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Abstract. MALDI imaging mass spectrometry is a highly sensitive and selective tool
used to visualize biomolecules in tissue. However, identification of detected proteins
remains a difficult task. Indirect identification strategies have been limited by insuffi-
cient mass accuracy to confidently link ion images to proteomics data. Here, we
demonstrate the capabilities of MALDI FTICR MS for imaging intact proteins. MALDI
FTICR IMS provides an unprecedented combination of mass resolving power
(~75,000 at m/z 5000) and accuracy (<5ppm) for proteins up to ~12kDa, enabling
identification based on correlation with LC-MS/MS proteomics data. Analysis of rat
brain tissue was performed as a proof-of-concept highlighting the capabilities of this
approach by imaging and identifying a number of proteins including N-terminally

acetylated thymosin β4 (m/z 4,963.502, 0.6ppm) and ATP synthase subunit ε (m/z 5,636.074, –2.3ppm). MALDI
FTICR IMS was also used to differentiate a series of oxidation products of S100A8 (m/z 10,164.03, –2.1ppm), a
subunit of the heterodimer calprotectin, in kidney tissue from mice infected with Staphylococcus aureus. S100A8 –

M37O/C42O3 (m/z 10228.00, –2.6ppm) was found to co-localize with bacterial microcolonies at the center of
infectious foci. The ability of MALDI FTICR IMS to distinguish S100A8 modifications is critical to understanding
calprotectin’s roll in nutritional immunity.
Keywords: FTICR MS, Imaging MS, MALDI, Proteomics, Mass accuracy, Top-down, Calprotectin, PTMs,
Staphylococcus aureus, Nutritional immunity

Introduction

Matrix-assisted laser desorption/ionization imaging mass
spectrometry (MALDI IMS) enables the visualization of

biomolecules in tissue by combining the sensitivity and selec-
tivity of mass spectrometry with the spatially descriptive char-
acteristics of classic histology. Originally described by Caprioli
et al. [1], the technology has been applied to the analysis of a
variety of analyte classes, including pharmaceuticals [2, 3],

metabolites [4], lipids [5], peptides [6, 7], and proteins [8, 9].
Briefly, MALDI IMS experiments are performed by cutting
fresh frozen or fixed tissue into thin sections and flat-mounting
them onto a target. The sample is then coated with a MALDI
matrix, which assists in desorption and ionization of endoge-
nous molecules. During acquisition, virtually defined regions
of the tissue are irradiated by a laser in an array of discrete
points generating a mass spectrum at each x,y coordinate.
Typically, image spatial resolution is defined by the size of
the laser spot on target and the spacing between the points in
the array. Spectral intensities for a given ion are then plotted
across the array, creating ion images that can be compared with
stained images of the tissue providing an additional molecular
dimension to classical histologic analysis. MALDI IMS of
intact proteins is of particular interest because in a single
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experiment it has the potential to spatially describe the many
endogenous proteoforms of a given protein, the various molec-
ular forms which a protein product of a single gene can take
(e.g., genetic variations and post-translational modifications)
[10]. However, protein imaging experiments are hindered by
the inability to structurally identify observed peaks, inhibiting
the contextualization of IMS results with biological processes.

Protein identification strategies fall into three general cate-
gories; bottom-up, top-down, and indirect identification.
Bottom-up experiments involve enzymatic digestion of the
protein mixture prior to analysis by mass spectrometry [11].
For imaging experiments, proteins are digested on tissue by
applying an enzyme and performing hydrolysis in a way that
preserves the spatial integrity of the proteins. Matrix is then
applied, and both MS and MS/MS analyses are performed
directly from tissue [12, 13]. Because MALDI ions tend to be
singly charged, collision induced dissociation (CID) is often
the method used for fragmentation. This approach can be
advantageous because it extends the mass range of observable
proteins by enzymatic digestion. Further, for most anatomic
pathology examinations of biopsies, the tissue has been forma-
lin fixed and paraffin embedded for preservation, and so
bottom-up proteomics is the preferred procedure for analysis.
The downside is that in practice, fragmenting peptides from
tissue is hindered by the inability to effectively isolate ions
from the considerable background signal and low fragmenta-
tion efficiencies for singly charged peptides. Additionally,
performing bottom-up experiments in general may miss infor-
mation regarding post-translational modifications (PTMs) if
the modified peptide is not detected.

Top-down strategies [14] provide another approach for
protein identification in IMS experiments. Here identifications
are made through measurements of intact proteins followed by
on-tissue MS/MS analysis. This approach is ideal for spatially
describing the different proteoforms of endogenous proteins.
However, similar to bottom-up experiments, on-tissue frag-
mentation of intact proteins is restricted by poor fragmentation
efficiency for singly charged proteins. Moreover, because most
ions produced by MALDI have low charge states, electron-
based fragmentation mechanisms (e.g., electron transfer disso-
ciation) are often ineffective. Although work has been done to
increase the charge state of ions generated from tissue through
supercharging matrices [15, 16] or BESI-like^ surface analysis
techniques [17–21] (e.g., LAESI, DESI, and MALDESI), fur-
ther development is needed to improve image quality and
sensitivity.

