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h i g h l i g h t s g r a p h i c a l a b s t r a c t

• High-throughput pulse-chase analy-

sis using direct sampling of biological

cells.
• Ion mobility separation for the eluci-

dation of isotopologs.
• Identification of isotopologs in differ-

ence heat plots of DT vs. m/z.
• Simultaneous determination of

turnover rates for lipids and peptides

in microalgae.
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a b s t r a c t

Biochemical processes rely on elaborate networks containing thousands of compounds participating in

thousands of reaction. Rapid turnover of diverse metabolites and lipids in an organism is an essential

part of homeostasis. It affects energy production and storage, two important processes utilized in bio-

engineering. Conventional approaches to simultaneously quantify a large number of turnover rates in

biological systems are currently not feasible. Here we show that pulse-chase analysis followed by laser

ablation electrospray ionization mass spectrometry (LAESI-MS) enable the simultaneous and rapid de-

termination of metabolic turnover rates. The incorporation of ion mobility separation (IMS) allowed an

additional dimension of analysis, i.e., the detection and identification of isotopologs based on their col-

lision cross sections. We demonstrated these capabilities by determining metabolite, lipid, and peptide

turnover in the photosynthetic green algae, Chlamydomonas reinhardtii, in the presence of 15N-labeled

ammonium chloride as the main nitrogen source. Following the reversal of isotope patterns in the chase

phase by LAESI-IMS-MS revealed the turnover rates and half-lives for biochemical species with a wide

range of natural concentrations, e.g., chlorophyll metabolites, lipids, and peptides. For example, the half-

lives of lyso-DGTS(16:0) and DGTS(18:3/16:0), t1/2 = 43.6 ± 4.5 h and 47.6 ± 2.2 h, respectively, pro-

vided insight into lipid synthesis and degradation in this organism. Within the same experiment, half-

lives for chlorophyll a, t1/2 = 24.1 ± 2.2 h, and a 2.8 kDa peptide, t1/2 = 10.4 ± 3.6 h, were also

determined.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Metabolic network reconstructions with thousands of metabo-

lites and reactions exhibit remarkable complexity. For example, the

iRC1080 reconstruction of the Chlamydomonas reinhardtii pathways

accounts for 1068 metabolites and 2190 reactions in 10 cellular

compartments [1]. Understanding the homeostasis of organisms,

based on a robust regulation of these networks, requires detailed

information on the turnover of many biochemical species. The

main factors defining turnover are the existing pools of molecules

and the net sum of the incoming and outgoing fluxes.

Over the years stable isotope labeling has been incorporated

in metabolic studies to improve metabolite identification, per-

form quantification, and obtain reaction kinetics information for

biochemical pathways [2]. Dynamic changes in labeled chemi-

cal species in metabolic networks are most often followed by

mass spectrometry. Monitoring the propagation of isotope labeling

through the metabolic network in combination with perturbations,

e.g., genetic knockouts or a drug treatment, on well-known path-

ways, such as the central carbon metabolism (tricarboxylic acid cy-

cle, glycolysis, and pentose phosphate pathway), provide informa-

tion on metabolic fluxes in health and disease [3]. New metabolic

networks and connections can be mapped by monitoring the in-

corporation of the labels [4]. Other applications of pathway analy-

sis and genetic manipulation include metabolic engineering to pro-

mote the production of high value chemicals by microorganisms

[5,6].

Stable isotope labeling of amino acids in cell cultures (SILAC),

where 13C-labeled essential amino acids are incorporated in the

medium, is predominantly used for labeling of metabolites in

mammalian cells [7]. A similar approach can be applied to label

plant cells, where salts and/or sugars containing 13C or 15N iso-

topes can be incorporated in the media [8–10]. This technique has

been applied in model systems including Saccharomyces cerevisiae,

Caenorhabditis elegans, Arabidopsis thaliana, and C. reinhardtii [11–

13].

Pulse-chase analysis consists of two phases [14]. In the pulse

phase, cells are cultured in a labeled medium, whereas in the

chase phase, the medium is reverted to the unlabeled form. Dur-

ing the latter phase, the time dependence of isotopolog compo-

sition is determined by mass spectrometry (MS). Due to its high

sensitivity and wide dynamic range, MS in combination with chro-

matographic separation methods is increasingly used for turnover

measurements [15]. Powerful methods, e.g., GC–MS with stable iso-

tope labeling, exist for the simultaneous determination of multi-

ple metabolite fluxes in microbial systems [16–18]. However, due

to the long retention times, time consuming extraction, hydroly-

sis and derivatization protocols in conventional separations, and

the large quantity of species required to be labeled, result in low

throughput.

