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Laser capture microdissection and native mass
spectrometry for spatially-resolved analysis of
intact protein assemblies in tissuef

*

i Oliver J. Hale " and Helen J. Cooper

Previously, we have shown that native ambient mass spectrometry imaging allows the spatial mapping of
folded proteins and their complexes in thin tissue sections. Subsequent top-down native ambient mass
spectrometry of adjacent tissue section enables protein identification. The challenges associated with
protein identification by this approach are (i) the low abundance of proteins in tissue and associated long

data acquisition timescales and (ii) irregular spatial distributions which hamper targeted sampling of the

Received 19th September 2023
Accepted 3rd March 2024

relevant tissue location. Here, we demonstrate that these challenges may be overcome through

integration of laser capture microdissection in the workflow. We show identification of intact protein
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rsc.li/chemical-science rat cerebellum.

Introduction

Native ambient mass spectrometry (NAMS) combines native
mass spectrometry and ambient mass spectrometry to enable
the detection, identification, and spatial mapping of intact
proteins and their complexes directly from thin tissue sections.
The information available via NAMS includes protein sequence
(including presence and location of sequence variants and post-
translational modifications), assembly or complex stoichiom-
etry, identity of endogenous and exogenous ligands, collision
cross sections (when combined with ion mobility spectrometry)
and spatial distributions.*™®

We have developed NAMS workflows which make use of both
liquid extraction surface analysis (LESA)® and nanospray
desorption electrospray ionisation (nano-DESI),'® which allow in
situ characterisation of proteins and protein assemblies up to
145 kDa."* Laser ablation electrospray ionisation (LAESI) has
also been shown to retain non-covalent interactions but, to
date, has only been applied to protein standards.” Native nano-
DESI provides higher spatial resolution than LESA (pixel sixes of
200 pm x 200 pm for nano-DESIvs. 1 mm x 1 mm for LESA) for
native mass spectrometry imaging (MSI). (Other techniques,
such as matrix assisted laser desorption ionisation (MALDI),
offer higher spatial resolution but are not suitable for native
mass spectrometry imaging of proteins'***). Nevertheless, LESA
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assemblies in rat liver tissue and apply the approach to identification of proteins in the granular layer of

sampling is typically preferred for protein identification as it is
compatible with longer data acquisition times (minutes).
Protein identification involves dissociation of the intact protein
ion in the mass spectrometer to produce sequence fragments
whose measured m/z values are searched against protein data-
bases. Protein ion dissociation is inherently inefficient - the
larger the ion, the more degrees of freedom, and the lower the
abundance of any individual fragment. This challenge is exac-
erbated in native mass spectrometry where protein conforma-
tion further limits dissociation. While other dissociation
techniques, such as ultraviolet photodissociation (UVPD) and
surface induced dissociation (SID), are available and could
provide complementary information, they are yet to be applied
in native ambient mass spectrometry.>'® To obtain high
confidence protein assignments, it is therefore necessary to
acquire multiple co-added mass spectra, with associated longer
acquisition times. Consequently, LESA sampling - either with
integrated ionisation or with separate nano-ESI using bespoke
tips - is generally preferred for protein identification experi-
ments, as mentioned above; however, the repeatability and
accuracy of LESA sampling has been shown to be sub-optimal.
Moreover, its poor spatial resolution means it is not suitable
for sampling of spatially discrete analytes. Nano-DESI may be
employed for protein identification; however, the low absolute
signal intensity, coupled with the requirement for movement of
the probe to maintain signal, limits its use in this regard. A
further limitation is that nano-DESI involves raster sampling
across a surface and produces square (or rectangular) pixels. If
a protein is distributed across a region that is tangential to the
direction of sampling or is otherwise irregularly distributed,
targeted sampling of the relevant tissue location may not be
possible.
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To address these limitations, we sought to investigate laser
capture microdissection (LCMD) for spatially-resolved native
mass spectrometry of proteins and their complexes in tissue.
LCMD is a well-established microscopy technique which makes
use of a laser to ablate and catapult material from a surface into
a capture vessel."”” LCMD has been demonstrated as a powerful
technique for bottom-up proteomics where the ability to target
specific regions of interest allows single cells and their pro-
teome to be extracted and characterised.'® MSI using LCMD has
also been achieved in a high throughput and high resolution
manner using the nanoPOTS (Nanodroplet Processing in One
pot for Trace Samples) platform." Top-down (TD) proteomics
has also been performed using LCMD methods using dena-
turing solvents. Lubeckyj et al. have shown TD LCMD coupled
with capillary zone electrophoresis (CZE) for the analysis of
zebrafish brain proteoforms wherein regions comprising
approximately 250 cells were extracted in a targeted manner.”®
Liao et al. have shown TD LCMD coupled to LC separation
yielding ~500 proteoforms from the cortex and hippocampus of
rat brain combined.”

