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Abstract: The analysis of compounds from single cells is a major challenge in analytical life science. Labeling
strategies, for instance fluorescence detection, are well established for measuring proteins with single cell
sensitivity, but they mostly fail to detect small molecules. More recently mass spectrometry has entered the realm
of single cell sensitivity and enables the label-free and highly parallelized detection of small biomolecules from
single cells. The assignment of signals detected in single cells, however, generally has to rely on measurements
in whole cell culture extracts. Isobaric structures, contaminations, higher noise levels and the high variability in
the abundance of peaks between single cells complicate the assignment of peaks in single-cell spectra. Tandem
mass spectrometry would be very useful for compound identification via mass spectrometry directly in single-
cell analyses. Here we present the first single cell tandem mass spectra collected using matrix-assisted laser-
desorption/ionization. The spectra obtained allow the assignment of most compounds detected in the spectra.
We also show that the fragmentation is not restricted to the most abundant peaks in the spectra, but over a

dynamic range of more than one order of magnitude.

Keywords: Collision-induced-dissociation - Matrix-assisted laser-desorption/ionization - Single-cell mass
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Introduction

Individual cells are the smallest func-
tioning unit of life and a key challenge in
analytical life science. The analytical sci-
entist is challenged by the high sensitivity
and selectivity required for the analysis of
single cells.[!l The biologist, on the other
hand, seeks to understand the individual
cell within the biological context of its
population or tissue, which adds high
throughput to the list of challenges for
analytical methods to overcome. There
are plenty of single-cell techniques in
the area of DNA,[23] RNAM5! and protein
analysisf®7! that have found their way into
biologists’ labs. These techniques benefit
from the amplification tools adopted from
molecular biology and the high linear dy-
namic range and sensitivity of fluorescent
probes.

However, few such tools exist for the
analysis of small molecules from single
cells, 8] despite the fact that there is a great
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need for phenotypic and metabolic charac-
terization of single cells, especially since
changes in genomes and transcriptomes
are often poor predictors of cellular pheno-
types.[%l Mass spectrometry has made great
progress with respect to sensitivity and res-
olution in the past decades. Matrix-assisted
laser desorption/ionization (MALDI) mass
spectrometryll% in particular can provide
both the high throughput and the sensitiv-
ity needed for the analysis of large num-
bers of single cells.l'!l Analyzing complex
and dynamic biological systems such as
cells, however, requires not just detection
of masses but also the assignment of the
signals detected to functionally relate these
to biological processes.

Tandem mass spectrometry is an im-
portant part of the methodological toolbox
of a mass spectrometrist for several rea-
sons.[2] First, different constitutional iso-
mers can be attributed to a single isobaric
signal, which makes it possible to identify
molecules using characteristic fragments.
Second, contamination from different
sources like solvents, the cell culture me-
dium, cell manipulating devices or the
MALDI-matrix can give rise to interfer-
ences that show the same or highly similar
masses. This effect is especially important
in single-cell mass spectrometry because

the weight of single cells is in the range
of 107>-10"% grams.!!3:14] Third there is
great variability in the relative abundance
of molecules between single cells, which
can complicate the peak assignment.
Unfortunately the MS/MS capabilities of
mass spectrometry approaches for single
cell analysis have very much lagged be-
hind.

Recently we reported a method for the
high-throughput analysis of single cells
for Chlamydomonas reinhardtii, a green
freshwater algae and a well-studied model
organism in photosynthesis and biofuel
research.l!5] The method allowed the par-
allel detection and relative quantitation of
more than 20 assigned peaks from differ-
ent lipid classes with high throughput. MS/
MS capabilities would greatly enhance the
explanatory power based on higher confi-
dence in peak assignment.

