistent with the
crystallographic data for inactive gelsolin, and this demon-
strates that our footprinting approach reliably probes the pro-
tein structure. Furthermore, because the solvent accessibility
on the surface of the protein in various buffer conditions can
be monitored by this technique, changes in the solvent ac-
cessibility of the specific sites of gelsolin during Ca2� activa-
tion can provide valuable information on the structural reor-

ganization of the gelsolin surface.
Ca2�-dependent Conformational Rearrangements of Gel-

solin—Gelsolin containing 200 �M Ca2� was exposed for
0–160 ms and then digested with trypsin in the manner de-
scribed above. Quantitative mass spectrometric analysis re-
veals that in the presence of 200 �M Ca2� 22 peptides
showed oxidation compared with 21 that were modified for
calcium-free gelsolin. Specifically, peptide 162–166 showed
oxidation only upon calcium addition. Of 22 modified seg-
ments of the protein, seven exhibited changes in their oxida-
tion rates as a function of calcium. A representative electro-
spray mass spectrum is shown in Fig. 4 for one peptide
(residues 722–748) after exposure to 80 ms of synchrotron
light at low (panel A) and 200 �M (panel B) Ca2� concentra-
tions. The unmodified peptide 722–748 is detected as a dou-
bly protonated ion at m/z 1615.8. The peaks at m/z 1623.8
and 1631.8 represent the radiolytic products corresponding
to the addition of one and two oxygens, respectively, on the
side chains of phenylalanine, leucine, and tyrosine residues
within this peptide. It is clear frommass spectra that at 200 �M

Ca2� concentration the relative abundance of the modified
peaks is significantly larger contributing to a larger fraction of
modified peptide upon calcium addition.
Dose-response curves for all 22 oxidized peptides were

obtained from the ESI-MS data of the digested protein and
analyzed. Dose-response curves for selected peptides, in-
cluding the seven that were calcium-sensitive (panels I–O) and
eight that were not (panels A–H), are presented in Fig. 5. The

FIG. 4. The representative electrospray mass spectra for region
722–748 and its radiolytic products after exposure for 80 ms to
synchrotron light at Ca2� concentrations of (A) <1 nM and (B) 200
�M. The unmodified ion appears at m/z 1615.8. The peak ions at m/z
1623.8 and 1631.9 represent the radiolytic products corresponding to
the addition of one and two oxygens, respectively, on the side chains
of phenylalanine, leucine, and tyrosine residues.
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values plotted in this figure are the average of two independ-
ent experiments, and the error bars represent the range of
values observed. Among the peptides that changed their ox-
idation rate as a function of calcium, peptides 49–72 and
121–135 within S1 had 40–50% increases in their modifica-
tion rates at 200 �M Ca2� compared with the case for calci-
um-free gelsolin. Peptide 162–166 (part of the F-actin binding
site on S2) exhibited an increase in the rate of oxidation upon
Ca2� binding consistent with an increased exposure of Phe-
163. Unfortunately, the other F-actin binding site on S2, in-

cluding residues 209–230, could not be analyzed because of
the absence of any modifiable amino acid. For the peptide
comprised of residues 431–454 (S4 �-sheet), the extent of
modification was calculated to be 65% higher upon gelsolin
activation. The largest increase in the oxidation rate (70%)
was observed for peptide 722–748, which is consistent with
the location of the peptide within S6 and the helical tail of the
protein. Two segments comprised of amino acids 276–300
and 652–686 exhibited dramatic decreases in reactivity. For
example, peptide 276–300 (S3) showed an 87% decrease in

FIG. 5. Dose-response curves for the oxidation of the gelsolin peptides at Ca2� concentrations of <1 nM (f) and 0.2 mM (Œ) as a
function of exposure time. A–O, these figures represent data for 15 oxidized peptides. I–M, five peptides showed increases in oxidation rate
at 200 �M Ca2� including peptides comprised of residues 49–72, 121–135, 162–166, 431–454, and 722–748. N–O, dose-response curves for
two methionine-containing peptides comprised of residues 276–300 and 652–686 show dramatic decreases in the oxidation rate as the Ca2�

concentration was elevated to 200 �M. A–H, data for peptides comprised of residues 38–45, 87–115, 143–150, 151–161, 251–262, 347–363,
571–588, and 600–621 showed no changes in oxidation rate in the presence of 200 �M Ca2�.
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the rate of oxidation, whereas peptide 652–686 (S6) showed
a decrease of 90% (4). Because these protein regions contain
highly reactive methionine residues, substantial oxidation oc-
curred at very short exposure times; thus, the dose-response
data was truncated at 40 ms to restrict the quantitation to the
region where the data is first-order. Also, the error in the rate

determination appears to be significantly higher than the other
peptides (1). Nevertheless, protections as a function of Ca2�

are clearly observed (Fig. 5, panels N and O).
Identification of Oxidation Sites by Tandem Mass Spec-

trometry—Tandem mass spectrometry was performed to de-
termine the specific site or sites of oxidation for each oxidized

FIG. 6. MS/MS spectra of the peptide comprised of residues 121–135. A, MS/MS spectrum of the unoxidized peptide. B, MS/MS
spectrum of the oxidized radiolytic product of the same peptide from the exposure of protein solution (containing �1 nM Ca2�) to the x-ray
beam for 80 ms. C, MS/MS spectrum of the oxidized products of the same peptide from the exposure of the protein solution (containing 200
�M Ca2�) to the x-ray beam for 80 ms.
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peptide and to potentially detect any changes in the specific
site of oxidation as a function of the ligand. Fig. 6 shows
representative ESI-MS/MS spectra upon selection of the dou-
bly charged ion (m/z 862.0) of peptide 121–135 (panel A) and
its singly oxidized radiolytic product (�16) in the absence of
calcium (panel B) and the �16 modified product in the pres-
ence of calcium (panel C). The yn or bn fragment ions ob-
served represent cleavage products of the peptide bond with
charge retention in the C- or N-terminal end of the peptide,
respectively (31, 32). The sequence for the unmodified pep-
tide 121–135 can clearly be read from the spectrum in Fig. 6A;
this is the control experiment for comparison so as to deter-
mine the location of the potentially modified (shifted) daughter
ions in the case of the oxidized peptide. In Fig. 6B, the MS
spectra of the singly oxidized peptide in the absence of cal-
cium are shown. The y-type series ions y2–10 are unchanged
upon comparison to the spectrum of the unmodified peptide
in panel A, whereas ions y11–13 are shifted by �16 atomic
mass units. For the b-type series, ions b5–14 clearly show
mass shifts of �16 atomic mass units. No amount of the
unmodified form for y11–13 and b5–14 ions was observed
above the noise level. This indicates that phenylalanine 125 on
the N-terminal end of the peptide is the only residue oxidized,
consistent with the solvent accessibility data for the inactive
gelsolin. Fig. 6C shows the MS/MS spectrum of the doubly
protonated ion for the singly oxidized peptide 121–135 that
was oxidized in the presence of 0.5 mM EGTA and 200 �M

Ca2�. Clearly, the y11 and b13 ions are shifted by �16 atomic
mass units, while the y2 and b3–4 ions are observed un-
changed with respect to the unmodified peptide fragment.
This indicates that oxidation can take place on the N-terminal
or C-terminal ends of the peptide under these conditions.
Further examination of the ion series reveals that y11 and b13
show no unmodified fragment product, whereas y3–10 and
b5–12 ions show both unmodified and modified products.
Thus, it is clear that residues Phe-125 and Tyr-133 are mod-
ified during the radiolysis experiment for calcium-activated
gelsolin. Moreover, the relative abundances for the y3–10 and
b5–12 fragment ions shifted by �16 atomic mass units are
almost equal to that for the unshifted fragments. Because the
unmodified and modified peptide ions have similar structures
and collision efficiencies and the instrumental parameters
such as trapping and detection efficiencies are controlled in
this experiment, the intensity of the ion signals in the MS/MS
spectrum can be semiquantitatively analyzed. Phe-125 and
Tyr-133 residues (under Ca2� conditions) have similar reac-
tivity and appear to be equally accessible to the solvent.
All oxidized peptides (in the absence and presence of Ca2�)