Here, we demonstrate integration of LCMD and native mass
spectrometry for protein identification directly from tissue. No
sample preparation (other than LCMD capture of the material)
is employed, aligning with the goal of NAMS. This LCMD
workflow is not intended as an imaging workflow but as an aid
for spatially-directed identification of proteins. Our results
show that intact non-covalent protein complexes, including
protein assemblies and protein-metal complexes, can be
recovered and characterised from LCMD-excised tissue, with
molecular weights ranging from ~14 kDa to ~145 kDa. LCMD
samples sizes were equivalent or smaller than pixel sizes
currently attainable with native nano-DESI sampling. We also
demonstrate that LCMD is useful for identification of proteins
with irregular spatial distributions by applying the approach to
identification of proteins in the granular layer of rat cerebellum.

Results and discussion

Initial optimisation of the LCMD process was performed to
ensure that the laser power was sufficient for a clean dissection of
the tissue but did not adversely affect the resulting mass spectra.
At higher laser powers, peaks corresponding to protein oxidation
and/or abundant singly-charged ions (likely arising from the
plastic collection tube) were observed (data not shown).

Fig. 1A shows an H&E stained section of rat liver tissue post-
LCMD. Six individual regions of interest were dissected with
areas of 0.04 mm?® or 0.01 mm?” (200 pm x 200 pm and 100 pm
x 100 pm respectively). The larger LCMD dimensions (200 pm
X 200 um) are equivalent to the pixel sizes typically used in
native nano-DESI MSI”* and are significantly smaller than
those obtained by native LESA MSI (1 mm x 1 mm).>*® For
comparison, Fig. 1B shows a H&E section of rat liver tissue
sampled using contact LESA.>” The total area sampled in this
case is 0.7 mm?®. (In making these comparisons, it should be
noted that both nano-DESI and LESA sampling involve surface
sampling of the tissue, whereas LCMD sampling extracts the
entire thickness (10 um) of the tissue).
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Dissected tissue regions were collected in the lid of the
collection tube using a small droplet of ammonium acetate. The
sample was then transferred into a conductive emitter for
nanoelectrospray ionisation (nESI) and native mass spectrom-
etry analysis (full experimental details are given in the ESIf).
Representative mass spectra corresponding to the two LCMD
sample areas are shown in Fig. S1, ESI.t The mass spectrum
obtained from the smaller sample area is very similar to the
mass spectrum obtained from the larger region. Fig. 2 shows
the full scan mass spectrum acquired from the smaller of the
LCMD extraction areas (0.01 mm?, ie., considerably smaller
than currently published native nano-DESI MSI and native LESA
MSI). The LCMD mass spectrum contains similar peaks to the
mass spectrum obtained using nano-DESI (Fig. S2, ESIt). From
the LCMD samples, seven proteins, including three protein
complexes, were identified by top-down MS/MS. See Table S2,
ESLt

Identification of protein complexes

Two protein assemblies were identified — the 2-iminobutanoate/
2-iminopropanoate deaminase (RidA) homotrimer (42.6 kDa)
and the superoxide dismutase 1 (SOD1) homodimer. SOD1 was
observed in its holo-form, i.e., each subunit was bound to one
zinc ions and one copper ion. A further metal-binding protein
was identified - the zinc-bound carbonic anhydrase 3 (CA3).