Indirect identification is an alternative approach that uses
secondary information such as mass accuracy and spatial lo-
calization to link separate IMS and proteomics experiments.
Because differences in preferential ionization between ESI and
MALDI often lead to different peptides being detected, a direct
link can be made between the two experiments by performing
the analysis on intact proteins. Typically, protein images are
collected using a linear TOF MS to accommodate for the
relatively high m/z range. Then, with a serial section, proteins
are extracted and analyzed using either top-down or bottom-up

LC-ESI MS/MS based identification strategies. Protein extrac-
tion can be performed by homogenizing the entire section [22,
23] or by using spatially directed extraction technologies [24].
A major advantage of indirect identification is that it allows
both the imaging and proteomics experiments to be operated
under optimal conditions maximizing the sensitivity of both
technologies. However, protein imaging using MALDI TOF
MS does not provide the resolving power and mass accuracy
necessary to correlate imaging data to proteomics experiments
with high confidence. Mass accuracies for MALDI TOF mea-
surements are particularly skewedwhen collecting data directly
from tissue, which introduces sample height differences and
can promote surface charging attributable to the insulating
nature of many tissues. In practice, the mass accuracy of a
MALDI TOF protein imaging experiment is limited to 20–
100ppm, making identification based on mass accuracy
unachievable. These negative sample surface effects on spec-
tral quality are minimized when using decoupled mass ana-
lyzers such as FTICR, Orbitrap, and orthogonal TOF mass
spectrometers.

Fourier transformmass spectrometers, such as Fourier trans-
form ion cyclotron resonance (FTICR) [25] and orbital trap-
ping (Orbitrap) [26, 27], provide the highest mass resolution
and accuracy of all mass analyzers. For imaging experiments,
these high performance instruments routinely produce ion
images with mass resolving powers greater than 50,000
(m/Δm50%) and mass accuracies better than 5ppm [4, 28, 29].
These instruments are extremely valuable for tissue analysis
where high resolving power is necessary to distinguish endog-
enous nominal isobars and high mass accuracy allows for more
robust identification. Recently, accurate mass measurements
(<5ppm) have been shown to greatly increase the reliability
of peptide identification by dramatically reducing the number
of false positive identifications for IMS experiments using
indirect identification strategies [30, 31]. FT-based IMS in
combination with LC-ESI MS/MS has also proven to be useful
for small molecule [32] and lipid analysis [28]. Neither FTICR
nor Orbitrap platforms have been used for MALDI IMS of
intact proteins because FT-based platforms have traditionally
been m/z range limited. However, modern instrumentation
(source ion optics) and access to higher magnetic fields has
dramatically improved the sensitivity and throughput of FTICR
platforms at higher mass ranges.

Here we demonstrate intact protein images generated using
MALDI FTICRMS. This approach provides an unprecedented
combination of mass accuracy (<5ppm) and resolving power
(~75,000 at m/z 5000) for proteins up to ~12kDa enabling
identifications based on correlation with LC-based proteomics
data to bemadewith high confidence. Additionally, we provide
a case study demonstrating the capabilities of MALDI FTICR
MS to elucidate multiple proteoforms of S100A8, a protein
subunit of the heterodimer calprotectin, in kidney tissue of
mice infected with Staphylococcus aureus. This work builds
from our laboratories’ previous studies of the inflammatory
response in animal models of bacterial infection where the host
subunits of calprotectin were found to localize to bacterial
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abscesses [33–39]. Calprotectin is an abundant metal-binding
protein that accounts for ~60% of the cytosolic protein content
of neutrophils, the most abundant immune cell of vertebrates
[40]. The protein contains a calcium-binding domain and two
distinct histidine-rich motifs that are necessary to bind zinc and
manganese [41]. The ability of calprotectin to chelate nutrient
zinc and manganese is critical to the antimicrobial and antifun-
gal properties of the protein [42, 43]. MALDI FTICR IMS
allows for the spatial elucidation of previously unresolved
modifications to S100A8 providing further insight into the
molecular state of important host defense proteins at the host–
pathogen interface.

Experimental
Materials

Acetic acid, tr if luoroacetic acid (TFA), and 2,5-
dihydroxyacetphenone (DHA) were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA). HPLC-grade
acetonitrile (ACN), ethanol, chloroform, trifluoroethanol, and
Tris buffer were purchased from Fisher Scientific (Pittsburgh,
PA, USA).

