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Abstract

Background: Labeling whole Arabidopsis (Arabidopsis thaliana) plants to high enrichment with 13C for proteomics
and metabolomics applications would facilitate experimental approaches not possible by conventional methods.
Such a system would use the plant’s native capacity for carbon fixation to ubiquitously incorporate 13C from 13CO2

gas. Because of the high cost of 13CO2 it is critical that the design conserve the labeled gas.

Results: A fully enclosed automated plant growth enclosure has been designed and assembled where the system
simultaneously monitors humidity, temperature, pressure and 13CO2 concentration with continuous adjustment of
humidity, pressure and 13CO2 levels controlled by a computer running LabView software. The enclosure is
mounted on a movable cart for mobility among growth environments. Arabidopsis was grown in the enclosure for
up to 8 weeks and obtained on average >95 atom% enrichment for small metabolites, such as amino acids and
>91 atom% for large metabolites, including proteins and peptides.

Conclusion: The capability of this labeling system for isotope dilution experiments was demonstrated by
evaluation of amino acid turnover using GC-MS as well as protein turnover using LC-MS/MS. Because this ‘open
source’ Arabidopsis 13C-labeling growth environment was built using readily available materials and software, it can
be adapted easily to accommodate many different experimental designs.

Background
Radioactive and stable isotope tracing techniques have
been used for decades and have yielded revolutionary
insights into plant metabolism, including photorespira-
tion [1-3] and photosynthetic carbon assimilation [4-6].
These techniques have also been utilized to study sec-
ondary plant metabolites [2,7,8] and to understand car-
bon flux from plants to soil organisms [9] or within
plants in different seasons [10] or under stress [11].
Similarly, the pioneering work of Rittenberg and Foster
[12] on stable isotope dilution analysis revolutionized
the ability for quantitative analysis of low abundance
labile compounds and quantitative analysis of such

compounds in vivo [13-15]. Stable isotope dilution has
become the de facto standard for analysis of phytohor-
mones and related compounds in plant tissues [16,17].
In the post-genomic era of biological research, there

has been increasing interest in making the connections
between gene expression and the mechanisms of meta-
bolic regulation in response to internal stimulation and
external perturbation. Because carbon atoms are present
in virtually all metabolites and cellular macromolecules,
labeling plants with [13C]-labeled tracers, such as 13CO2

[18,19] and [13C]glucose [20-23] has been used to moni-
tor fluxes of metabolites in isotopologue perturbation/
relaxation experiments as well as to generate universal
and highly enriched internal standards for metabolite
profiling in whole biological systems [24,25]. Using
[13C]-labeled metabolites extracted from labeled plants
for the quantification of multiple metabolites in plants
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has significant advantages over using single internal
standards despite the fact that single compound stan-
dards have been routinely used for metabolite profiling
[26-29]. Recent labeling studies with [13C]glucose and
13CO2 suggest that the 13C isotope effects are of insuffi-
cient magnitude to detectably perturb the fluxes and
enzymatic kinetics of the metabolic networks within the
error found in typical analyses [19,22]. Flux analysis
using [13C]-labeled tracers needs to be performed with
care; however, as the omission of reaction pathways or a
failure to account for metabolite channeling can result
in significant errors [30].
Plants can be easily labeled with 13CO2 or 14CO2

because the tracers can be readily assimilated into the
metabolic systems either via ribulose-1,5-bisphosphate
carboxylase oxygenase (Rubisco; EC 4.1.1.39) or phos-
phoenolpyruvate carboxylase (EC 4.1.1.31). Various
methods for partial or ubiquitous 13C labeling have pre-
viously been reported for plants using different labeling
systems, as summarized below. 13CO2 tracer experi-
ments have been conducted by short exposure (ranging
from few minutes to few days) of plant leaves to a
13CO2 environment using simple leaf clamps or cuvettes
[2,31], a plastic bag [10], or delicate leaf chambers
[1,3,7,32] with or without humidity control. Labeling has
also been accomplished using a simple sealed flask con-
taining 13CO2 for plant tissue cultures [6]. Air-tight
enclosures with basic humidity regulation have been
designed to partially label whole plants with 13CO2 for
metabolite flux studies [8,9,33]. Pulse labeling studies
with 13CO2 usually resulted in low [13C]-enrichments
of the metabolites of interest. Even though the final
[13C]-enrichment may not directly influence the accu-
racy of flux determination, there is no doubt that
increasing labeling homogeneity and 13C enrichment for
all metabolite pools will lead to higher experimental
reproducibility for isotope dilution studies. Recently, a
commercially available enclosure, called BioBox, was
shown to label whole plants with 13CO2. Plants from
BioBox experiments were subsequently used for flux
studies [18,19] and to generate highly labeled metabo-
lites to be used as internal standards for metabolite pro-
filing [25]. However, as the BioBox is a proprietary
commercial product, there is minimal information avail-
able in the public domain regarding specifications, com-
ponents or functional characteristics.
In this study, we describe an automated growth enclo-

sure for the [13C]-labeling of whole Arabidopsis plants.
In contrast to the commercial system, this ‘open source’
enclosure was constructed using components that are
either readily available from suppliers or can be easily
manufactured from available materials. Additionally, the
control software was implemented using the readily
accessible and easily modified LabView environment