The protein RidA is an enzyme which catalyses the deamina-
tion of imine intermediates in normal metabolism.*® RidA has
previously been identified in native LESA MSI and native nano-
DESI MSI of kidney.®” Fig. S3, ESI,T illustrates the process by
which RidA was identified in the LCMD sample. Firstly, proton
transfer charge reduction (PTCR) mass spectrometry was used to
determine the intact mass of the protein complex. PTCR involves
an ion-ion reaction between the multiply-charged protein cation
and a reagent anion which results in proton transfer and
a reduction in the charge state of the protein ion.>* A series of
charge-reduced product ions are generated which allow the intact
mass of the protein to be determined from low mass resolution
data. Using this approach, the intact mass of the protein was
determined to be 42.6 kDa. In a separate mass spectrometry
experiment, the stoichiometry of the protein assembly was
determined by collisional activation of the 13+ precursor. Product
ions corresponding to 6+, 7+ and 8+ subunits with molecular
weight 14.2 kDa were observed confirming that the intact
assembly exists as a trimer. By further increasing the collision
energy, sequence fragments were generated (Table S3, ESIY)
which confirm the identity of the protein as RidA.

SOD1 is an antioxidant metalloenzyme that regulates
oxidative stress.”® It exists as a homodimer in which each
subunit binds one Cu® ion and one Zn** ion. The SOD1
homodimer has previously been detected in native nano-DESI
MSI of mouse tissue (manuscript submitted). The protein was
identified in the LCMD sample by higher energy collisional
dissociation (HCD) (Fig. S4, ESI}). Fragmentation of the
precursor (11+ charge state) resulted in dissociation to apo,
mono- and dimetal-bound monomer subunits in addition to
sequence fragments (see Table S4, ESIY).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) H&E stained section of rat liver tissue post-LCMD analysis. The enlarged region shows 6 separate sampling regions of interest that were

obtained. Four larger regions (0.04 mm?) and two smaller regions (0.01 mm?) are shown cut from a 10 um thick rat liver section. (B) H&E stained
section of rat liver tissue showing the contact LESA sampled region (0.7 mm?).

CA3 is a zinc-binding enzyme which catalyses the inter-
conversion of CO, and bicarbonate.?® A peak corresponding to
the 10+ charge state of holo-CA3 was observed in the mass
spectra from the LCMD samples. High resolution mass spec-
trometry confirmed the mass as 29.4 kDa (Fig. S5, ESIf).
Precursor ions were subjected to HCD in both the larger (200
pm x 200 pm) and smaller (100 pm x 100 pm) LCMD samples,
see Fig. S5, ESL.f A greater number of fragment ions were
observed in the larger sample; however, it was possible to
confidently identify the protein from both samples (Tables S5
and S6, ESIY).

Identification of monomeric proteins

In addition to the protein complexes, three monomeric
proteins were identified. Fatty acid binding protein 1 (FABP1)
is a regulator of hepatic lipid metabolism and is abundant in
the liver. It is commonly observed in ambient mass spec-
trometry of liver sections using both native-like*” and
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denaturing®®*® sampling solvents. Its presence was confirmed
in the LCMD sample by top-down fragmentation (Fig. S6 and
Table S7, ESIY}).

Peptidyl-prolyl cis-trans isomerase A (PPIA) catalyses the cis-
trans isomerization of prolines in proteins and facilitates
protein folding. The 17.7 kDa enzyme was detected in the LCMD
sample as two proteoforms with a mass difference of 42 Da
corresponding to the unmodified and N-acetylated protein.
Differences in the ratio of unmodified to N-acetylated PPIA have
been observed in chemo-resistant cells when compared to
responsive cancer cells.*® Top-down fragmentation of the two
proteoforms resulted in the mass spectra shown in Fig. S7, ESL. ¥
This experiment exploited the narrow quadrupole isolation
possible with a Q-Exactive HF mass spectrometer to enable the
separate isolation of these two proteoforms. The sequence
fragments b,s>" and b,s" were observed for both proteoforms
with mass shifts of 42 Da, consistent with the presence of N-
acetylation (Tables S8 and S9, ESIf).

@ RIDA Homotrimeric complex 42.6 kDa

® CA3 Monomeric zinc complex 29.3 kDa

2 SOD1 Homodimer copper/zinc complex 31.8 kDa
& RGN 33.2 kDa

¥ FABP114.3 kDa

© MUP 18.7 kDa

4 PPIA (N-Acetyl) 17.7 kDa

<% PPIA 17.7 kDa

3000
m/z

3250 3500

3750
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Fig.2 Full scan mass spectrum acquired over 2 minutes (resolution = 120k FWHM at m/z 200, standard pressure mode) of a 0.01 mm? region of

interest captured from a 10 um thick rat liver section.
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Fig.3 Full scan mass spectrum obtained following LCMD in the granular layer (A) and white matter (B) of the cerebellum of a 10 pm thick rat brain
section. Laser captured regions from the granular layer (C) and white matter (D) are shown in the H&E images by the dotted black regions. Scale

bars = 200 um.