Animals

Fresh frozen rat brains were purchased from Pel-Freez Biolog-
icals (Rogers, AR, USA). All in-house animal experiments
were performed with approval by the Vanderbilt Institutional
Animal Care and Use Committee. Six-week old female mice
were anesthetized and retro-orbitally inoculated with Staphy-
lococcus aureus (S. aureus). Systemic infection was allowed to
progress for 6 to 9 d. Kidneys for imaging experiments were
aseptically removed and flash-frozen using a mix of hexane
and dry ice. Tissue for protein identification was removed and
placed into sterile containers for homogenization.

MALDI IMS

Frozen tissue was sectioned to 10μ at –20°C using a Leica CM
3050S cryostat (Leica Microsystems, GmbH, Wetzlar, Germa-
ny). Sections were mounted onto conductive indium-tin-oxide
coated slides (Delta Technologies). Tissue was washed to
remove interfering lipids and salts in sequential washes of
70% ethanol (30s), 100% ethanol (30s), Carnoy fluid (6:3:1
ethanol: chloroform:acetic acid) (2min), 100% ethanol (30s),
water with 0.2% TFA (30s), and 100% ethanol (30s). Slides
were stored at –80°C until IMS analysis was performed.Matrix
was applied using a TM Sprayer (HTX Technologies,
Carrboro, NC, USA) with a 15mg/mL DHA in 8:1:1
acetone:water:acetic acid matrix solution. Other instrument
parameters include a flow rate 0.15mL/min, nitrogen flow of
10psi, spray temperature of 30°C, four passes with offsets and
rotations, a spray velocity of 1300mm/min, and 90% ACN as
the pushing solvent.

Imaging experiments were performed using a 15T Bruker
MALDI FTICR mass spectrometer (Bruker Daltonics,

Billerica, MA, USA). The instrument is equipped with an
Apollo II dual MALDI/ESI ion source and a Smartbeam II
2kHz Nd:YAG (355nm) laser. All images were collected using
the small laser setting (~50μm)with a pixel spacing of 75μm in
both x and y dimensions. Data were collected fromm/z 1000 to
15,000 with a resolving power of ~40,000 and ~75,000 at m/z
5000 for the brain and kidney analyses, respectively. Special
tuning of the Funnel rf amplitude (190 Vpp), accumulation
hexapole (1.4MHz, 1200 Vpp), transfer optics (1MHz, 310
Vpp), time of flight delay (2.5ms), and ICR cell (sweep exci-
tation power: 43%) were required for high m/z analysis. Exter-
nal calibration was performed prior to analysis using CsI clus-
ters. FlexImaging 4.1 (Bruker Daltonics) was used to visualize
ion images. For comparison, linear MALDI-TOF data were
collected using a Bruker Autoflex Speed (Bruker Daltonics).

Protein Purification

Rat brain was sectioned on a Leica cryostat and cerebrum was
separated from cerebellum by a chilled razor blade. The cere-
bellum and cerebrum tissue sections were collected into corre-
sponding pre-weighed Eppendorf tubes. At least 10 sections
were combined into each tube before extraction was per-
formed. An extraction solution composed of 25mM Tris
(pH7.4), 50mM NaCl, and 0.25mM EDTA was made and
approximately 350μL was pipetted into each tube. An ice-
chilled Duall homogenizer was used to homogenize the tissues,
with 15–20 homogenization strokes used to liquefy the sam-
ples. A 150μL aliquot of each homogenate was taken and
1.53μL of acetic acid and TFA were added. The samples were
homogenized again using the tissue homogenizer and set on ice
for 30min with intermittent vortexing to avoid sample aggre-
gation. Homogenates were spun down at 20,000×g for 15min
and the supernatants collected. A Bradford assay (Thermo
Scientific Pierce, Rockford, IL, USA) was used to quantify
total protein concentration from each sample and the concen-
trations were adjusted to 2μg/μL with 0.1% formic acid for
subsequent LC analysis.

Kidneys of S. aureus infected animals were homogenized
using 1mL of phosphate buffered saline and a rolling pin. Cells
were lysed by adding 0.5mL of 50% trifluoroethanol and
centrifuged for 10min at 9g using Eppendorf Centrifuge
5415c. Protein was extracted from homogenates using 0.5mL
of 60% acetonitrile and centrifuged for 10min at 6700×g.
Supernatants from the extraction were saved and proteins were
quantified using a Bradford Assay (Thermo Scientific Pierce).
Extracted proteins were further fractionated by reversed-phase
HPLC using a Waters 2690 Alliance Separations Module
(Waters, Milford, MA, USA) and a Vydac 218 250mm C18
5 micron column (Vydac Grace, Columbia, Maryland, USA.)
The column was heated to 40°C and proteins were eluted at
flow rate of 0.2mL/min over a 120-min gradient of 0.2% TFA
in acetonitrile (solvent A) and 0.2%TFA in water (solvent B).
The gradient consisted of 95%–70% B in 20min, followed by
70%–40% B in 60min and 40%–20% B in 20min. Fractions
were collected every 1.5min using an offline fraction
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collector. The separation was performed three times and
combined. Fractions were dried using a Savant
SPD131DDA Speedvac Concentrator (Thermo Scientific)
and reconstituted in 30μL of 40% acetonitrile. One μL of
each fraction was spotted for analysis by MALDI MS.
Wells containing proteins of interest were targeted for
top-down analysis.