Here, we present the first ever MS/
MS spectra collected from single cells us-
ing MALDI as an ionization method. The
cells were analyzed using 2,5-dihydroxy-
benzoic acid (DHB) as a matrix, in positive
ion mode. The method allowed us to assign
about 15 compounds in our spectra belong-
ing to different lipid and pigment classes.
The assignments based on the single cell
tandem mass spectra are in good agree-
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ment with spectra obtained by analyzing
lipid extracts, as well as the relevant mo-
lecular biology literature.[16-18]

Experimental Section

Chemicals

2,5-dihydroxybenzoic acid (DHB)
was purchased from Sigma-Aldrich.
Chlorophyll a (from Anacystis nidulans),
chloroform (>99.8%), acetone (puriss.
p-a., 299.5%) and 2-propanol (puriss.,
299.5%) were purchased from Sigma
Aldrich, Switzerland. Water (Optima® LC/
MS grade) was purchased from Fisher-
Chemicals. Hutners trace element solution
for cell culture media preparation was ob-
tained from the Chlamydomonas Resource
Center (St. Paul, MN, USA)

MS/MS of Lipid Extracts

A lipid extract was performed with the
Bligh-Dyer method!"®! using C. reinhardtii
wild-type strain CC-125 obtained from
the Chlamydomonas Resource Center, St
Paul, MN. The cells were cultured in tris-
acetate-phosphate medium.[20! To aid the
extraction the cells were sonicated for 30
seconds. The chloroform phase was col-
lected and stored at —20 °C. Then the chlo-
roform was evaporated and the lipids solu-
bilized in aqueous acetone (80 vol% ac-
etone, 20 vol% water). The samples were
mixed with DHB (10 mg/mL in 80% aque-
ous acetone) on the MALDI target (384
Opti-TOF 123 mm x 61 mm SS, ABSciex,
Toronto) in a sandwich fashion (0.5 uL
DHB - 0.5 uL lipid extract — 0.5 uL. DHB).
The MS/MS method used for extracts
was identical to the one described below.

Sample Preparation for Single-cell
MS/MS

Wild-type C. reinhardtii cells (strain
CC125) were centrifuged (3500 x g for
5 min) three times and resuspended in
water. The cells were placed on a micro-
structured array for MALDI mass spec-
trometry as reported previously.l'5! In
short, the array consists of 55 x 26 spots of
300 um diameter each spaced by 720 um
on a stainless steel plate. A layer of matrix
was added first, followed by deposition of
the washed cells into the spots (Fig. 1A).
Cellular metabolism was quenched im-
mediately by immersing the entire array
into liquid nitrogen. Extraction of analytes
and co-crystallization with the matrix is
achieved by recurrent extraction adding
5 x 5 nL of 10 mg/mL of DHB dissolved in
80% aqueous acetone and letting the spots
crystallize after each step. Fluorescence
scans at 630 nm excitation and 670 nm
emission were collected of the blank slide,
of the cells after quenching, and after ma-
trix application.

A Cells on the chip prior to lysis

1 cell

no cell

1 cell 2 cells (1 dividing)

microarray spot

B Extracted cells

\»i‘/

well lysed poorly lysed

wéll Iyéed well lysed

Fig. 1. Sample preparation procedure for single-cell MS/MS. Chlorophyll autofluorescence is
measured at 630 nm excitation and 670 nm emission. Both of the images are scaled identi-
cally for better visibility (0-3000 instead of 0-65000) and falsely colored. The diameter of a spot
is 300 um. Cells are around 10 um but appear larger due to over-scaling and scattering. A: The
autofluorescent cells are imaged on the slide prior to lysis to determine the number of cells in
each spot. As shown in the graphical abstract below a layer of matrix is applied prior to apply-
ing the cells. B: Scanning the slides after co-crystallization can monitor the success of cell lysis.
Matrix autofluorescence is negligible. Only spots containing well-lysed cells should be used for

single-cell MS/MS experiments.

Single-cell MS/MS

The tandem mass spectra were record-
ed on areflectron MALDI-TOF instrument
(AB Sciex 5800, Toronto, CA). The spots
for MS/MS were selected from the plates
based on the fluorescence scans. Spectra
were collected from spots showing single
cells in the fluorescence scan after quench-
ing. To confirm the fact that the signal is
produced only in the presence of cells MS/
MS were recorded for the same precursor
mass on spots showing no cells. In none of
the cases did we detected fragments of cel-
lular analytes in the absence of cells. The
MALDI parameters used were: a delayed
extraction time of 300 ns, a laser intensity
of 5500 a.u. and a laser repetition rate of
1000 Hz. In all cases spectra were collected
with and without metastable suppression.
Precursors were isolated using a mass win-
dow of +1.5 Da, using the QuanTis timed
ion selector of the reflectron TOF system
operated with a TIS offset of 1.5 mm.