The most abundant peak in the mass spectrum shown in
Fig. 2 corresponds to the 8+ charge state of major urinary
protein (MUP). MUPs are involved in regulation of social
behaviour through the binding and release of pheromones and
are predominantly produced in the liver.*® MUP has been
detected previously in native LESA and native nano-DESI
experiments.*” The identity of the 18.7 kDa protein was
confirmed by top-down fragmentation (Fig. S8 and Table S10,
ESIT).

Regucalcin (RGN) monomer was also identified by top-down
fragmentation from a liver extraction (Fig. S9 and Table S11,
ESIt). RGN is involved in the regulation of intracellular Ca**
concentration. RGN has also been previously detected from
kidney using native nano-DESL.”*?

Here, we have been able to show that proteins can be
detected and identified using a native LCMD workflow. The
majority of these proteins have been identified previously in our
native nano-DESI analysis of various tissues and we have noted
no evidence of truncations of proteins or disruption of non-
covalent interactions with this LCMD approach. The spatial
specificity of this LCMD workflow combined with the enhanced
electrospray stability achieved with pulled tips should prove to
be a complementary technique for native protein identification.
The proteins presented here are abundant proteins in the liver
but due to the nature of LCMD analysis (i.e., decoupling of
sampling from ionisation), further separation steps, such as
size exclusion, could also be incorporated to improve depth of
coverage.

5726 | Chem. Sci,, 2024, 15, 5723-5729

Analysis of protein complexes >100 kDa

We have previously demonstrated that, through the inclusion of
detergents (specifically octyl tetraethylene glycol ether, C8E4) in
the nanoelectrospray solvent, careful tuning of source optics, and
optimisation of chamber pressures, larger (>100 kDa) protein
complexes can be detected from thin tissue sections by native
nano-DESI mass spectrometry" We therefore sought to translate
that approach to the LCMD samples. Addition of detergent to the
extraction solution prior to LCMD altered the surface tension of
the extraction droplet, changing its shape, which complicated the
LCMD procedure. Instead of forming a droplet in the centre of
the sample collection cap, the addition of the detergent caused
the droplet to spread to the edges of the cap and consequently
was less efficient at capturing the tissue sample. To overcome
this, detergent was added to the sample after LCMD extraction
but before nanoelectrospray. The resulting mass spectrum is
shown in Fig. S10A, ESI.i Automated deconvolution of this mass
spectrum by use of the UniDec software® revealed the presence of
two dominant proteins with molecular weights 145.5 kDa and
160.5 kDa (Fig. S10B, ESIT). The mass of the 145 kDa protein was
confirmed by PTCR (Fig. S11, ESIt) and is assigned on the basis
of intact mass as the homotetramer r-lactate dehydrogenase A
(LDHA) which has previously been observed by native nano-DESI
mass spectrometry.**

Analysis of the granular layer in the cerebellum of the brain

The approach outlined here has the potential to be particularly
useful for identification of proteins with irregular spatial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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distributions that do not lend themselves to the grid-like
sampling and square pixels of nano-DESI or LESA. To investi-
gate that potential, LCMD coupled with native mass spec-
trometry was applied to the granular layer of the cerebellum in
rat brain. Native nano-DESI MSI is capable of achieving the
spatial resolution required to detect proteins in the granular
layer (width ~ 200 um); however, it is irregularly shaped making
top-down identification of proteins unique to this area
challenging.

Regions from the white matter and granular layer in the rat
cerebellum were captured by LCMD. Fig. S12, ESIT shows an
optical image of the tissue prior to LCMD with the region in the
granular layer to be captured defined, together with the H&E
stained section after LCMD. The white matter, grey matter and
granular layer are labelled. The regions described here can be
distinguished by use of bright field microscopy. It is not
possible to stain tissue (e.g., with H&E) prior to LCMD as the
reagents would cause disruption of native complexes. In cases
where regions cannot be distinguished by bright field micros-
copy, autofluorescence microscopy could be used or alterna-
tively serial sections could be stained. Fig. 3 shows
representative mass spectra from the granular layer and white
matter along with the H&E stained tissue showing the dissected
regions. (Note, some of the tissue has been disrupted in the
staining process). The area extracted in the granular layer is
irregularly shaped and in the white matter is circular. In both
cases, the area of tissue extracted was 0.03 mm?, comparable to
that of a nano-DESI pixel used in native MSIL.