were analyzed by tandem mass spectrometry in a similar
manner. This analysis defined the oxidized side chains for
each peptide as shown in Table I. On binding of 200 �M Ca2�,
eight additional residues were detected as exposed within the
gelsolin sequence. Their locations in the gelsolin structure are
displayed in Fig. 7 (panels A–C), including Tyr-68 and Leu-71

in the �-sheet of S1, Tyr-133 at the C-terminal end of S1, and
Phe-163 on an F-actin-binding segment of S2 (panel B) as
well as Tyr-453 in the �-sheet of S4, Pro-726 and Pro-727 in
S6, and Pro-745 in the C-terminal tail (panel C). It is important
to emphasize that depicted residues are located within pep-
tides that exhibited increases in the oxidation rate upon Ca2�

binding. Moreover, the side chains of these residues are par-
tially or entirely buried in the inactive gelsolin structure, and their
oxidation indicates specific sites that become more exposed as
an integral part of the Ca2� activation process. Two residues,
including Met-283 (S3) and Met-662 (S6), that showed dramatic
decreases in the extent of oxidation in the presence of Ca2� are
also noted in Fig. 7 (panels B–C). In addition, Fig. 8 (panels A–E)
illustrates 31 oxidized sites detected by mass spectrometry that
did not show changes in the solvent accessibility in the pres-
ence of Ca2�. These are located throughout the structure and
clearly define regions that do not change their solvent accessi-
bility in response to Ca2� binding.
Protein Footprinting as a Biophysical Probe of Protein

Structure and Dynamics in Solution—Radiolytic protein foot-
printing coupled to MS has been developed over the last
several years and has matured into a viable approach for
analyzing protein structure and dynamics. Recent work by
other investigators has shown that Fenton reagents can also
be used as a source of hydroxyl radicals to analyze protein
surface modifications (33), and the results obtained from the

FIG. 7. A, representation of the S1–S6 gelsolin structure indicating
residues oxidized only in the presence of Ca2� within S1 (blue), S2
(magenta), S3 (green), S4 (cyan), S6 (red), and the C-terminal tail
(orange). B and C, illustration of the buried residues, including Tyr-68
(S1), Leu-71 (S1), Tyr-133 (C terminus of S1), Phe-163 (S2), Tyr-453
(S4), Pro-726 and -727 (S6), and Pro-745 (tail of S6), that are revealed
in the presence of Ca2�. Met-283 (S3) and Met-662 (S6) showed
decreases in oxidation rate. The color coding used in panels B and C
is as described for panel A.
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two methods are comparable (34). Synchrotron radiolysis
technique has been successfully applied in the analysis of
protein structure (1), protein folding (34), protein-protein inter-
actions (2, 5, 35), protein dynamics (4, 36), and protein-DNA
interactions (6). In this paper we provide explicit details of how
the method can provide detailed structural information in
solution even for a large protein like gelsolin (90 kDa).
In hydroxyl radical-mediated protein footprinting, as for

deuterium exchange methods (7–11), the modified protein is
subjected to proteolysis. However, in contrast to deuterium
exchange, the production of stable modifications through hy-
droxyl radical exposure allows a wider range of samples as
well as protease conditions to be examined under a wide

range of solution conditions and pH values and even permits
the examination of very large macromolecules. The stable
modification of side chains allows a specific probe site to be
identified using tandem MS methods, whereas for deuterium
exchange, typically the conformational change can only be
localized to a specific peptide fragment. The potential disad-
vantage of x-ray radiolysis is that if a reactive side chain is not
present in a particular peptide segment, there are no probes.
Thus, extension of the method to include additional side chain
probes would be valuable, and is ongoing (37). However, the
examination of side chains is complementary to deuterium
exchange methods that examine backbone structure.
It must be emphasized that footprinting provides only “lo-

