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Abstract

Mass spectrometry imaging (MSI) is routinely used to visualize the distributions of bio-molecules
in tissue sections. In plants, MSI of metabolites is commonly observed, but the imaging of larger
molecules is less frequently performed despite the importance of proteins and endogenous
peptides to the plant. Here, we describe a matrix-assisted laser desorption/ionization MSI method
for the imaging of peptides in Medicago truncatula root nodules. Sample preparation steps,
including embedding in gelatin, sectioning, and matrix application are described. The method
described was employed to determine the spatial distribution of hundreds of peptide peaks.
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1 Introduction

Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) is a
powerful tool to visualize the distribution of molecules in a tissue [1]. In MALDI-MSI, a
laser is fired at discrete positions, or pixels, across a matrix-covered tissue. At each pixel, a
mass spectrum is collected. Once the instrument collects mass spectra at all of the pixels,
software programs extract the ion intensity for a particular /77z across all pixels to create an
image, or heatmap, for that /7/z. In this way, hundreds of images can be generated from a
single instrument run. To prepare a sample for analysis, the general sample preparation steps
are flash freezing and embedding, sectioning, and applying a suitable matrix. Sample
preparation is a critical step to preserve the sample and to achieve good signal of the chosen
analytes [2,3]. For example, the matrix coating, which assists in ionizing analyte molecules
in the tissue section, can influence the type of analytes in your sample that will ionize and
the spatial resolution of the imaging experiment. MALDI-MSI has been applied to many
different analyte types, including metabolites [4,5], neuropeptides [6], and proteins [7] in
many different organisms. However, applications of the technique to plants have focused on
small molecules [8], with only a few focusing on larger molecules [9-12].
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Here, we provide a detailed protocol focusing on applying MALDI-MSI to investigate
peptides present on the root nodules of Medicago truncatula (Medicago) [9]. Medicago
forms specialized organs, called root nodules, on its roots as a result of a symbiotic
relationship with rhizobia bacteria for biological nitrogen fixation. Plant peptides are
involved in the formation of the nodule on the roots of the plant, as well as in plant growth
and development in general [13,14]. For example, nodule-specific cysteine-rich peptides are
involved in the differentiation of bacteria into bacteroids in the root nodules [15], and
CLAVATA3/embryo-surrounding region (CLE) peptides are involved in autoregulation of
nodulation [16,17]. Thus, the protocol here aims to give a method that can be used to
determine the spatial distribution of plant peptides via MALDI-MSI to further our
understanding about these important biomolecules.

2 Materials

2.1 Embedding Nodules

1 Plant material: Medicago truncatula plants inoculated with Sinorhizobium
meliloti (Rm1021)

2. Embedding Media: 100 mg/mL gelatin
3. Plastic embedding containers suitable for storage in the —80°C

4. Dry ice

2.2 MALDI-MSI Sample Preparation

1 Optimal cutting temperature (OCT) compound

2 25 x 75 mm glass slides

3. 50% Methanol: HPLC-grade methanol, MilliQ water (50:50 v:v)
4

50% Methanol 0.1% FA: HPLC-grade methanol, MilliQ water (50:50 v:v), 0.1%
formic acid (FA)

5. DHB matrix solution: 40 mg/mL 2,5-dihydroxybenzoic acid (DHB) in 50%
methanol 0.1% FA. Sonicate the matrix until completely dissolved.

6. 50% Acetonitrile: HPLC-grade acetonitrile, MilliQ water (50:50 v:v)

7. 50% Acetonitrile 0.1% FA: HPLC-grade acetonitrile, MilliQ water (50:50 v:v),
0.1% formic acid

8. CHCA matrix solution: 5 mg/mL a-cyano-4-hydroxycinnamic acid (CHCA) in
50% acetonitrile 0.1% FA. Sonicate the matrix until completely dissolved.

9. SA matrix solution: 5 mg/mL sinapic acid (SA) in 50% acetonitrile 0.1% FA.
Sonicate the matrix to completely dissolve it.

3 Methods

Sample preparation for MALDI-MSI is a critical step to obtain the best results during the
MALDI-MSI analysis. Sample preparation steps, such as sample preservation, washing,
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matrix choice, and matrix application method will all influence the sample analysis. Here,
we describe sample preparation steps for flash freezing the nodules and embedding in
gelatin, followed by matrix application with a TM Sprayer automatic sprayer system (HTX
Technologies). The sample is analyzed on the MALDI LTQ Orbitrap XL (Thermo
Scientific) equipped with a nitrogen laser, and data analysis is performed in ImageQuest
(Thermo Scientific) and MSiReader [18]. Figure 1 demonstrates the sample workflow for
MALDI-MSI of Medicago root nodules.

3.1 Embedding Nodules

1

Trim nodules from the plant with about 2-4 mm of surrounding roots (see note
1).

Place nodule in a plastic cup or similar holding container of appropriate size for
your sample (for example a5 mm x 5 mm x 5 mm square plastic cup for very
small samples) with a drop of 100 mg/mL gelatin (see note 2).

Place on dry ice and wait for nodule and gelatin to freeze. The gelatin will turn
white when frozen.