LC-Coupled Tandem Mass Spectrometry

Rat brain homogenate extracts were loaded onto a reversed-
phase capillary trap column using a helium-pressurized cell
(pressure bomb). The trap column (360μm o.d. × 150μm i.d.)
was fitted with a filter end-fitting (IDEXHealth & Science) and
packed with 4cm of C8 reverse phase material (5μm, 300Å,
YMC Co.). Once the sample was loaded, an M-520 microfilter
union (IDEX Health & Science) was used to connect the trap
column to a capillary analytical column (360μm o.d. × 100μm
i.d.), equipped with a laser-pulled emitter tip and packed with
15cm of C8 material (5μm, 300Å, YMC Co). Using an
Eksigent NanoLC Ultra HPLC, proteins were gradient-eluted
at a flow rate of 500nL/min, and the mobile phase solvents
consisted of 0.1% formic acid, 99.9% water (solvent A) and
0.1% formic acid, 99.9% acetonitrile (solvent B). The gradient
consisted of 5%–50% B in 55min, followed by 50%–95% B in
8 mi. Upon gradient-elution, proteins were mass analyzed on
an ETD-enabled LTQ Orbitrap Velos mass spectrometer,
equipped with a nanoelectrospray ionization source (Thermo
Scientific, San Jose, CA, USA). The instrument was operated
using a data-dependent method. Full scan spectra of m/z 400–
2000 (resolving power (RP): 60,000 at m/z 200) were acquired
as the initial scan event per duty cycle. For data-dependent scan
events, the four most abundant ions in each MS scan were
selected for fragmentation using ETD in the Velos ion trap.
Dynamic exclusion was enabled allowing a repeat count of 1
within 20s. ETD tandem mass spectra were acquired sequen-
tially using the LTQ Velos ion trap followed by the Orbitrap
(RP: 15,000 at m/z 200) for mass analysis. An isolation width
of 3Da and an ETD reaction time of 80ms were used for MS/
MS spectra. The MSn AGC target value in the ion trap was set
to 2×104, the MSn AGC target for Orbitrap scan events was
8×105, and the ETD reagent ion (fluoranthene) AGC target was
set to 1×105. Spectra were de novo sequenced and searched
using BLAST databases.

For identification of modified S100A8, the purified frac-
tion of interest was diluted 15-fold in 0.1% formic acid. Five
μL of diluted sample were loaded for each analysis as de-
scribed previously. Sequencing modified S100A8 was per-
formed similarly to above, but the instrument method was
customized with targeted scan events to assure ETDMS/MS
acquisition of [M+11H]11+ and [M+12H]12+ charges states
of modified S100A8. An isolation width of 4m/z and an ETD
reaction time of 70ms in the Velos ion trap were used for MS/
MS spectra. The MSn AGC target value in the Orbitrap was
set to 7.5×105, and MS/MS spectra were acquired with a
resolving power of 15,000 at m/z 200. Theoretical

fragmentation data of mouse S100A8 (P27005) were gener-
ated using Protein Prospector MS-Product (v 5.12.4 http://
prospector.ucsf.edu/). MS/MS spectra acquired over an 18-s
time range (retention time 68.23–68.53min) were averaged
and de novo sequenced to determine modifications. Modifi-
cations were confirmed at the peptide level following LC-
MS/MS analysis of a tryptic digestion of the S100A8 frac-
tion. An aliquot of the HPLC fraction was digested with
mass-spectrometry grade endoproteinase trypsin (Promega,
Madison, WI, USA.) Peptides were acidified and bomb-
loaded onto a self-packed trap column (360μm o.d. ×
100μm i.d.) packed with 4cm of C18 reverse phase material
(Jupiter C18, 5μm beads, 300Å; Phenomenex). An M-520
microfilter union (IDEX Health & Science) was used to
connect the trap column to a capillary analytical column
(360μm o.d. × 100μm i.d.), equipped with a laser-pulled
emitter tip and packed with 18cm of C18 material (Jupiter,
3μm beads, 300Å; Phenomenex). Using an Eksigent
NanoLCUltra HPLC, peptides were gradient-eluted at a flow
rate of 500nL/min, and the mobile phase solvents consisted
of 0.1% formic acid, 99.9% water (solvent A) and 0.1%
formic acid, 99.9% acetonitrile (solvent B). A 90-min gradi-
ent was performed, consisting of 2%–40% B in 75min,
followed by 40%–95% B in 5min. Upon gradient elution,
peptides were mass analyzed on a Q Exactive mass spec-
trometer. The instrument method consisted of MS1 acquisi-
tion (RP: 70,000 at m/z 200) followed by up to 18 MS/MS
scans (RP: 17,500 at m/z 200) of the most abundant ions
detected in the preceding MS scan. The MS2 AGC target
value was set to 2×105 ions, with a maximum ion time of
150ms and a 4% underfil ratio. HCD collision energy was set
to 28, dynamic exclusion was set to 10s, and peptide match
and isotope exclusion were enabled. Resulting MS/MS spec-
tra were searched against aMus musculus subset database of
the UniprotKB protein database using a custom version of
SEQUEST (Thermo Scientific) operating on the Vanderbilt
ACCRE computing cluster. Search parameters included var-
iable modifications of oxidation (+15.9949) on methionine
and oxidation of cysteine to cysteic acid (+47.9847). Search
results were assembled using Scaffold 4.0 (Proteome Soft-
ware, Portland, OR, USA).