The ambient ionization technique, laser ablation electrospray

ionization (LAESI) MS, has been used for the rapid detection and

identification of diverse metabolites, lipids, and peptides [19]. Re-

cently coupling ion mobility separation (IMS) to this platform al-

lowed for the high-throughput elucidation of lipids and metabo-

lites in microalgae [20,21]. The analysis time is reduced from the

typical ∼20 min needed for HPLC to ∼200 ms required for an IMS

separation.

To demonstrate the utility of this method, C. reinhardtii was

selected because this photosynthetic organism has a well-studied

lipid metabolism [22,23] and has the ability to produce substan-

tial amounts of lipids, which in turn can be processed into biofuels
∗ Corresponding author.

E-mail address: vertes@gwu.edu (A. Vertes).
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14]. Using 13C-based methods, e.g., SILAC, would result in reduced

evels of labeling (∼80%) because C. reinhardtii is autotrophic [24–

7]. To achieve higher isotope incorporation for molecules contain-

ng nitrogen, 15N-ammonium chloride is used in the culture [28].

n this contribution, the first combination of pulse-chase analysis

ith the LAESI-IMS-MS technique allows for high throughput de-

ermination of turnover rates with extensive metabolite and lipid

overage.

. Experimental

.1. Chemicals

The 99% enriched [15N]-ammonium chloride was purchased

rom Cambridge Isotope (Andover, MA). Original Hutner’s Trace el-

ment stock was obtained from the Chlamydomonas Resource Cen-

er at the University of Minnesota. Chlorophyll a standard was pur-

hased from Sigma–Aldrich (St. Louis, MO). The 50% methanol elec-

rospray solution contained 0.1% acetic acid that was purchased as

lacial acetic acid (≥99.0%) from Fluka (St. Louis, MO). Certified

PLC grade methanol and water were obtained from Alfa Aesar

Ward Hill, MA).

.2. Growth media

Two types of tris acetate phosphate (TAP) media [29] were

ade in house, unlabeled containing natural nitrogen isotope dis-

ribution and 15N-labled produced by using 99% enriched 15N-

abeled ammonium chloride. Both media contained the follow-

ng components: 2.42 g of tris base, 25.0 mL of Beijerinck salts,

.0 mL phosphate solution, 1.0 mL Hutner trace element solution,

nd 1.0 mL glacial acetic acid. The final concentrations were 7 mM

H4Cl, 830 μM MgSO4, and 450 μM CaCl2 for the Beijerinck salts

nd 1.65 mM K2HPO4 and 1.05 mM KH2PO4 for the phosphate so-

ution. The pH values of the media were adjusted to 7.0, and the

AP solutions were diluted to 1000 mL by water. The resulting so-

utions were autoclaved (Hiclave HVA-85, Hirayama, Concord, CA)

t 121 °C for 20 min and stored at 4 °C in a dark environment.

.3. Cell culture

Wild type C. reinhardtii (CC125) stock was purchased from

he Chlamydomonas Resource Center at the University of Min-

esota. The cells were grown in either 15N-labeled or unlabeled

AP medium at 27 °C while rotated at 80 RPM in an orbital

haker incubator (MaxQ400, Thermo Scientific, Waltham, MA).

wo LED light bulbs (daylight white, 6 W and 10 W), producing

100 μmol·m−2sec−1 intensity radiation, were installed above the

ulture. A digital timer provided automated 12 h light/12 h dark

ycles. Illumination was monitored using a photosynthetic active

adiation (PAR) meter (Sun System, Sunlight Supply Inc., Vancou-

er, WA). In order to determine growth rates, cells were counted

y a hemocytometer (Bright-Line, Horsham, PA).

