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Abstract: Here, we demonstrate detection by mass
spectrometry of an intact protein—drug complex directly
from liver tissue from rats that had been orally dosed
with the drug. The protein—drug complex comprised
fatty acid binding protein 1, FABP1, non-covalently
bound to the small molecule therapeutic bezafibrate.
Moreover, we demonstrate spatial mapping of the
[FABP1 +bezafibrate] complex across a thin section of
liver by targeted mass spectrometry imaging. This work
is the first demonstration of in situ mass spectrometry
analysis of a non-covalent protein-drug complex formed
in vivo and has implications for early stage drug
discovery by providing a route to target-drug character-
ization directly from the physiological environment. )

N ative ambient mass spectrometry enables the analysis of
folded proteins directly from thin tissue sections, providing
simultaneous information on protein structure and spatial
distribution. We have previously demonstrated the detection
of endogenous protein assemblies from thin tissue sections
of kidney, liver and brain.["l Here, we apply native ambient
mass spectrometry to the analysis of a protein—drug complex
formed in vivo following oral dosing of rats. The stoichiom-
etry of the complex, the variation in its relative abundance
over time and its spatial distribution in liver tissue were
determined.
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The fatty acid binding proteins are a family of ~15 kDa
proteins that are responsible for regulating long-chain fatty
acid metabolism and transport.” Liver fatty acid binding
protein (FABP1) is a particularly abundant protein con-
stituting up to 5% of cytosolic proteins in the liver.! Its
structure comprises ten antiparallel B-strands creating a -
barrel with a prominent inner cavity, which forms the lipid
binding site.) Unlike other FABPs, FABP1 binds two fatty
acids per protein molecule, with the binding affinity of the
second ligand ~100-fold lower than that of the first.”
FABP1 is involved in the transport of various lipid-lowering
drugs, the peroxisome proliferators, from the cytosol to the
nucleus where they interact with the peroxisome prolifer-
ator-activated receptor o.”® Bezafibrate (Figure S1, Sup-
porting Information) is one such drug. It is unusual amongst
the fibrates in that it binds to FABP1 with a 1:1
stoichiometry and that binding occurs at the lower affinity
site.l’! The binding affinity of bezafibrate to rat FABP1, as
determined by fluorescence measurements, is ~45 uM. The
absorption of bezafibrate is complete and rapid, and its
clearance is fast, with a half life of 2.1 hours (serum) in
humans®™ and 4-5 hours (plasma) in rats."

In this work, we demonstrate that the intact non-
covalent protein-drug complex formed in vivo between
endogenous FAPB1 and orally dosed bezafibrate can be
detected directly from ex vivo liver tissue by native ambient
mass spectrometry. Han-Wistar rats were orally dosed with
bezafibrate and euthanized either 2 hours or 6 hours post-
dose (see Table S1, Supporting Information). Livers were
dissected and sectioned at 10 um thickness. The tissue
sections were analyzed by native liquid extraction surface
analysis mass spectrometry (LESA MS)!'"! and the protein-
drug complex was detected. Targeted mass spectrometry
imaging (MSI) in which native nanospray desorption elec-
trospray ionization (nano-DEST)™! was coupled with proton
transfer charge reduction (PTCR)'" enabled the spatial
distribution of the protein-drug complex within the tissue
section to be visualized. Typically, LESA offers higher
sensitivity and greater nanoelectrospray stability than nano-
DESI, whereas nano-DESI offers greater spatial resolution
for mass spectrometry imaging.

Representative full-scan native LESA mass spectra
obtained from thin liver sections of control and dosed
animals are shown in Figure S2, Supporting Information.
Unbound FABP1 was detected in all tissues and the identity
of the protein was confirmed by top-down LESA mass

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


http://orcid.org/0000-0001-5232-8196
http://orcid.org/0000-0002-2286-5780
http://orcid.org/0000-0001-6229-7880
http://orcid.org/0000-0003-1277-9608
http://orcid.org/0000-0001-5699-8488
http://orcid.org/0000-0003-4590-9384
https://doi.org/10.1002/anie.202202075
https://doi.org/10.1002/ange.202202075

GDCh
=

spectrometry, in which the intact protein ion is fragmented
and the mass-to-charge (m/z) ratios of the product ions are
searched against theoretical m/z values derived from a
protein database (Figure S3, Supporting Information). A
number of proteins, including acyl-coA binding protein
(ACBP) and thymosin-p4, were detected in addition to
FABP1 (see Figures S4-S7, Supporting Information). The
[FABP1 + bezafibrate] complex is not detected in these full
scan mass spectra; however, the presence of bezafibrate in
the dosed tissue is confirmed by examination of the low m/z
region (Figures S8 and S9, Supporting Information). Peaks
corresponding to protonated, sodiated and potassiated
bezafibrate were observed in the mass spectra from dosed
tissue but were not observed in the control.