Results and Discussion
Proof-of-Concept: MALDI FTICR IMS of Intact
Proteins

For MALDI IMS, protein identification has traditionally been
limited by poor sensitivity and fragmentation efficiency for on-
tissue analysis or inadequate mass accuracy to effectively corre-
late imaging data with proteomics experiments using indirect
identification strategies. As shown in Figure 1, MALDI FTICR
IMS is capable of overcoming these challenges by producing
imaging data of intact proteins with high mass resolution and
accuracy. Analysis of rat brain tissue provided rich data with
good sensitivity for ions up to m/z ~12,000 (Figure 1a). The
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presented data, which are plotted as the overall average from the
entire imaging experiment, were collected with a resolving
power of ~40,000 at m/z 5000 resulting in 2123 peaks between
m/z 2000 and 12,000 with S/N>20. Expanding the intensity

scale (Figure 1b) shows the overall complexity and quality of
the data. MALDI FTICR IMS provides the mass resolution
necessary to distinguish protein charge states and overlapping
isotopic distributions from neighboring ions (Figure 1c). The

Figure 1. MALDI FTICR IMS of intact proteins from rat brain tissue. The average spectrum of the entire imaging data set is shown in
(a). Expanding the intensity scale (b) highlights the overall complexity and quality of the data with singly and doubly charged protein
signals detected betweenm/z 1000 and 12,000. Datawere collectedwith a resolving power of ~40,000 atm/z 5000 providing isotopic
resolution and allowing ions of different charge states and modifications to be distinguished (c). The ion labeled 1 is singly charged
and ions labeled 2 and 3 are examples of doubly charged ions. For comparison, MALDI TOF IMS data set collected in linear mode
from a serial tissue section is displayed in (d). Electronic noise peaks are labeled (*)
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resolving power of the experiment is more than sufficient to
resolve the isotopic envelope for a given protein, enabling
unambiguous assignment of charge state as demonstrated by
the difference in isotope spacing between the singly charged ion
labeled 1 (spacing: ~1.00Da) and the doubly charged ions
labeled 2 and 3 (spacing: ~0.501Da). Although not all of the
isotopic patterns were fully resolved, at least 10 different species
can be discerned from theMALDI FTICR IMS results in just the
70Da window spanningm/z 5630–5700. It should be noted that,
although at lower signal intensity, the singly charged ions of the
proteins observed as doubly charged in this mass range were
detected with m/z values >10,000. Figure 1d represents the
average spectrum from a serial tissue section using MALDI
TOF IMS in linear mode. These data are typical of most
protein imaging experiments and clearly demonstrate the
difficulty in making accurate identifications using low mass
resolution IMS. Although reflectron TOF can provide higher
mass resolution, linear MALDI TOF analysis was unable to
resolve the complex mixture of overlapping proteoforms and
proteins of differing charge states detected from rat brain
tissue in this same m/z window (m/z 5630–5700). Addition-
ally, peak shifts and broadening, likely due to surface charg-
ing or varying sample height, are clearly observed. MALDI
FTICR platforms are not subject to adverse effects related to
surface characteristics because the mass analyzer is
decoupled from the ion source. However, TOF analyzers
have a dramatic throughput advantage over FT-based plat-
forms because pixel acquisition rates for FT instruments are
generally limited by the scan time of the detection event.
Although tunable, to maintain relatively high mass resolving
powers, images are typically collected with scan times rang-
ing from 0.5 to 2s, limiting acquisition rates to ~2pixel/s.
TOF mass analyzers equipped with high repetition rate la-
sers, on the other hand, are limited by ion flight times that
range from ~10 to 200μs and are able to rapidly produce ion
images with acquisition rates that approach 10–30pixel/s
[44–46]. Both platforms have specific advantages for IMS

experiments, but the ability of MALDI FTICR MS to pro-
duce ion images with high mass resolution and accuracy is
ideal for imaging and identifying proteins from biological
tissues.