.4. Pulse-chase analysis

The experiment started with the pulse phase, in which cells

ere grown for 96 h in 15N-labeled TAP medium, allowing nitro-

en assimilation to label the cells. In the pulse phase high frac-

ional enrichment, 15N/(15N+14N), was observed for both chloro-

hyll a (94.6%) and chlorophyll b (91.5%), whereas pheophytin a

as observed at a lower percent (78.4%). Cells were then pelleted

y centrifugation at 2000× g for 1 min, washed and re-suspended

n unlabeled medium, marking the beginning of the chase phase.

ampling at several time points in the chase phase was performed

y collecting ∼106 cells and adjusting the volumes to 1.0 mL. These

mailto:vertes@gwu.edu
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Fig. 1. (a) Cell growth rates are not affected by 15N isotope labeling of medium. (b)

Bright field microscope image of C. reinhardtii cultured in (top) TAP and (bottom)
15N-TAP show no differences. Scale bar is 100 μm. (c) Representative LAESI mass

spectra of C. reinhardtii pellet cultured in (top) unlabeled and (bottom) 15N-labeled

TAP media.
amples were centrifuged for 1 min at 5000× g to produce pellets,

hich were then re-spun for 1 min at 2000× g in an EconoSpin

ilica membrane (1 μm pore size) cartridge held within a spin

ube (Epoch Biolabs, Missouri City, TX). The samples on the silica

embrane were immediately frozen in the vapor of liquid nitro-

en and stored at −80 °C until LAESI-IMS-MS analysis. All samples

ere measured on the same day to reduce instrument variability.

.5. LAESI-IMS-MS analysis

A homebuilt LAESI ion source was used as described elsewhere

n detail [19]. Briefly, a Nd:YAG laser pumped optical parametric

scillator (Opolette 100, Opotek, Carlsbad, CA) tuned to 2.94 μm

avelength delivered 5 ns laser pulses with 20 Hz repetition rate.

he pulsed laser beam was focused through a 75 mm focal length

lano-convex ZnSe lens (Infrared Optical Products, Farmingdale,

Y) directly onto the frozen C. reinhardtii cell pellet on the silica

lter. A homebuilt Peltier stage regulated to ∼0 °C was used to

revent rapid melting of the pellet.

The ablation plume was intercepted by an orthogonal electro-

pray produced from a solution of 50% methanol containing 0.1%

cetic acid. The stainless steel emitter (MT320-50-5-5, New Objec-

ive, Woburn, MA), was kept at +3300 V by a regulated power sup-

ly (PS350, Stanford Research Systems, Sunnyvale, CA). The elec-

rospray solution was dispensed at 500 nL/min using a syringe

ump (Physio 22, Harvard Apparatus, Holliston. MA). The produced

ons were then detected by a high performance quadrupole time-

f-flight mass spectrometer (Synapt G2S, Waters, Milford, MA). A

ommercial traveling-wave ion mobility system with a resolving

ower of Ω/�Ω≈ 30 was used for IMS analysis [30]. For all ex-

eriments, the nitrogen drift gas was supplied at 90 mL/min and

.35 mbar, and the wave height was set to 40 V, the wave velocity

as held at 650 m/s, and a delay coefficient of 1.41 V was set.

.6. Data processing

Isotopologs appeared as doublets in the difference heat plot

nder 15N-labeled or partially labeled conditions. Tentative peak

ssignments were based on accurate mass measurements, molec-

lar formulas derived from accurate mass, (ChemCalc), database

earches (Plant Metabolic Network, Lipids Maps, IsoMETLIN, and

ascot) and previous experiments [21]. The DriftScope 2.4 utility

as used to visualize the DT vs. m/z plots and the HDMS Com-

are software (Version 1.0, Waters, Milford, MA) produced the heat

lots, showing differences between two DT vs. m/z plots. Colli-

ion cross sections (CCS) for the detected ions were derived us-

ng polyalanine based calibration with repeat units between n = 4

nd n = 14, covering the m/z region from 233 to 943, as discussed

lsewhere in detail [20]. Spectral overlaps due to the natural 13C

sotope peaks were deconvoluted to obtain the proper intensities

f labeled and unlabeled compounds. To estimate the number of

omponents, including structural isomers and conformers, detected

sing LAESI-IMS-MS, all the peaks were found within the DT vs.

/z plot. The mass spectrum integrated over DT was processed for

eisotoping (mMass 3), followed by manual subtraction of the Na+

nd K+ adducts and estimation of the structural isomers and con-

ormers based on the number of isobaric peaks in the DT vs. m/z

lot [31].