The majority of proteins observed in the mass spectra have
been identified previously*>'* and have been assigned based on
intact mass here. Two peaks are observed in the granular layer
mass spectrum in greatly increased abundance compared to the
mass spectrum from the white matter. Top-down MS/MS
revealed that these peaks corresponded to prothymsin-
o (PTMA) and acidic (leucine-rich) nuclear phosphoprotein 32
family member A (ANP32A) (Fig. S13, S14, Tables S12 and S13,
ESIt). PTMA is a 12.6 kDa protein and is involved in cell
proliferation, division and survival.** Previous immunohisto-
chemistry experiments have revealed that there is a significant
increase in abundance of PTMA in the granular layers of the
cerebellum and hippocampus,® in agreement with our find-
ings. ANP32A, a 28.5 kDa protein involved in the formation,
extension and branching of neurites along with transcriptional
regulation, has also been shown to have higher expression in
the granular layer of the cerebellum.*

Conclusions

The results demonstrate the integration of LCMD for native top-
down MS/MS of proteins from liver and brain tissue. It was
possible to detect and identify proteins and their assemblies
from extraction dimensions of 100 pm x 100 pm (x10 pm
depth). In addition, the approach enabled identification of two
proteins from the irregularly-shaped granular layer of rat cere-
bellum, which have not previously been identified by native
ambient mass spectrometry. Our findings suggest that LCMD
provides a complementary approach to nano-DESI and LESA

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(both with integrated and decoupled ionisation) for identifica-
tion of proteins detected in native ambient mass spectrometry
imaging. Future work could focus on improving throughput by
transferring the dissected regions into a well plate and use of
a native MS infusion cart*® to automate the MS analysis.

Data availability

Supplementary data supporting this research is openly available
from https://doi.org/10.25500/edata.bham.00001043.

Author contributions

J. W. H - conceptualization, investigation, writing — original
draft; E. K. S. - investigation, writing - original draft, review &
editing; O. J. H. - investigation, writing - review & editing; H. J.
C. - funding acquisition, writing - review & editing.

Conflicts of interest

There are no conflicts of interest.

Acknowledgements

H. J. C is an EPSRC Established Career Fellow (EP/S002979/1).
J. W. H and O. J. H were funded by EPSRC (EP/S002979/1),
and E. K. S was funded by the University of Birmingham. The
Orbitrap Eclipse mass spectrometer used in this work was
funded by BBSRC (BB/S019456/1). The authors thank Prof.
Richard Goodwin (AstraZeneca) for providing the tissue
samples, Dr Alessandro di Maio and Ms Rebecca Gascoyne
(Microscopy and Imaging Services and Birmingham University)
for help and training on the Zeiss PALM MicroBeam, and Jen
Kulvinder (Institute for Biomedical Research) for help with H&E
staining.

References

1 J. Sarsby, N. J. Martin, P. F. Lalor, J. Bunch and H. J. Cooper,
Top-Down and Bottom-Up Identification of Proteins by
Liquid Extraction Surface Analysis Mass Spectrometry of
Healthy and Diseased Human Liver Tissue, J. Am. Soc. Mass
Spectrom., 2014, 25, 1953-1961.

2 R. L. Griffiths, A. Konijnenberg, R. Viner and H. J. Cooper,
Direct Mass Spectrometry Analysis of Protein Complexes
and Intact Proteins up to >70 kDa from Tissue, Anal
Chem., 2019, 91, 6962-6966.

3 E. K. Sisley, O. J. Hale, I. B. Styles and H. J. Cooper, Native
Ambient Mass Spectrometry Imaging of Ligand-Bound and
Metal-Bound Proteins in Rat Brain, J. Am. Chem. Soc., 2022,
144, 2120-2128.