Figure2 shows selected ion images at m/z 4,936.536
([M+H]1+), m/z 4,963.502 ([M+H]1+), m/z 5,636.074
([M+H]1+), m/z 5,653.700 ([M+2H]2+, 11.3kDa), and m/z
5,674.720 ([M+2H]2+, 11.4kDa). Imaging data were collected
at a spatial resolution of 75μm (pixel spacing) with ~38,000
total pixels. Even at this modest spatial resolution, substruc-
tures within the cerebellum (white matter, granular cell layer,
and molecular layer) are clearly resolved. To minimize inter-
ference from overlapping isotopic patterns, images were plot-
ted by selecting only the highest intensity isotope for each
protein. Each of the presented ion images has a distinct spatial
distribution within rat brain tissue. The ion at m/z 5,636.074 is
detected throughout the brain; however, within the cerebellum
it can be found at higher intensities in the molecular layer. Ions
at m/z 5,653.700 and m/z 5,674.720 are both found to be
enriched in the granular cell layer of the cerebellum and pro-
teins detected at m/z 4,936.536 and m/z 4,963.502 are absent
from the cerebellum and primarily observed to be localized to
the corpus callosum. For comparison, the tissue was stained by
H&E following IMS analysis. All of the ion distributions are
consistent with observed structures in the microscopy image.

Proteins highlighted in Figure 2 were identified using mass
accuracy as the link between MALDI FTICR IMS data and
LC-ESI top-down proteomics results. All top-down experi-
ments were performed in high mass resolution mode (resolving
power: ~60,000 at m/z 200) using standard identification strat-
egies. The protein detected at m/z 4,963.502 by MALDI
FTICR IMS was identified as N-terminally acetylated thymo-
sin β4 (Tβ4-NtermAC, 0.1ppm). Top-down ETD data for the
[M+8H]8+ charge state of Tβ4-NtermAC (m/z 621.4440,
0.13ppm) can be found in Figure 3. The protein was deter-
mined to be acetylated on the N-terminus based on the ob-
servedmass shift of ~42.01 for all observed c ions. ETD spectra

Figure 2. Selected ion images of intact proteins from rat brain tissue collected using MALDI FTICR MS. Ions were identified using
mass accuracy to correlate imaging results with separate top-down proteomics experiments. For comparison, the tissue was H&E
stained following IMS analysis. Doubly charged ions are indicated
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and sequence coverage summaries for all other ions can be
found in Supplementary Material. The ion at m/z 4,936.536
was determined to be N-terminally acetylated thymosin β10
(Tβ10-NtermAC, 0.1ppm). Thymosin β4 and β10 are known to
bind monomeric actin (G-actin) and regulate actin polymeriza-
tion (F-actin). Controlled actin polymerization is essential for
normal cytoskeletal function [47, 48]. The protein detected by
MALDI FTICR IMS at m/z 5,636.074 was identified as mito-
chondrial ATP synthase subunit ε (ATPase-ε, –2.3ppm).
ATPase-ε is a subunit of the F1 complex of ATP synthase, a
500kDa protein found in mitochondria that is critical for pro-
duction of ATP [49, 50]. The MALDI ions detected at m/z
5,653.700 and m/z 5,674.720 are both doubly charged
proteoforms of histone H4; the first of which, m/z 5,653.700,
is acetylated at the N-terminus and the amino acid residue
lysine 21 is dimethylated (H4-NtermAC/K21Me2, -1.2ppm).
The ion at m/z 5,674.720 is similar but has an additional
acetylation of the lysine at position 17 (H4-NtermAC/
K17AC/K21Me2). Histone H4 is one of five primary histone
proteins that act as the structural core of nucleosomes. Histone
H4 is known to undergo extensive acetylation and methylation,
which is thought to control gene expression [51, 52]. MALDI
FTICR IMS provides the mass resolution and accuracy needed
to differentiate the complex mixture of proteins and their asso-
ciated proteoforms while enabling identifications to be made
with greater confidence than with traditional MALDI TOF
experiments.

Case Study: Modification of S100A8 at Infectious
Foci

S. aureus is a Gram-positive pathogen that has the ability to
infect virtually any organ [53]. A hallmark of S. aureus

infection is the formation of purulent infectious foci, called
abscesses. Abscess formation has been studied extensively
using histological methods and is characterized by the robust
accumulation of neutrophils and macrophages. These host
immune cells are equipped with a range of antimicrobial strat-
egies [54], including the ability to induce oxidative stress [53,
55–58] in an attempt to kill pathogens. Reactive oxygen spe-
cies (ROS) generated in response to pathogens can have by-
stander effects to host cells, sometimes causing irreparable
damage and cell death.