. Results and discussion

Within a typical positive ion mode LAESI-IMS-MS experiment

ampling alga cells, the DT vs. m/z plot contained ∼6000 features,

ncluding isotope peaks, quasi-molecular ions, i.e., sodium and/or

otassium adducts, structural isomers and conformers with distinct

CSs. Integrating overall the DTs resulted in a mass spectrum with
37 features that was reduced to 392 peaks after deisotoping. After

ubtracting the 54 Na+ and 46 K+ adducts, 292 peaks were left.

evisiting the DT vs. m/z plot enabled us to estimate the number

f structural isomers and conformers as ∼1760 resulting in a final

ount of ∼2052 detected components, of which ∼980 were lipids.

ost of the detected components were not identified by tandem

S.

.1. Stable isotope labeling of microalgae in combination with

AESI-IMS

The effect of stable isotope labeling on the cell growth was ex-

lored. C. reinhardtii cells were cultured in 15N-labeled and in un-

abeled media. After acclimating the cultures for ten generations

i.e., for 240 h), growth rates were measured. Both cultures ex-

ibited similar growth rates during 72 h (Fig. 1a) without signif-

cant differences in cell morphology (Fig. 1b). Apart from the pres-

nce of isotopologs, similar spectral features were observed for the

wo cultures (Fig. 1c). The mass difference of the isotopologs re-

ealed the number of nitrogen atoms in the molecule. For example,

hlorophyll b was present as m/z 907.521 in the unlabeled medium,

hereas it was detected as m/z 911.512 in the 15N-TAP medium, in-

icating the presence of four nitrogen atoms.

Lipid isotopologs that contain one nitrogen atom, such as dia-

ylglyceryl N,N,N-trimethylhomoserines (DGTS) were also detected.

dentification of the acyl chain lengths and verification of the 15N

ncorporation was achieved by tandem MS (Fig. S1). Briefly, the ion

ssigned as DGTS(16:0/18:3) in the 15N medium had a nominal m/z

35 and the related lyso-lipid fragments appeared at m/z 497 and

75, and the trimethylserine head group was detected at m/z 237.

n the unlabeled medium the corresponding isotopolog ions were
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present at nominal m/z 734, 496, 474 and 236, respectively. Other

compounds, such as chlorophyll a, showed similar behavior regard-

ing isotope assimilation (Fig. S1).

3.2. Enhanced analysis of isotopologs by IMS

Isotope substitution has negligible effect on the size and shape

of an ion resulting in indistinguishable CCS values for isotopologs.

The CCS in combination with accurate m/z and the fragmenta-

tion pattern in tandem MS provide increased confidence in the

identifications of chemical species. The isotopologs of metabolites

(Fig. 2a), lipids (Fig. 2b), and peptides (Fig. 2c) were investigated by

pulse-chase analysis. For example two similar DGTS lipid ions were

compared. The lipid DGTS(18:4/16:0) containing 14N at a nominal

m/z of 732 and the 15N labeled version at 733 had identical drift

time (DT) ranges between 153 and 160 m s (CCS of 291.5 ± 1.9 Å2).

Likewise, DGTS(18:3/16:0) at a nominal m/z of 734 and 735 cor-

responding to 14N and 15N, respectively, exhibited DT ranges be-

tween 155 and 162 m s (corresponding to CCS = 293.8 ± 1.9 Å2).

Having IMS separation also helped to deconvolute the contribu-

tions of the two lipids to the natural 13C isotope ion distribution

patterns. For example selecting DT = 153 m s (see Fig. 2b), only the

DGTS(18:4/16:0) isotopologs were observed, whereas DT = 162 m s

only showed the DGTS(18:3/16:0) isotopologs.

Additional benefits can be derived for low intensity isotopolog

ions. For example, chlorophyll a was observed to have a unique DT

range of 178–183 ms (CCS = 314.9 ± 2.3 Å2) (Fig. 2a). Here the

signal-to-noise ratio of the weak ion signal associated with chloro-

phyll a was enhanced by IMS and the resulting natural 13C iso-

tope ion distribution patterns were clearly separated. Other chem-

ical species, including peptides, showed unique DT and CCS values

(see Table S1).