Once the nodule is frozen, fill the embedding container with 100 mg/mL gelatin.
Wait for the entire embedding container with gelatin to freeze. Once the gelatin
is completely white, the nodule can be saved at —80°C (see note 3).

3.2 MALDI-MSI Sample Preparation

1.

Take the embedded nodule and trim sample to rectangle with a couple mm of
gelatin surrounding the sample on all sides. Do this quickly to minimize the time
the sample is at room temperature.

Attach sample to a cryostat chuck with a drop of OCT compound (see note 4).
Allow sample on the chuck to equilibrate in the cryostat at —20°C for 15 minutes.

Align the sample so that the cryostat is cutting sections evenly across the root
and root nodule. This can be done by taking about five sections and adjusting the
chuck if part of the sample is being missed. For plant root nodules, our lab
typically uses 16 um, but other sections thickness between 8-20 um, or
approximately the thickness of a typical cell, can be used.

L.For best results, select nodules that are red in color and elongated rod in shape rather than round. These are the nodules that where

the symbiosis is well developed.

-To make the sectioning process easier, ensure that the nodule is as flat as possible with the root in line with the nodule. This will help
to get both the root and the nodule in the same plane when sectioning.

‘If the nodule is not completely frozen when covered in gelatin, it will not stick to the bottom of the cup and instead will float up to
the middle or top of the cup. This makes the nodule harder to find and may result in the positioning of the nodule being lost. After
adding the gelatin, the cup should be kept level while waiting for the rest of the gelatin to freeze. If the gelatin freezes at an angle, it
will be harder to level the nodule while sectioning to get both the root and root nodule in a single section. Avoid air bubbles close to
the nodule when adding the gelatin, as this also will make the nodules harder to section.

‘OCT compound is a polymeric species and will suppress analyte signal if it comes into contact with the sample. Thus, care should
be taken to ensure that the compound does not come into contact with the sample or with the blade or stage of the cryostat.
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5. Once the center of the nodule (or other desired depth) is reached, thaw mount
sections onto a glass slide by warming the back of the slide against your hand
and then placing the front of the slide gently onto your tissue section.

6. Continue until desired number of sections across the z stack of the root nodule
are obtained.

7. Keep the sections in a dry environment (i.e. dry box) while preparing the TM
Sprayer for matrix application (see note 5).

8. Turn nitrogen gas on TM Sprayer to 10 psi, and the solvent pump to 0.25 mL/
min. The solvent for the pump should be whatever your matrix is dissolved in
(without the FA), so for DHB this would be 50% methanol and for CHCA this
would be 50% acetonitrile. Turn on the TM Sprayer and laptop (see note 6).

9. Set the temperature on the software to the appropriate temperature for your
solvent and TM Sprayer system (see note 7). For our lab, 80°C is the appropriate
temperature for 50% methanol.

10.  Load the dissolved matrix (i.e. DHB, CHCA, SA see note 8) into the sample loop
with the knob in the load position.

11.  Load the TM Sprayer method and manually change gas pressure and flow rate if
method differs from the initial parameters of 10 psi and 0.25 mL/min. The TM
Sprayer has recommended methods for specific matrices and analyte types,
although method parameters may need to be optimized for a specific application.
For DHB imaging of peptides, method parameters typically used in our lab are
1250 velocity, 0.1 mL/min, 12 passes, 30s dry time, rotate and offset (cc pattern),
10 psi, 80°C. For CHCA and SA imaging of peptides, the method parameters to
start from are 1100 velocity, 0.2 mL/min, 8 passes, 30 s dry time, rotate and
offset (cc pattern), 10 psi, 85°C (see note 9).

12.  Once the TM Sprayer has reached the appropriate temperature, add slides
containing sample to the sample holder. Secure slides in place as necessary to
prevent movement during matrix application.

S-After sectioning and before matrix application, washing steps to remove high abundant lipid species can increase signal intensity and
observed protein peaks [19]. For protein imaging, ethanol washes and potentially a Carnoy wash are typically used to remove the lipid
species that can suppress protein signal. For endogenous peptide imaging, washes may (or may not) remove the target peptides,
depending on the chemical properties of the peptides. Thus, care should be taken when using washing techniques with peptides to
ensure that they are not being removed in the washing steps.

‘Here the TM Sprayer is used to apply the matrix to evenly across the sample. It is important that the matrix is applied in a
homogenous manner at all points on the tissue so that matrix inhomogeneity does not skew the results. A matrix application method
should be reproducible run-to-run to ensure that results remain consistent. Other pneumonic sprayers can be used (i.e. home-build or
the Bruker ImagePrep). Other matrix application techniques include the airbrush and sublimation [20]. Airbrush application can be
achieved easily with minimal expense, however, user-to-user variation can be high and reproducibility can be a challenge. Sublimation
provides very small crystal size and good imaging results for metabolomics studies, but due to the dry application, the method requires
further re-crystallization steps for analysis of larger molecules (i.e. peptides and proteins) [21].
7-The temperature of the TM Sprayer should be about 5°C below the temperature at which the “puffing” sound starts. This sound
indicates that the matrix is not being sprayed in a consistent manner. If run at a temperature when the solvent is “puffing” the matrix
will not cover the sample homogeneously, which will negatively affect results.