Of particular interest is the host protein calprotectin, which
accounts for an estimated 60% of the cytosolic protein content
of neutrophils [40]. Calprotectin is a metal-chelating heterodi-
mer consisting of the protein subunits S100A8 and S100A9
[41]. Bacterial pathogens proliferating within vertebrates must
obtain nutrient metals from their hosts to survive and cause
disease. In response, vertebrates sequester these elements from
pathogens, a process known as nutritional immunity [42, 43].
Previous IMS experiments have shown that the subunits
S100A8 and S100A9 have a high relative concentration at
infectious foci. At these foci, calprotectin is in close proximity
to other proteins known to generate ROS. However, oxidative
damage to calprotectin by ROS has not been extensively char-
acterized [59–61]. Imaging proteins with MALDI FTICR MS
provides the performance necessary to spatially describe this
important family of proteins, including their many
proteoforms.

MALDI FTICR IMS protein data collected from kidney
tissue from a mouse infected with S. aureus is shown in
Figure 4. These data have similar figures of merit to the
previously discussed rat brain analysis. The average spectrum
from the entire imaging experiment shows ions detected with
good sensitivity up m/z ~12,000 (Figure 4a). The data were

Figure 3. High mass resolution top-down ETD for the [M+8H]8+ charge state of thymosin β4. Selected c (red) and z (blue) ions are
labeled clearly showing acetylation on the N-terminus. The amino acid sequence highlighting the fragmentation coverage is also
provided
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collected with slightly higher resolving power, ~75,000 at m/z
5000, resulting in 2552 peaks detected between m/z 2000 and
12,000 with S/N>20. To highlight the overall spectral quality
provided by MALDI FTICR IMS, a view with the intensity
scale expanded is provided in Panel B. The protein S100A8
was detected at m/z 10,164.03 ([M+H]1+, –2.1ppm) and was
identified by top-down fragmentation (Supplemental Mate-
rials). Figure 4c provides a detailed view of the mass spectrum
near S100A8 from m/z 10,160 to 10,320. Although not fully
resolved, the data suggest there are ~12 species within the
highlighted mass window, all likely unique proteoforms of
S100A8.

Understanding the impact of oxidative damage to S100A8
on its function during the host–pathogen interaction is of
great importance. Figure 5a shows ion images for a proposed

series of oxidative modifications to S100A8.MALDI FTICR
images of acetylated Tβ10 (Tβ10-AC, [M+H]1+, 1.2ppm) and
acetylated Tβ4 (Tβ4-AC, [M+H]1+, 1.6ppm) were included
for comparison. Labeled ions (*) are only tentatively identi-
fied based on mass accuracy. Both thymosins were found to
localize primarily to non-abscessed tissue, whereas S100A8
and the oxidation products S100A8+O (m/z 10,180.07,
[M+H]1+, 2.3ppm), S100A8+2O (m/z 10,196.07, [M+H]1+,
3.0ppm), and S100A8+4O (m/z 10,228.00, [M+H]1+, –
2.6ppm) were all specifically detected with greater intensity
at infectious foci. An interesting observation is that oxidation
seems to occur at a greater rate near the center of abscesses
leading to more advanced oxidation products at these loca-
tions. This is particularly noticeable comparing the MALDI
FTICR IMS data with an H&E stained micrograph of a serial

Figure 4. MALDI FTICR IMS of intact proteins from kidney tissue from amouse infected with S. aureus. The average spectrum of the
entire imaging data set is shown in (a). Expanding the intensity scale (b) highlights the overall quality of the data with singly and
doubly charged protein signals detected betweenm/z 1000 and 12,000. Datawere collected with a resolving power of ~75,000 atm/z
5000 providing isotopic resolution and allowing multiple isoforms of S100A8 to be distinguished (c). Electronic noise peaks are
labeled (*)
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tissue section (Figure 5b). Abscesses are clearly distin-
guished as darker stained regions in the microscopy image,
and a zoomed-in view of one particular abscess highlights a
staphylococcal microcolony that can be found at the center of
these infectious foci. In comparing the histologic images to
overlays of ion images (Figure 5c), advanced oxidation
products are found to co-localize to regions where the staph-
ylococcal microcolonies are found. The overlay displayed on
the left side of Figure 5c shows S100A8 is localized to the
infectious foci; however, the unmodified form of the protein
seems to be of lower abundance at the center of the highlight-
ed abscess. On the other hand, the S100A8+4O oxidation
product, shown on the right side of Figure 5c, is found in the
center of this particular abscess suggesting oxidative pro-
cesses are occurring specifically at the host–pathogen
interface.