For each chase time point, ion intensities were recorded as a

function of DT and m/z. Each of these large datasets, visualized

as DT vs. m/z plots, contained hundreds of spectral features (see
Fig. 2. The DT distribution plot for isotopologs from C. reinhardtii cells cultured in 15N

(18:4/16:0) and DGTS (18:3/16:0) and for (c) a 2.8 kDa peptide. (d) Difference heat plot, r

and 14N (red) media. Zoomed regions (right) show doublets of isotopologs for two lyso-

spectra to the right. (For interpretation of the references to colour in this figure caption, t
ig. S2). Many times, low intensity isotopologs were obscured by

djacent ions of higher abundance. To recognize the isotopologs

f a given compound, a difference heat plot was constructed by

ubtracting two DT vs. m/z plots (Fig. 2d) corresponding to the

nlabeled and fully labeled states (see Fig. S2). Here doublets

hat appeared within the same DT range were indicative of iso-

opologs (see the framed regions in Fig. 2d). The difference be-

ween the two DT vs. m/z plots, with the intensities in the spec-

rum for the unlabeled state in red (on a scale from 0 to −100)

nd the labeled state in blue (on a scale from 0 to +100) accen-

uated the presence of isotopologs, as most of the other spectral

eatures were canceled. Constructing the difference heat plot fa-

ilitates finding the isotopologs for a complex biological system.

oomed regions for lyso-DGTS(18:4) and lyso-DGTS(18:3) lipids,

hlorophyll a, DGTS(18:3/16:0) and DGTS(18:4/16:0), and a 2.8 kDa

eptide showed isotopologs with mass shifts corresponding to the

umber of nitrogen atoms in these molecules. This heat plot can

e further analyzed for doublets to identify other isotopolog pairs

ncluding lower mass metabolites that are harder to detect due to

pectral interferences.

.3. Turnover of biomolecules

.3.1. Lipid turnover rates in algae

Studying the biosynthesis of lipids is motivated by their diverse

iological functions, such as forming membranes, acting as signal-

ng molecules, and serving as energy storage compounds. Isotope

ncorporation and lipid turnover in some cultured cells has been

ollowed by radioactive tracers and/or pulse-chase analysis [27,32].

ue to the large diversity of lipids in recent metabolic network re-

onstructions (e.g., 370 lipid species and 688 associated reactions

n the iRC1080 reconstruction) and the large variety of microbial

trains, high throughput methods are needed to measure turnover

ates [3].

To explore the turnover rates of nitrogen containing lipids in
(top) and 14N (bottom) media for (a) chlorophyll a, for (b) two DGTS lipids DGTS

eveals the intensity differences between the ions from cells cultured in 15N (blue)

DGTS, chlorophyll a, two DGTS lipids, and a peptide with the corresponding mass

he reader is referred to the web version of this article.)
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Table 1

Turnover rates and half-lives of lipids in C. reinhardtii.

Lipid k (h−1) t1/2 (h)

Lyso-DGTS(16:0) 1.59 ± 0.2 × 10−2 43.6 ± 4.5

Lyso-DGTS(16:2) 1.99 ± 0.05 × 10−2 34.8 ± 0.9

Lyso-DGTS(16:4) 2.56 ± 0.3 × 10−2 27.1 ± 2.9

Lyso-DGTS(18:3) 1.73 ± 0.1 × 10−2 40.0 ± 2.5

Lyso-DGTS(18:4) 1.40 ± 0.1 × 10−2 49.5 ± 4.1

DGTS(16:1/16:0) 1.48 ± 0.2 × 10−2 46.9 ± 4.4

DGTS(16:2/16:0) 1.72 ± 0.1 × 10−2 40.2 ± 3.9

DGTS(16:3/16:0) 1.54 ± 0.2 × 10−2 44.9 ± 7.1

DGTS(18:3/16:0) 1.45 ± 0.05 × 10−2 47.6 ± 2.2

DGTS(18:4/16:0) 1.25 ± 0.05 × 10−2 55.5 ± 2.3

3

i

c

c

l

t

t

s

p

t

o

e

F

e

D

c

. reinhardtii, we focused on the DGTS and lyso-DGTS species,

ipids predominantly found in plants and algae. For example,

ombined isotope distributions derived from the presence of

atural 13C and the introduced 15N label for the DGTS(18:4/16:0)

nd DGTS(18:3/16:0) molecular ions were monitored in the chase

hase for 72 h (see Fig. 3). In this somewhat complex case, typical

f lipids with differing only in the presence of an additional double

ond, the isotope distribution pattern for the less saturated species

s a convolution of contributions from 13C, 15N and the more sat-

rated species. In Fig. 3, at the start of the chase phase (0 h)