FIG. 8. A, subunit structure of gelsolin with residues that show modification in the absence and presence of Ca2� within S1 (blue), S2
(magenta), S3 (green), the S3–S4 subdomain linker (light green), S4 (cyan), S5 (yellow), S6 (red), and the C-terminal tail (orange). B, C, D, and
E, illustration of the oxidized residues, including Pro-39, Phe-49, Tyr-59, and Tyr-111 (S1); Phe-125 (S1); Phe-149, Pro-154, Pro-177, and
Leu-244 (S2); Pro-249, Pro-251, and Pro-254 (S2–S3); Met-342 (S3); Leu-361 (S3); Pro-372, Leu-378, Tyr-382, Pro-394, Met-406, and Met-412
(S3–S4); Pro-432, Pro-435, Tyr-438, and Tyr-442 (S4); Pro-572, Tyr-576, Pro-611, and Trp-615 (S5); Phe-724, Leu-734, and Tyr-740 (S6), that
exhibited oxidation and are Ca2�-insensitive. The residues are color-coded as described for panel A.
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cal” information about the reactivity of the side chain probes.
Allosteric changes in conformation induced by ligand binding
can also give rise to either protections (decreases in side
chain reactivity) or enhancements (increases in reactivity) de-
pending on the induced conformational changes. This must
be carefully considered when interpreting data from these
experiments, and examples of each of these are provided in
this study. This caution is especially pertinent in the exami-
nation of protein- or protein-nucleic acid interactions, where
the formation of a binding interface gives rise to protections;
however, confirmation of the interface should include addi-
tional biochemical, structural, or genetic data.
Nuclear magnetic resonance (NMR) spectroscopy is the

method of choice for solution structure determination but
requires milligram sample quantities of singly or doubly iso-
topically labeled material, although enhanced sensitivity
through cryoprobes and other approaches is improving the
situation significantly (38, 39). NMR is difficult to apply to large
macromolecules (although advances using TROSY are allow-
ing proteins in the 100-kDa range to be successfully analyzed
(40)) and is a challenge for kinetic structural analysis (11, 38,
41). However, inventive NMR approaches, such as deuterium
exchange quench studies of protein folding (42, 43), have
yielded major insights into conformational dynamics of mac-
romolecules with high structural resolution. Of course the
major drawbacks, even for these powerful exchange meth-
ods, are 1) the limits on size for the proteins or complexes that
can be analyzed, 2) the need for quenching methods to
“freeze” the exchange, and 3) the typical necessity in NMR
experiments for tens of micromolar to millimolar concentra-
tions of the macromolecules (11, 41). MS methods can be
carried out with very small amounts of material; picomoles
were used in the present study, but femtomole quantities are
clearly feasible with the most modern instruments. Also, foot-
printing methods are not intrinsically size-limited, as long as
the relevant peptides can be detected.

Footprinting has also been successfully applied to examine
time-resolved structural changes in nucleic acids during fold-
ing (44) and protein binding (45) on the millisecond time scale
(27, 46). As seen in this paper synchrotron exposures of
proteins for tens of milliseconds provide sufficient oxidation
that modified products can be easily detected. Thus, a valu-
able future application of protein footprinting would be in
time-resolved studies. In the context of the investigations
seen here, it would be of great interest to observe the time
evolution of the calcium-dependent conformational changes
seen for gelsolin. The rapid mixing of gelsolin with buffer
containing Ca2� and then the exposure of the combined
solution to a millisecond dose of radiation could be used to
identify structural intermediates in the activation process.
Lastly, one should consider the potential impact of foot-

printing data on protein structure modeling. Computational
methods to analyze and predict protein structure using both
energy-derived algorithms as well as those primarily driven by

homology considerations have been shown to be quite pow-
erful (47–50). For example, incorporation of solvation effects,
including a buried surface area potential in the scoring, has
improved the correlation between predicted and measured
stabilities of designed proteins (48). Footprinting methods
could provide “restraints” on the potential burial or exposure
of reactive residues that could be explicitly incorporated into
such modeling algorithms, improving the accuracy of such
predictions and allowing the modeling of quite distantly re-
lated homologs (50, 51).
In conclusion, synchrotron x-ray footprinting is quite valuable

as a biophysical technique. It allows examination of temporal
changes on time scales of milliseconds with high structural
resolution, up to single side chain resolution in the case of
proteins. Multiple sites can be independently examined in a
single experiment. The amount of sample required to perform
an experiment is on the subpicomole levels, and native material
can be used. A wide range of solution conditions can be used
for footprinting, including the use of urea as a denaturant, with-
out interfering with the radiolysis. Finally, proteins and their
complexes can all be examined without intrinsic size limitations.
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