‘There are many different matrices to choose from. DHB and CHCA are both common matrices and can be used for a variety of
analytes. Other matrices may be used primarily for larger peptides and proteins (i.e. SA) or primarily for negative mode (i.e. 9-
aminoacrilamide). Matrices other than DHB and CHCA may work well depending on your desired analyte.

‘If this method is too wet, you can cut the flow rate in half and double the number of passes to achieve the same matrix density, but
with a drier spray.
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13.  Switch the sample loop knob to the spray position. Once matrix is coming out of
the nozzle, start the TM Sprayer program.

14.  After the matrix application is finished, cool down the system while flushing
with the solvent the matrix is dissolved in (for DHB, this would be 50%
methanol) at 0.25 mL/min. Rinse the sample loop 3 times with solvent and
toggle the knob. Once the system is below 50°C, the system can be turned off.

15.  Store the sample in a dry box at —20°C if running on the instrument the
following day.

3.3 Instrument analysis on the MALDI LTQ Orbitrap XL

1 Place glass slide(s) with sample into the slide adapter. If importing the image of
the glass slide, scan the slide in the adapter with a scanner. Then add the backing
plate and insert the plate into the instrument. Alternatively, the slide can be
scanned after inserting the plate into the instrument with the camera in the
instrument (see note 10).

2. Open the plate image in the MALDI source dialog box in the Tune software.
Zoom in as necessary to see sample, depending on sample size. Draw boxes
around the areas that you want to image (see note 11). Save this as a MALDI
position file. For MS1 imaging, using a rectangle box and raster motion works
best. Also set your desired spatial step size (75 um is the smallest raster size
without oversampling).

3. In Xcaliber, set up the sequence by adding the file name, path location,
instrument method, and MALDI position file. The instrument method contains
parameters controlling the mass resolution, mass range, and centroid/profile data.
The instrument method also requires a tune file, which controls the laser energy
and the microscans (microscans/step is controlled in the instrument file). The
microscans and microscans/step should match to ensure that one pixel is one
mass spectrum in the data file.

4, Check the laser energy by shooting the laser on a matrix only area that is not
being imaged and checking the signal level. You can adjust the laser energy in
your tune file as necessary to get the optimal signal.

5. Start the sequence.

3.4 Data Processing

1 Once the data is collected, the data can be viewed in ImageQuest, or exported to
another software program. To visualize the data in ImageQuest, use the average
spectra within a selected area tool to view an average spectrum of a certain area

10-The preferred scanning method depends on the sample and time considerations. For the nodules, scanning in with the camera on
the instrument provides good alignment and image quality, but this takes 25 minutes per slide. For larger tissues, the scanner separate
from the instrument works well and saves time.

“To check the alignment of the image to the slide in the instrument you can click a point on the image and check the cursor position
on the camera box on the tune page to see where the actual position is. It can also be helpful to check the outside of the boxes to
ensure the sample is not being cut-off.
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of your sample. In the bottom window of ImageQuest, there should be a
spectrum from your sample. Figure 2 shows example spectra averaged over the
nodules for peptide imaging results with DHB, CHCA, and SA matrices.

2. Look through the peaks in your spectrum, zooming in as appropriate, and when
you want to visualize the distribution of a certain peak in your tissue, select add
new data set. You will want a single dataset with plot type Mass Range/TIC. Use
the m/z for the mass range and select the desired tolerance window (i.e. 5 ppm).
Repeat as necessary to visualize the m/zin your sample. Under the 2D tab, there
are other color bar options as well as smoothing options.

3. To view in MSiReader [18], export the data in ImageQuest into an imzML
format, keeping the data in profile.

4, Load the imzML file into MSiReader and select the mass tolerance, image
smoothing, and color bar. Insert a m/zthat is localized across the sample to
visualize the sample (you can find a good /7/z for this in ImageQuest).
Normalize to the total ion count (TIC). To pull out m/z unique to the sample, use
the polygon tool to create interrogated and reference zones. Outline around the
sample to create an interrogated zone, then create a matrix only region for the
reference zone.

5. Use the extract peaks unique to the interrogated zone tool to create a list of m/z
present in your image. You will need to set percentage numbers for the threshold
a m/z needs to be above in the interrogated zone and the threshold a 7/z needs to
be below in the reference zone to be added to the list. Also set the algorithm for
peak centroid calculation (typically parabolic centroid works well).

6. Once the list has been created, use the generate an image for each peak in a list
tool to create images for all the m/z. Manually go through the images and
remove any bad images (i.e. images that have signal in the matrix as well as the
sample or do not appear to have any signal anywhere). Figure 3 shows example
MALDI-MSI images generated from peptide imaging of root nodules with either
DHB or CHCA as the matrix. Different distributions across the root and root
nodules are observed.
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Figure 3.
MALDI-MSI images of peptides with either DHB (A, B) or CHCA (C, D, E) as the matrix.

The images are generated at +/- 5 ppm.
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