To fully describe the underlying biology, it is critical to
confirm that the observed ion at m/z 10,228.00 is in fact an
oxidation product of S100A8 and to elucidate the amino acid
residues that have been modified. Top-down ETD data for
the parent ion m/z 853.260 ([M+12H]12+) is shown in
Figure 6a and observed fragment ions are summarized in
the accompanying amino acid sequence (Figure 6b). Al-
though a number of larger fragment ions contain oxidation
modifications, to improve sequence coverage, bottom-up
strategies were also employed (Figure 6c). The tryptic pep-
tide highlighted in pink (Figure 6b) was fragmented and

contained two oxidized amino acid residues. De novo se-
quencing of both the top-down and bottom-up results found
methionine 37 to be oxidized (M37O) and cysteine 42 to
have its thiol modified to sulfonic acid (C42O3). Bottom-up
fragment ions of particular importance for making this iden-
tification included the b2+16 fragment showing the addition
of oxygen to methionine 37 and the b5+16 and b6+64
fragment ions that result from three oxygen atoms being
added to cysteine 42. Oxidation of S100A8 has been
hypothesized to play a critical role in the protein’s anti-
microbial activity [62].

The ability to differentiate modified proteins with high
confidence in MALDI FTICR IMS experiments with high
resolution and mass accuracy is important to infection biol-
ogy because protein modifications, such as oxidation, are
hypothesized to elicit both innate and adaptive immune re-
sponses [62]. For calprotectin, which has extensive down-
stream effects as both an initiator of inflammation and a
signaling molecule, defining the biologically relevant form
of the protein becomes very important [63]. Oxidized
proteoforms of S100A8 and S100A9 have previously been
hypothesized to suppress inflammation [60]. Given the im-
portant biological role of calprotectin both as a major com-
ponent of nutritional immunity and as a mediator of inflam-
matory response, IMS analyses such as these stand to greatly
enhance our knowledge of calprotectin’s oxidative forms at
infectious foci.

Figure 5. Selected ion images of intact proteins from kidney tissue from a mouse infected with S. aureus collected using MALDI
FTICR MS (a). Ions were identified using mass accuracy to correlate imaging results with separate top-down proteomics experi-
ments. For comparison, a serial tissue section was H&E stained (b). Ion image overlays show the advance oxidation product S100A8
–M7O/C42O3 is localized specifically to the center of infectious foci (c). Italicized ions were tentatively identified by mass accuracy
only
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Conclusions
Imaging mass spectrometry is a highly sensitive and efficient
discovery tool used to enhance classic histologic analysis by
providing specific molecular detail. However, identification of
detected proteins remains a significant challenge. Indirect iden-
tification is one of the most effective strategies for identifying
molecules of interest in IMS experiments. By separately
performing MALDI IMS and LC-MS/MS, each can be oper-
ated optimally for their individual tasks. Previously, this

strategy has lacked sufficient mass accuracy in the imaging
data to correlate the two approaches with high confidence. We
have demonstrated here that MALDI FTICR MS is capable of
overcoming this challenge by producing ion images with high
mass resolution (~75,000 at m/z 5000) and accuracy (<5ppm)
for proteins up to and beyond 10,000Da. Analysis of control rat
brain tissue and kidney tissue from a mouse infected with
S. aureus showed that protein charge states and complex mix-
tures of proteoforms were able to be distinguished, making
identification more feasible and allowing these tissues to be

Figure 6. LC-MS/MS results for S100A8 – M37O/C42O3. (a) Shows high mass resolution top-down ETD data for the [M+12H]12+

parent ion with selected c (red) and z (blue) ions labeled. The amino acid sequence summarizing both top-down and bottom-up
fragmentation coverage is provided (b). Grey fragment ion indicators designate top-down ions and pink indicators represent bottom-
up results. (c) Shows high mass resolution bottom-up fragmentation data for the tryptic peptide highlighted in pink (b). The resulting
fragments clearly show oxidation to both methionine 37 (+O) and cysteine 42 (+3O)
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studied with unprecedented molecular detail. The protein iden-
tified as S100A8 – M37O/C42O3, one of ~12 modified forms
of S100A8 that were detected, was found to localize with
higher intensity at the center of infectious foci where staphy-
lococcal microcolonies reside. Although further work is needed
to validate this observation, it supports the hypothesis that
oxidative processes are occurring specifically at the host–path-
ogen interface.

Detection of proteins from tissue with masses >12kDa using
MALDI FTICR IMS represents a significant advancement in
molecular imaging technologies; however, a vast number of
endogenous proteins have even larger molecular weights. Di-
minished sensitivity for larger proteins is likely due to the
difficulty in desorbing higher molecular weight analytes from
tissue and limited ion transfer efficiencies of these analytes for
many commercial source components (e.g., multipoles and ion
funnels). This issue is not unique to MALDI FTICR IMS
experiments, as the majority of proteins detected from tissue
using MALDI-TOF platforms are typically <30kDa. Continu-
ing to develop new methods for detecting and identifying
proteins is critical to exposing the underlying biology that
drives the images we collect. Highmass accuracy and resolving
power instrumentation enables such identifications to be made
with high confidence.
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