Data Analysis

Peak picking was performed according
to a S/N 210 criterion. Spectra were cali-
brated externally using chlorophyll a as a
reference. The spectra were smoothed us-
ing the default settings in the Data Explorer
software (ABSciex, Toronto).

Results and Discussion

The tandem mass spectrometry method
was optimized on a chlorophyll a standard
and a lipid extract of C. reinhardtii. The
lipid composition of C. reinhardtii is well

studied, since the species is both a model
organism in photosynthesis and a can-
didate for biofuel production. From an
experimental perspective one of the key
advantages in using the algae as a model
for optimizing and developing a single
cell method is that due to its autofluores-
cent pigments in the form of chlorophylls
it is possible to visualize cell lysis, a key
step for successful single cell mass spec-
trometry.[!5] Two aspects are very impor-
tant here: the first is to make sure that the
actual measurement is taken on a single
cell. In the current procedure the cells are
placed on a microarray by spotting a cell
culture at an optimized cell density. This
procedure leaves most spots occupied with
single cells, which can be identified, based
on fluorescence scans (Fig. 1A). However,
some spots remain empty while multiple
cells occupy others. These spots are dis-
carded for analysis. The second key step is
lysis and co-crystallization (Fig. 1B). Only
spots that show well-lysed cells as shown
in Fig. 1 are considered for MS/MS. Poorly
lysed cells may still show signals in MS
mode, but these are generally too low in
intensity to perform MS/MS experiments.

Relying on the sample preparation
protocol for single-cell MALDI optimized
for C. reinhardtii we were able to assign
16 compounds to 14 mass spectral peaks
(Table 1) by performing single-cell MS/
MS measurements. The assignments are
backed up by literature. The most promi-
nent signal in the single-cell spectra is the
pigment chlorophyll a. However due to the
presence of DHB, which is an acid, the ex-
traction of the lipids is carried out under
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low pH conditions. This leads to a release
of the Mg?* ion from the porphyrin macro-
cycle. Chlorophyll a is therefore detected
as pheophytin a ([M-Mg?+3H]* = 871.57
Da) using DHB as a matrix.l'7.211 This is
also true for chlorophyll b ([M-Mg>+3H]*
= 885.55 Da). The single-cell MS/MS of
chlorophyll a is dominated by the signal
at 593.28 Da due to the loss of the phytol
chain (Fig. 2A and 2D). Chlorophyll b frag-
mentation leads to the formation of 607.25
Da fragment due to phytol loss. Since chlo-
rophylls are absorbing the wavelength of
the MALDI laser at 355 nm both CID as
well as in-source decay contribute to frag-
mentation. An increase in laser intensity
was found to enhance fragmentation even
in the absence of CID gas, which supports
this interpretation (data not shown).
Furthermore, the spectra show all of the
most abundant lipids, which can be detect-
ed in positive ion mode, both from the plas-
tidic, i.e. of organellar origin and extraplas-
tidic membrane systems. Plastidic mem-
brane systems that include the thylakoid
membranes, in which the photosynthetic
complexes are embedded, mainly consist
of the galactolipids mono- and digalacto-
syl-diacylglyceol (MGDG and DGDG)
and sulfolipids in the form of sulfoqui-
novosyl-diacylglycerol (SQDG).!'8! Since
the extraction protocol was optimized for
chlorophyll, it is reasonable that the major
membrane constituents are co-extracted.
MGDG and DGDG can be detected in the
form of sodium ([M+Na*]*) or potassium
(IM+K*]*) adducts using MALDI-MS as
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Fig. 2, Single-cell MS/MS and corresponding chemical structures of different compound classes
detected in single cells. A/D: Single-cell MS/MS of chlorophyll a the structure showing the frag-
mentation explaining the most abundant signals in the MS/MS spectra. B/E: SC-MS/MS and the
chemical structure of MGDG, a plastidic galactolipid. C/F: SC-MS/MS and chemical structure

of a DGTS, an extraplastidic lipid. The highly stabilized charge leads to the detection of the lipid
headgroup even in single-cell spectra. The positions of the two fatty acids (sn1 or sn2) cannot be
determined using MS/MS but are adapted from literature.['®

previously reported by Vieler et al.2!l In
the single-cell mass spectra the sodium ad-
ducts are most prominent. The SC-MS/MS
spectra of both MGDG (see Fig. 2B and
2E) and DGDG lipids are characterized by
neutral loss of the fatty acid side chains.[?2]
Despite the fact that MGDG (16:4/18:3)
makes up for almost 80% of the MGDG

lipid, which in turn contributes about 50%
of the total thylakoid lipid, the relative in-
tensity of the peak is relatively low at 18%.
This can be attributed to a lower ioniza-
tion efficiency due to the sodium adduct
formation.