4 O. ]. Hale, E. K. Sisley, R. L. Griffiths, I. B. Styles and
H. ]J. Cooper, Native LESA TWIMS-MSIL: Spatial,
Conformational, and Mass Analysis of Proteins and Protein
Complexes, J. Am. Soc. Mass Spectrom., 2020, 31, 873-879.

5 E. Illes-Toth, O. J. Hale, J. W. Hughes, N. Strittmatter, J. Rose,
B. Clayton, R. Sargeant, S. Jones, A. Dannhorn,

Chem. Sci., 2024, 15, 5723-5729 | 5727


https://doi.org/10.25500/edata.bham.00001043
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc04933g

Open Access Article. Published on 07 March 2024. Downloaded on 11/8/2025 11:31:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

R. J. A. Goodwin and H. J. Cooper, Mass Spectrometry
Detection and Imaging of a Non-Covalent Protein-Drug
Complex in Tissue from Orally Dosed Rats, Angew Chem.
Int. Ed. Engl., 2022, 61, €202202075.

6 O. J. Hale and H. J. Cooper, Native Mass Spectrometry
Imaging and In Situ Top-Down Identification of Intact
Proteins Directly from Tissue, J. Am. Soc. Mass Spectrom.,
2020, 31, 2531-2537.

7 O. J. Hale and H. J. Cooper, Native Mass Spectrometry
Imaging of Proteins and Protein Complexes by Nano-DESI,
Anal. Chem., 2021, 93, 4619-4627.

8 O. J. Hale, J. W. Hughes and H. J. Cooper, Simultaneous
spatial, conformational, and mass analysis of intact
proteins and protein assemblies by nano-DESI travelling
wave ion mobility mass spectrometry imaging, Int. J. Mass
Spectrom., 2021, 468, 116656.

9 V. Kertesz and G. J. Van Berkel, Fully automated liquid
extraction-based surface sampling and ionization using
a chip-based robotic nanoelectrospray platform, J. Mass
Spectrom., 2010, 45, 252-260.

10 P. J. Roach, J. Laskin and A. Laskin, Nanospray desorption
electrospray ionization: an ambient method for liquid-
extraction surface sampling in mass spectrometry, Analyst,
2010, 135, 2233-2236.

11 O.]. Hale, J. W. Hughes, E. K. Sisley and H. J. Cooper, Native
Ambient Mass Spectrometry Enables Analysis of Intact
Endogenous Protein Assemblies up to 145 kDa Directly
from Tissue, Anal. Chem., 2022, 94, 5608-5614.

12 P. C. Kooijman, A. Mathew, S. R. Ellis and R. M. A. Heeren,
Infrared Laser Desorption and Electrospray Ionisation of
Non-Covalent Protein Complexes: Generation of Intact,
Multiply Charged Species, Analysis Sensing, 2021, 1, 44-47.

13 R. M. Caprioli, T. B. Farmer and J. Gile, Molecular Imaging of
Biological Samples: Localization of Peptides and Proteins
Using MALDI-TOF MS, Anal. Chem., 1997, 69, 4751-4760.

14 K. J. Zemaitis, D. Velickovi¢c, W. Kew, K. L. Fort,
M. Reinhardt-Szyba, A. Pamreddy, Y. Ding, D. Kaushik,
K. Sharma, A. A. Makarov, M. Zhou and L. Pasa-Tolic,
Enhanced Spatial Mapping of Histone Proteoforms in
Human Kidney Through MALDI-MSI by High-Field UHMR-
Orbitrap Detection, Anal. Chem., 2022, 94, 12604-12613.

15 J. F. Greisch, S. Tamara, R. A. Scheltema, H. W. R. Maxwell,
R. D. Fagerlund, P. C. Fineran, S. Tetter, D. Hilvert and
A. J. R. Heck, Expanding the mass range for UVPD-based
native top-down mass spectrometry, Chem. Sci., 2019, 10,
7163-7171.

16 E. M. Panczyk, D. T. Snyder, M. E. Ridgeway, A. Somogyi,
M. A. Park and V. H. Wysocki, Surface-Induced
Dissociation of Protein Complexes Selected by Trapped Ion
Mobility Spectrometry, Anal. Chem., 2021, 93, 5513-5520.