In order to detect the [FABP1 + bezafibrate] complex, it
was necessary to perform targeted analyses in the selected
ion monitoring (SIM) mode in which data are collected over
a narrow m/z range. This approach enables accumulation of
low abundance ions and ameliorates ion suppression effects.
Figure la—f show representative SIM-mode mass spectra
obtained following LESA of liver sections of each of the
dosed and control animals. Replicate SIM-mode mass
spectra from liver sampled at three separate locations are
shown in Figure S10, Supporting Information. These mass
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spectra reveal peaks corresponding to 8-+ ions of the
[FABP1 + bezafibrate] complex in the dosed samples. These
peaks are not detected in the control (undosed) samples.
The abundance of the [FABPI +bezafibrate] complex is
greater in the samples taken 2 hours post-dose than in those
taken 6 hours post-dose. This observation is consistent with
the known rapid excretion of the drug.”)

To confirm the identity of the ligand, tandem mass
spectrometry was performed on a modified Thermo Orbi-
trap QE-HF mass spectrometer. The 8+ ions corresponding
to the putative [FABP1 + bezafibrate] complex were isolated
and subjected to fragmentation by higher-energy collision
dissociation (HCD). The results are shown in Figure 2a-h
and reveal that the complex dissociates to the free protein,
also observed in the 8+ charge state (i.e., a mass loss of
361 Da was observed). Peaks corresponding to bezafibrate
in the low m/z region were not observed. These observations
suggest that the bezafibrate leaves as a neutral molecule,
which is unusual but not without precedent.!"”!

Lastly, we performed mass spectrometry imaging of a
dosed liver section by use of native nanospray desorption
electrospray ionization (nano-DESI). Nano-DESI is less
well-established than the more mainstream imaging techni-
ques of matrix assisted laser desorption ionisation
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Figure 1. Native LESA SIM-mode mass spectra obtained from rat liver sections. The peak indicated with the blue circle corresponds to the [FABP1-
bezafibrate] complex in the 8 + charge state (i.e., [FABP1 + bezafibrate +8H ]**). The complex was not observed in the control tissue (a and d,
Animals 1 and 2), and was observed in higher abundance in the tissue taken 2 hours post-dose (b and ¢, Animals 3 and 4) than in that taken

6 hours post-dose (e and f, Animals 5 and 6).
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Figure 2. Native LESA HCD MS/MS of [FABP1 + bezafibrate] ions. Precurs
HCD at 7% normalized collision energy (NCE). Panels a—d show the resu
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or ions (m/z 1835; 8+ charge state) were isolated and fragmented by
Its from samples taken 2 hours post-dose (Animals 3 and 4); panels e-h

show results from samples taken 6 hours post-dose (Animals 5 and 6). The blue arrows indicate the release of the drug corresponding to the loss

of bezafibrate as a neutral ligand.

(MALDD!™ and desorption electrospray ionisation
(DESI).™! Although MALDI and DESI have been applied
to protein imaging under denaturing conditions," to date
only LESA and nano-DESI have been demonstrated for
native mass spectrometry imaging.'**'"! Nano-DESI offers
higher spatial resolution than LESA. In this work, we
harnessed a targeted proton transfer charge reduction
(tPTCR) strategy within the nano-DESI workflow to
improve signal specificity and sensitivity. Proton transfer
charge reduction (PTCR) involves transfer of protons from
a protein cation to a reagent anion resulting in charge
reduction of the protein cation. PTCR is particularly useful
for native ambient mass spectrometry as it can confirm the
presence of low abundance protein ions and can provide
intact mass information from low resolution mass
spectrometry,'! see Figure S11, Supporting Information.
The tPTCR strategy involves multiplexed serial precursor
ion selection and storage of a range of ions in the ion routing
multipole followed by simultaneous PTCR of the entire
cohort. Ton images are then generated from product (i.e.,