The major extraplastidic lipid classes
are the diacylglyceryl-trimethylhomoser-

Table 1. List of compounds assigned by SC-MS/MS in Chlamydomonas reinhardtii using DHB in positive ion mode. Relative intensities relate to
single-cell MS spectra collected from the same population. Numbers in brackets relate to the fatty acid composition (carbon number: number of
double bonds) the position of the fatty acid or the position of the double bonds cannot be determined using single-cell MS/MS.

metabolite name

Pigments Chlorophyll a
Chlorophyll b
Galactolipids MGDG (16:4/18:3)

DGDG (18:3/16:3)
DGDG (18:2/16:3)
DGDG (18:3/16:0)
DGDG (18:2/16:0)
DGTS (16:0/18:4)
DGTS (16:0/18:3)

Homoserine lipids

DGTS (16:0/18:2)
DGTS (18:3/18:4)

DGTS (18:3/18:3),
DGTS (18:4/18:2)

DGTS (18:2/18:3)

DGTS (18:2/18:2),
DGTS (18:1/18:3)

rel. species detected  parent mass
int.

100 [M-Mg*+3H*]* 871.57
34 [M-Mg*+3H*]* 885.55
18 [M+Na*]* 767.47
19 [M+Na*]* 931.53
15 [M+Na*]* 933.55
9 [M+Na*]* 937.58
9 [M+Na*]* 939.6
51 [M+H*]* 732.58
49 [M+H*]* 734.59
21 [M+H*]* 736.61
19 [M+H*]* 754.55
20 [M+H*]* 756.57
26 [M+H*]* 758.6
18 [M+H*]* 760.61

main fragment  other fragments

593.28 533.25, 519.30

607.25 547.24, 533.29

489.24 519.28

653.27 681.28

653.28 683.45

659.31 681.22

659.3 683.24

474.33 494.30, 236.16

474.37 496.38, 236.16,
474.37, 456.34

474.36 498.33

496.42 494.42

496.32 498.36, 494.29,
236.12

496.36 498.39

498.36 496.45, 500.38
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ines (DGTS) which functionally replace
phosphatidylcholines in C. reinhardtii.l'8]
The DGTS lipids show a great variety of
fatty acid side chains in the single-cell
spectra (Table 1, Fig. 2C and 2F). One
reason for this lipid class to be readily ob-
served might be the high ionization effi-
ciency of the highly polar lipid headgroup.
The trimethylhomoserine-headgroup itself
as well as various fragments generated by
the loss of fatty acid side chains can also
be detected in single-cell MS/MS spectra
(Fig. 3). In contrast to the galactolipids the
side chain fragmentation leads both to the
fatty acid neutral loss and the cleavage of
the acyl group with the latter being more
prominent in the single-cell MS/MS spec-
tra. The relative abundance of the different
DGTS species agrees well with previously
reported values.[10] A unique advantage of
applying MS/MS is that fragmentation of
the side chains allows the assignment of
multiple isobaric species. We were able
to assign multiple isobars for the sig-
nal at 756.57 Da (DGTS (18:2/18:2) and
DGTS (18:1/18:3)) and 760.61 Da (DGTS
(18:3/18:3) and DGTS (18:4/18:2)) respec-

tively. One explanation for the detection of
multiple isobars in the case of 756.57 Da
and 760.61 Da is the similar abundance of
the two contributing DGTS species.!1°]

Conclusions

Peak assignment in single-cell spec-
tra is a challenge for the advancement of
single-cell mass spectrometry techniques.
The certainty of the actual assignment
based on fragment detection — despite all
database searches and high mass accuracy —
is unsurpassed. The successful implemen-
tation of MS/MS experiments on the
single-cell level as shown here reflects the
progress made with respect to sensitivity
and reproducibility, and adds an important
amendment to single-cell MALDI mass
spectrometry.
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