17 M. Vandewoestyne, K. Goossens, C. Burvenich, A. Van Soom,
L. Peelman and D. Deforce, Laser capture microdissection:
should an ultraviolet or infrared laser be used?, Anal
Biochem., 2013, 439, 88-98.

18 A. Mund, F. Coscia, A. Kriston, R. Hollandi, F. Kovacs,
A. D. Brunner, E. Migh, L. Schweizer, A. Santos, M. Bzorek,
S. Naimy, L. M. Rahbek-Gjerdrum, B. Dyring-Andersen,

5728 | Chem. Sci,, 2024, 15, 5723-5729

View Article Online

Edge Article

J. Bulkescher, C. Lukas, M. A. Eckert, E. Lengyel, C. Gnann,
E. Lundberg, P. Horvath, et al., Deep Visual Proteomics
defines single-cell identity and heterogeneity, Nat.
Biotechnol., 2022, 40, 1231-1240.

19 P. D. Piehowski, Y. Zhu, L. M. Bramer, K. G. Stratton,
R. Zhao, D. J. Orton, R. ]J. Moore, J. Yuan, H. D. Mitchell,
Y. Gao, B. M. Webb-Robertson, S. K. Dey, R. T. Kelly and
K. E. Burnum-Johnson, Automated mass spectrometry
imaging of over 2000 proteins from tissue sections at 100-
mum spatial resolution, Nat. Commun., 2020, 11, 8.

20 R. A. Lubeckyj and L. Sun, Laser capture microdissection-
capillary zone electrophoresis-tandem mass spectrometry
(LCM-CZE-MS/MS) for spatially resolved top-down
proteomics: a pilot study of zebrafish brain, Mol. Omics,
2022, 18, 112-122.

21 Y.-C. Liao, J. M. Fulcher, D. J. Degnan, S. M. Williams,
L. M. Bramer, D. Velickovi¢, K. J. Zemaitis, M. Velickovic,
R. L. Sontag, R. ]J. Moore, L. Pasa-Toli¢, Y. Zhu and
M. Zhou, Spatially Resolved Top-Down Proteomics of
Tissue Sections Based on a Microfluidic Nanodroplet
Sample Preparation Platform, Mol. Cell. Proteomics, 2023,
22, 100491.

22 E. C. Randall, J. Bunch and H. J. Cooper, Direct Analysis of
Intact Proteins from Escherichia coli Colonies by Liquid
Extraction Surface Analysis Mass Spectrometry, Anal
Chem., 2014, 86, 10504-10510.

23 J. L. Irons, K. Hodge-Hanson and D. M. Downs, RidA
Proteins Protect against Metabolic Damage by Reactive
Intermediates, Microbiol. Mol. Biol. Rev., 2020, 84, €00024.

24 R. Huguet, C. Mullen, K. Srzenti¢, J. B. Greer, R. T. Fellers,
V. Zabrouskov, J. E. P. Syka, N. L. Kelleher and L. Fornelli,
Proton Transfer Charge Reduction Enables High-
Throughput Top-Down Analysis of Large Proteoforms,
Anal. Chem., 2019, 91, 15732-15739.

25 A. C. Rosa, D. Corsi, N. Cavi, N. Bruni and F. Dosio,
Superoxide Dismutase Administration: A Review of
Proposed Human Uses, Molecules, 2021, 26, 1844.

26 G. Kim, T. H. Lee, P. Wetzel, C. Geers, M. A. Robinson,
T. G. Myers, J. W. Owens, N. B. Wehr, M. W. Eckhaus,
G. Gros, A. Wynshaw-Boris and R. L. Levine, Carbonic
anhydrase III is not required in the mouse for normal
growth, development, and life span, Mol. Cell. Biol., 2004,
24, 9942-9947.

27 R. L. Griffiths, E. K. Sisley, A. F. Lopez-Clavijo,
A. L. Simmonds, I. B. Styles and H. J. Cooper, Native mass
spectrometry imaging of intact proteins and protein
complexes in thin tissue sections, Int. J. Mass Spectrom.,
2019, 437, 23-29.

28 R. L. Griffiths, A. J. Creese, A. M. Race, J. Bunch and
H. J. Cooper, LESA FAIMS Mass Spectrometry for the
Spatial Profiling of Proteins from Tissue, Anal. Chem.,
2016, 88, 6758-6766.