charge-reduced) ions only to avoid contribution from any
background ions which may overlap with the precursor.
Here, the target precursor ions comprise unbound FABP1
(8 + charge state), the heme-bound a-globin monomer (8+
charge state), ACBP (6+ charge state) in addition to the
[FABP1 +bezafibrate] complex (8+ charge state), see
Table S2, Supporting Information. Figure S12, Supporting
Information, shows a representative nano-DESI tPTCR
mass spectrum obtained from a single line scan within the
imaging dataset. The detection of the charge-reduced
product ions confirms the presence of the series of proteins.
Figure 3a shows an optical image of the liver tissue region.
Figure 3b-d and Figure S13, Supporting Information, show
images obtained from the tPTCR nano-DESI experiment.
The ion images for the [FABPI+bezafibrate] complex
reveal it to be distributed throughout the bulk tissue and
absent in the blood vessel. For contrast, ion images for
heme-bound a-globin, a sub-unit of haemoglobin, are shown.
As expected, heme-bound o-globin is abundant in the blood
vessel and absent from the bulk tissue.
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Figure 3. Targeted proton transfer charge reduction (tPTCR) nano-DESI mass spectrometry imaging of liver tissue from orally dosed rat (Animal 3).
a) optical image of a blood vessel within liver tissue. b) Composite ion image of charge-reduced heme-bound a-globin (7+ and 6+ charge states;
m/z 2259.9 and m/z 2636.3 respectively, red) and the charged-reduced [FABP + bezafibrate] complex (7 + and 6+ charge states; m/z 2097.5 and
m/z 2446.9 respectively, blue). c) lon image composed from charge-reduced heme-bound a-globin (7+ and 6+ charge states) showing abundance
in blood vessels. d) lon image composed from charge-reduced [FABP + bezafibrate] complex (74 and 6 + charge states) showing abundance in

bulk tissue and absence in the blood vessel.

The results presented constitute the first demonstration
of in situ analysis of an intact protein-drug complex formed
in vivo. Firstly, we used liquid extraction surface analysis
mass spectrometry to detect the complex formed between
endogenous FABP1 and orally dosed bezafibrate directly
from rat liver tissue. The free protein and free drug were
both detected in the full scan mass spectra, together with a
number of other proteins. Protein identities were confirmed
on the basis of tandem mass spectrometry. It was necessary
to perform SIM-mode mass spectrometry, which acquires
data over a focused m/z range and thereby addresses ion
suppression, dynamic range and space charge effects, to
detect the complex. That is, by reducing the m/z range, it is
possible to accumulate low abundance ions without compro-
mising mass spectrometer performance. The abundance of
the [FABP1 +bezafibrate] complex was greater in the
samples taken 2 hours post-dose than in those taken 6 hours
post-dose consistent with excretion of the drug. To confirm
the identity of the [FABP1 + bezafibrate] complex, tandem
mass spectrometry was performed. The results showed that
collisional activation of the putative complex precursor ions
in the 8+ charge state resulted in loss of the neutral ligand
to give the free FABP1 protein, also in the 8 4+ charge state.
This fragmentation pattern is unusual—typically a ligand
will dissociate from a complex in a charged state—but has
been observed in some cases. Together, the LESA SIM-
mode mass spectra acquired on the Orbitrap Eclipse and the
LESA HCD tandem mass spectra acquired on the modified
QE-HF mass spectrometer, confirm the presence of the
[FABP1 + bezafibrate] complex in the tissue. The benefit of
these native ambient mass spectrometry approaches is that
structural information is retained in the gas-phase. Potential
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future applications include determining stoichiometry and
sites of binding in drug discovery. It may also be possible to
improve sensitivity by combining native LESA extraction
with native liquid chromatography MS.['®