nly 15N labeled lipid species were present shown in gray and

ed. As time progressed, the microalgae incorporated the unlabeled

olecules from the medium resulting in the presence of the unla-

eled forms of the two lipids, shown in green and blue. At 72 h,

he labeled DGTS(18:3/16:0) (shown in red) completely turned over

nd only the unlabeled form (blue) was detected. In contrast, the

ipid DGTS(18:4/16:0) was still detected in both labeled (gray) and

nlabeled (green) forms. To obtain the undistorted intensities asso-

iated with 15N labeling, the contributions from 13C and less satu-

ated form of the lipid had to be subtracted.

Following the deconvoluted fractional enrichment,
5N/(14N+15N), as a function of time over a 72 h time period,

he turnover for six lyso-DGTS and six DGTS lipid species were

etermined (Fig. S3). The intensity ratios for the turnover of

hese lipids followed first-order kinetics (Fig. S4). Overall the

urnover rates ranged between (1.25 ± 0.05) × 10−2 h−1 and

2.56 ± 0.27) × 10−2 h−1, and the corresponding half-lives were

etween 55.5 ± 2.3 and 27.1 ± 2.9 h (see Table 1).
m

c

ig. 3. Isotope distribution patterns in pulse-chase analysis of DGTS (18:4/16:0) and DGT

xperimental spectra, whereas color coded bars show calculated contributions of natural 1

GTS (18:4/16:0) and DGTS (18:3/16:0), respectively, whereas gray and red correspond to

aption, the reader is referred to the web version of this article.)
.3.2. Porphyrin turnover rates

Photosynthesis is an extensively studied cellular function due to

ts importance in the large scale conversion of light to biochemi-

al energy [33,34]. Biosynthesis of chlorophyll a occurs through the

hlorophyll cycle and two alternative pathways from chlorophyl-

ide a. Its degradation reactions lead back to chlorophyllide a, and

o pheophytin a. In unicellular and centric diatom microalgae, per-

urbation of the chlorophyll cycle by 15N and 18O stable isotopes

howed a wide range of species dependent half-lives for chloro-

hyll a ranging from 30 min to many days [32,35–37]. Studying

he chlorophyll cycle for different genetic variants under a variety

f environmental conditions would require a large set of lengthy

xperiments.

We used the high throughput LAESI-IMS-MS technique to deter-

ine the turnover rates of three porphyrin compounds within the

hlorophyll cycle; chlorophyll a, chlorophyll b, and pheophytin a.
S (18:3/16:0) lipid species followed over a 72 h period. Black traces correspond to
3C and introduced 15N isotopologs. Green and blue represent the 14N isotopologs of

their 15N counterparts. (For interpretation of the references to colour in this figure
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During a 72 h pulse-chase experiment (Fig. S5) these compounds

and their isotopologs were detected and quantitated at multiple

time points. The identification of these compounds were affirmed

by tandem MS (Fig. S1).

It has been shown that under acidic conditions the chelating

magnesium can be released in porphyrins [38]. Due to the acid-

ity of the electrospray solution in LAESI, this can result in the for-

mation of pheophytin a from chlorophyll a and skew the mea-

surements. To verify that the detected pheophytin a was entirely

the result of biological processes, chlorophyll a standard was stud-

ied by LAESI-IMS-MS. The results showed that only 3.5 ± 1.2% of

pheophtyin a was formed due to the acidic electrospray conditions.

This represented a negligible correction to our kinetics studies.

To obtain kinetic information, the fractional enrichments were

plotted as a function of time (Fig. 4a) and for all three compounds,

chlorophyll a (R2 = 0.998), chlorophyll b (R2 = 0.997), and pheo-

phytin a (R2 = 0.980), they followed first-order kinetics (Fig. 4b).

The turnover rate rates of chlorophyll a, chlorophyll b, and pheo-

phytin a were 2.88 ± 0.3 × 10−2 h−1, 1.55 ± 0.05 × 10−2 h−1,

and 3.68 ± 0.5 × 10−2 h−1, respectively. Half-lives were calculated

to be 24.1 ± 2.2 h for chlorophyll a, 44.7 ± 1.6 h for chlorophyll

b, and 18.9 ± 2.7 h for pheophytin b. It was observed that pheo-

phytin a turned over ∼2.4 times faster then chlorophyll b and ∼1.3

times faster than chlorophyll a.