29 J. Sarsby, R. L. Griffiths, A. M. Race, ]J. Bunch, E. C. Randall,
A. J. Creese and H. J. Cooper, Liquid Extraction Surface
Analysis Mass Spectrometry Coupled with Field
Asymmetric Waveform Ion Mobility Spectrometry for

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc04933g

Open Access Article. Published on 07 March 2024. Downloaded on 11/8/2025 11:31:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Analysis of Intact Proteins from Biological Substrates, Anal.
Chem., 2015, 87, 6794-6800.

30 F. Weiland, G. Arentz, M. Klingler-Hoffmann, P. McCarthy,
N. A. Lokman, G. Kaur, M. K. Oehler and P. Hoffmann,
Novel IEF Peptide Fractionation Method Reveals a Detailed
Profile of N-Terminal Acetylation in Chemotherapy-
Responsive and -Resistant Ovarian Cancer Cells, J.
Proteome Res., 2016, 15, 4073-4081.

31 X. Hui, W. Zhu, Y. Wang, K. S. Lam, J. Zhang, D. Wu,
E. W. Kraegen, Y. Li and A. Xu, Major urinary protein-1
increases energy expenditure and improves glucose
intolerance through enhancing mitochondrial function in
skeletal muscle of diabetic mice, J. Biol. Chem., 2009, 284,
14050-14057.

32 S. S. Laurentino, S. Correia, J. E. Cavaco, P. F. Oliveira,
M. d. Sousa, A. Barros and S. Socorro, Regucalcin,
a calcium-binding protein with a role in male
reproduction?, Mol. Hum. Reprod., 2011, 18, 161-170.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

33 M. T. Marty, A. J. Baldwin, E. G. Marklund,
G. K. A. Hochberg, J. L. P. Benesch and C. V. Robinson,
Bayesian Deconvolution of Mass and Ion Mobility Spectra:
From Binary Interactions to Polydisperse Ensembles, Anal.
Chem., 2015, 87, 4370-4376.

34 S. K. Halder and H. Ueda, Regional Distribution and Cell
Type-Specific Subcellular Localization of Prothymosin
Alpha in Brain, Cell. Mol. Neurobiol., 2012, 32, 59-66.

35 S. Wang, Y. Wang, Q. Lu, X. Liu, F. Wang, X. Ma, C. Cui,
C. Shi, J. Li and D. Zhang, The expression and
distributions of ANP32A in the developing brain, Biomed
Res. Int., 2015, 2015, 207347.

36 S. M. Thibert, C. C. Bracken, D. J. Orton, B. C. Gibbons and
M. Zhou, A Simple and Flexible Infusion Platform for
Automated Native Mass Spectrometry Analysis, J. Am. Soc.
Mass Spectrom., 2023, 34, 1528-1531.

Chem. Sci., 2024, 15, 5723-5729 | 5729


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc04933g

	Laser capture microdissection and native mass spectrometry for spatially-resolved analysis of intact protein assemblies in tissueElectronic...
	Laser capture microdissection and native mass spectrometry for spatially-resolved analysis of intact protein assemblies in tissueElectronic...
	Laser capture microdissection and native mass spectrometry for spatially-resolved analysis of intact protein assemblies in tissueElectronic...
	Laser capture microdissection and native mass spectrometry for spatially-resolved analysis of intact protein assemblies in tissueElectronic...
	Laser capture microdissection and native mass spectrometry for spatially-resolved analysis of intact protein assemblies in tissueElectronic...
	Laser capture microdissection and native mass spectrometry for spatially-resolved analysis of intact protein assemblies in tissueElectronic...
	Laser capture microdissection and native mass spectrometry for spatially-resolved analysis of intact protein assemblies in tissueElectronic...

	Laser capture microdissection and native mass spectrometry for spatially-resolved analysis of intact protein assemblies in tissueElectronic...
	Laser capture microdissection and native mass spectrometry for spatially-resolved analysis of intact protein assemblies in tissueElectronic...
	Laser capture microdissection and native mass spectrometry for spatially-resolved analysis of intact protein assemblies in tissueElectronic...
	Laser capture microdissection and native mass spectrometry for spatially-resolved analysis of intact protein assemblies in tissueElectronic...
	Laser capture microdissection and native mass spectrometry for spatially-resolved analysis of intact protein assemblies in tissueElectronic...