We also introduce the concept of targeted PTCR for
mass spectrometry imaging of proteins. The tPTCR ap-
proach addresses some key challenges for imaging of low
abundance proteins, including the potential for interference
from overlapping background signals and need to obtain
intact mass information from low resolution mass spectrom-
etry data. tPTCR is similar in principle to multiple reaction
monitoring in which the presence of a precursor is
confirmed on the basis of a defined set of product ions. By
generating images for product (charge-reduced) ions only,
any contributions from non-specific signals which overlap
with the precursor m/z are eliminated. In addition, the
unique set of m/z values corresponding to the series of
charge-reduced product ions allows deconvolution of a
protein’s intact mass without the need for high resolution
mass spectrometry (whose timescale is generally incompat-
ible with mass spectrometry imaging). In this work, the
nano-DESI tPTCR approach enabled visualization of the
distribution of the [FABP1 + bezafibrate] complex through-
out the bulk liver tissue and the heme-bound a-globin in the
vasculature. The precursor ions selected for tPTCR all had
m/z <2000, and this is a limitation of the approach currently.
The Orbitrap Eclipse mass spectrometer used in this work
enables precursor selection via a quadrupole or a linear ion
trap. Multiplexed precursor selection is only possible by use
of the quadrupole which has an upper m/z limit for isolation
of 2000 (compared with 8000 for the linear ion trap). Further
development of tPTCR mass spectrometry imaging would

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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require either a higher m/z range quadrupole or the facility
for multiplexing with the ion trap.

Acknowledgements

The authors acknowledge EPSRC (EP/R018367/1) for
funding. HJC is an EPSRC Established Career Fellow (EP/
S002979/1). The Orbitrap Eclipse mass spectrometer used in
this work was funded by BBSRC (BB/S019456/1). The
authors thank Thermo Fisher Scientific for access to
modified software that enabled native MS analysis on the Q-
Exactive HF mass spectrometer. Data supporting this work
is available from https://doi.org/10.25500/edata.bham.
00000845.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

Data supporting this work is available from https://doi.org/
10.25500/edata.bham.00000845.

Keywords: Ex vivo Tissue - Mass Spectrometry Imaging -
Native Ambient Mass Spectrometry - Protein—Drug Complex

[1] a) R. L. Griffiths, A. Konijnenberg, R. Viner, H.J. Cooper,
Anal. Chem. 2019, 91, 6962-6966; b) R. L. Griffiths, E. K.
Sisley, A.F. Lopez-Clavijo, A.L. Simmonds, S.1.B., H.J.
Cooper, Int. J. Mass Spectrom. 2017, 437, 23-29; ¢) O.J. Hale,
H. J. Cooper, Anal. Chem. 2021, 93, 4619-4627; d) O.J. Hale,
J. W. Hughes, E. K. Sisley, H. J. Cooper, Anal. Chem. 2022, 94,
5608-5614.

[2] J. Storch, L. McDermott, J. Lipid Res. 2009, 50, S126-S131.

[3] R. K. Ockner, J. A. Manning, J. P. Kane, J. Biol. Chem. 1982,
257, 7872-7878.

Communications

Angewandte

intemationaldition’y) Chemie

[4] J. Thompson, N. Winter, D. Terwey, J. Bratt, L. Banaszak, J.
Biol. Chem. 1997, 272, 7140-7150.

[5] C. Wolfrum, T. Borchers, J. C. Sacchettini, F. Spener, Bio-
chemistry 2000, 39, 1469-1474.

[6] B. Rolf, E. Oudenampsen-Kruger, T. Borchers, N.J. Faerge-
man, J. Knudsen, A. Lezius, F. Spener, Biochim. Biophys. Acta
Lipids Lipid Metab. 1995, 1259, 245-253.

[7] S. Chuang, T. Velkov, J. Horne, C. J. H. Porter, M. J. Scanlon,
J. Med. Chem. 2008, 51, 3755-3764.

[8] U. Abshagen, W. Bablok, K. Koch, P.D. Lang, H. A.E.
Schmidt, M. Senn, H. Stork, Eur. J. Clin. Pharmacol. 1979, 16,
31-38.

[9] C.T. Eason, P. Powles, G. Henry, A. J. Spencer, A. Pattison,
F. W. Bonner, Xenobiotica 1989, 19, 913-925.

[10] V. Kertesz, G.J. Van Berkel, J. Mass Spectrom. 2010, 45, 252—
260.

[11] P.J. Roach, J. Laskin, A. Laskin, Analyst 2010, 135, 2233-2236.

[12] J. L. StephensonJr, S. A. McLuckey, Anal. Chem. 1996, 68,
4026-4032.