3.3.3. Large molecule turnover analysis

Among the detected peptides from the C. reinhardtii samples,

quadruply charged ions at nominal m/z 709 were selected for the

demonstration of pulse-chase analysis. Upon 15N enrichment, the

m/z 709 peak shifted to m/z 718 indicating the presence of 36 ex-

changeable nitrogen atoms (Fig. S6a). The molecular mass of the

unlabeled isotopolog calculated by the Maxent 3 algorithm was

2835.98 ± 1.56 Da. The observed isotopologs in the +4 charge

state had the same CCS = 753.9 ± 5.8 Å2 cross section val-

ues. This peptide was also detected in the +3 charge state with

CCS = 660.5 ± 5.4 Å2.

The half-lives determined based on the two charge states,

10.9 ± 4.1 h and 9.9 ± 5.8 h for the +4 and + 3 ions, respectively,

were very similar (Fig. S6c), yielding an overall peptide half-life of

10.4 ± 3.6 h.

In addition to metabolites and lipids, pulse chase analysis

in combination with LAESI-IMS-MS was also used to follow the

turnover of biopolymers, i.e., peptides, in the same experiment.

Conventional proteomics analysis requires extraction, purification,

and chromatographic separation that can take in excess of 100 min

for every sample [39]. The benefit of LAESI-IMS-MS is that both

abundant and low level components can be detected from the

same sample simultaneously within ∼5 min.

4. Conclusions

The integration of pulse-chase analysis with LAESI-IMS-MS can

provide rapid assessment of metabolite, lipid, and peptide turnover

rates in microorganisms, plants, and animals. Identification of iso-

topologs in pulse-chase analysis experiments is simplified by the

construction of difference heat plots in the DT vs. m/z space. Once

the isotopologs appearing as doublets are pinpointed, the turnover

rates are determined from the chase phase kinetics. This LAESI-

IMS-MS based strategy can be applied to a wide variety of biolog-

ical systems without the need to develop sample specific extrac-

tion protocols. Future applications are expected in metabolomics

research, drug metabolism studies and metabolic engineering.
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Fig. 4. (a) Kinetics of N isotope exchange in pheophytin a (�), chlorophyll b (�), and chlorophyll a (◦) over a 72 h period. (b) Fractional enrichment follows first order

kinetics for (top) chlorophyll a and (bottom) pheophytin a.
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Table S1. Collision cross sections for isotopolog ions of interest in C. reinhardtii. Exchanging 

the 15N atoms by 14N in the ions did not alter the corresponding CCS values. 

Compound 
CCS(14N)  
(Å2) std. 

CCS(14N) 
(Å2) 

CCS(15N) 
(Å2) 

chlorophyll a  314.9±2.3 314.9±2.3 314.9±2.3 
pheophytin a  311.8±2.3 311.8±2.3 311.8±2.3 
chlorophyll b  314.8±2.3 314.8±2.3 314.8±2.3 
lyso-DGTS(16:0) H+  230.4±0.9 230.4±0.9 
lyso-DGTS(16:2) H+   226.1±0.9 226.1±0.9 
lyso-DGTS(16:3) H+  221.7±0.8 221.7±0.8 
lyso-DGTS(16:4) H+  220.3±0.8 220.3±0.8 
lyso-DGTS(18:3) H+  231.5±0.9 231.5±0.9 
lyso-DGTS(18:4) H+  228.7±0.9 228.7±0.9 
DGTS (16:0/16:0) H+  298.5±2.0 298.5±2.0 
DGTS (16:2/16:0) H+  288.2±1.9 288.2±1.9 
DGTS (16:3/16:0) H+  285.9±1.8 285.9±1.8 
DGTS (16:4/16:0) H+  284.7±1.8 284.7±1.8 
DGTS(18:3/16:0) H+  293.8±1.9 293.8±1.9 
DGTS(18:3/16:0) Na+  294.8±1.9 294.8±1.9 
DGTS(18:4/16:0) H+  291.5±1.9 291.5±1.9 
DGTS(18:4/16:0) Na+  292.5±1.9 292.5±1.9 
2.8 kDa peptide (4+)  753.9±5.8 753.9±5.8 
2.8 kDa peptide (3+)  660.5±5.4 660.4±5.4 
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