[13] a)J. T.S. Hopper, N. J. Oldham, Anal. Chem. 2011, 83, 7472~
7479; b) J. Gault, I. Liko, M. Landreh, D. Shutin, J. R. Bolla,
D. Jefferies, M. Agasid, H.-Y. Yen, M. J. G. W. Ladds, D. P.
Lane, S. Khalid, C. Mullen, P. M. Remes, R. Huguet, G. C.
McAlister, M. Goodwin, R. Viner, J.E.P. Syka, C. V.
Robinson, Nat. Methods 2020, 17, 505-508.

[14] M. Karas, D. Bachmann, U. Bahr, F. Hillenkamp, Int. J. Mass
Spectrom. lon Proc. 1987, 78, 53-68.

[15] Z. Takéts, J. M. Wiseman, B. Gologan, R. G. Cooks, Science
2004, 306, 471-473.

[16] a) P. Chaurand, S. A. Schwartz, R. M. Caprioli, Curr. Opin.
Chem. Biol. 2002, 6, 676-681; b) M. W. Towers, T. Karancsi,
E. A. Jones, S.D. Pringle, E. Claude, J. Am. Soc. Mass
Spectrom. 2018, 29, 2456-2466; c) K. Y. Garza, C. L. Feider,
D.R. Klein, J. A. Rosenberg, J.S. Brodbelt, L.S. Eberlin,
Anal. Chem. 2018, 90, 7785-7789.

[17] E.K. Sisley, O.J. Hale, 1. B. Styles, H.J. Cooper, J. Am.
Chem. Soc. 2022, 144,2120-2128.

[18] a) F. Fiissl, L. Strasser, S. Carillo, J. Bones, Curr. Opin.
Biotechnol. 2021, 71, 32-40; b) Y. Yan, T. Xing, S. Wang, N. Li,
J. Am. Soc. Mass Spectrom. 2020, 31,2171-2179.

Manuscript received: February 7, 2022
Version of record online: July 13, 2022

Angew. Chem. Int. Ed. 2022, 61, €202202075 (5 of 5)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.25500/edata.bham.00000845
https://doi.org/10.25500/edata.bham.00000845
https://doi.org/10.25500/edata.bham.00000845
https://doi.org/10.25500/edata.bham.00000845
https://doi.org/10.1021/acs.analchem.9b00971
https://doi.org/10.1021/acs.analchem.0c05277
https://doi.org/10.1021/acs.analchem.1c05353
https://doi.org/10.1021/acs.analchem.1c05353
https://doi.org/10.1194/jlr.R800084-JLR200
https://doi.org/10.1016/S0021-9258(18)34463-6
https://doi.org/10.1016/S0021-9258(18)34463-6
https://doi.org/10.1074/jbc.272.11.7140
https://doi.org/10.1074/jbc.272.11.7140
https://doi.org/10.1021/bi991638u
https://doi.org/10.1021/bi991638u
https://doi.org/10.1016/0005-2760(95)00170-0
https://doi.org/10.1016/0005-2760(95)00170-0
https://doi.org/10.1021/jm701192w
https://doi.org/10.1007/BF00644963
https://doi.org/10.1007/BF00644963
https://doi.org/10.3109/00498258909043151
https://doi.org/10.1002/jms.1709
https://doi.org/10.1002/jms.1709
https://doi.org/10.1039/c0an00312c
https://doi.org/10.1021/ac9605657
https://doi.org/10.1021/ac9605657
https://doi.org/10.1021/ac201686f
https://doi.org/10.1021/ac201686f
https://doi.org/10.1038/s41592-020-0821-0
https://doi.org/10.1016/0168-1176(87)87041-6
https://doi.org/10.1016/0168-1176(87)87041-6
https://doi.org/10.1016/S1367-5931(02)00370-8
https://doi.org/10.1016/S1367-5931(02)00370-8
https://doi.org/10.1007/s13361-018-2049-0
https://doi.org/10.1007/s13361-018-2049-0
https://doi.org/10.1021/acs.analchem.8b00967
https://doi.org/10.1021/jacs.1c10032
https://doi.org/10.1021/jacs.1c10032
https://doi.org/10.1016/j.copbio.2021.05.008
https://doi.org/10.1016/j.copbio.2021.05.008
https://doi.org/10.1021/jasms.0c00277