(National Instruments, Austin, TX, USA) with the code
included in Additional file 1. An expandable modular
enclosure design was used to provide flexibility for opti-
mal use of space and to maximize 13CO2 use efficiency.
The enclosure is portable and is designed for placement
within a larger environmental growth chamber to allow
for ease of control of external light quantity as well as
quality and to allow better temperature control than is
possible with internal enclosure lighting systems.
Highly enriched metabolites, such as amino acids, as

well as larger molecules, such as proteins, were obtained
from Arabidopsis after a 3-week labeling period with
99atom% 13CO2. We also demonstrated that the plants
generated by this enclosed system could be used to
study amino acid and protein turnover in isotopic dilu-
tion experiments after a 13CO2 labeling period. Our
results indicate that the 13CO2 enclosure is suitable for
the analysis of metabolic and protein flux and for the
generation of highly enriched plant metabolites usable
as universal internal standards for metabolic and protein
profiling research.

Results
Construction of the 13CO2 labeling system
Our interest in using stable isotope labeling coupled
with LC-MS/MS for determination of protein and meta-
bolite turnover necessitated the construction of an auto-
mated and versatile 13CO2 labeling enclosure. The
system we designed consists of a closed growth box
assembled using predominately commercially available
components. The enclosure itself and the housing for
the Peltier-based dehumidifier were constructed in the
university shop from Plexiglass® acrylic sheets. Figure
1A and B show a schematic and photographic image,
respectively, of the completed system. 13CO2 labeling
using the system has been successfully tested by growing
Arabidopsis as shown in Figure 1C. The controlled
growth environment can accommodate 25 Arabidopsis
plants seedlings grown hydroponically with a maximum
head-space volume of ~50 L.
Initial tests of this system with Arabidopsis plants

revealed that even very young seedlings (< 5-day old)
emitted sufficient ethylene to result in significant stunt-
ing of growth and aborted embryo development (data not
shown). Potassium permanganate is a strong oxidizing
agent and can readily oxidize ethylene into CO2 and
H2O. It has been used to delay the ripening of fruits and
extend the freshness of cut flowers and vegetables by
removal of ethylene from the air. The inclusion of potas-
sium permanganate-based adsorbent packets (Power Pel-
let sachets, Ethylene Control, Selma, CA) to the system
completely overcame these ethylene-mediated growth
and developmental consequences and enabled us to grow
Arabidopsis plants from seed to seed.
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The design of the enclosure provided an environment
where available CO2 had a high 13C enrichment (~99%)
for growing whole plants. This was accomplished by
repeated purges of the complete system with CO2-free
air followed by a cycle of equilibration with 300 ppm
13CO2, a second purge, and re-equilibration. This was

routinely performed to ensure the lowest contamination
of ambient CO2 in the enclosure prior to initiating
labeling experiments.

13C enrichment of plant derived compounds obtained
using the enclosure
To investigate the efficiency of 13CO2 labeling using this
enclosure, the enrichments in individual amino acids
and peptides derived from proteins were monitored
using GC-MS and LC-MS/MS, respectively.
Amino acids serve as precursors to many metabolites,

including proteins, primary metabolites, plant hormones
and nucleic acids, and function as the main carriers for
nitrogen metabolism. In plants, photosynthesis plays a
vital role in amino acid synthesis as it does in the pro-
duction of all carbon containing metabolites. Monitoring
amino acid enrichment and turnover should thus pro-
vide an excellent indication of how completely plants
are labeled with 13CO2. We employed a rapid and highly
sensitive methyl chloroformate derivatization GC-MS
method for amino acid profiling [34] which, due to the
low mass of the added groups and the stability of the
derivatized amino acids, was well suited for such isoto-
pic enrichment studies. We first determined the total
number of carbon atoms in most of the major fragments
of the methyl chloroformate-derivatized amino acids by
using unlabeled and fully labeled amino acid standards
(Additional file 2). The molecular or, alternatively,
major fragment ions (typically [M-59]+) of sufficient
intensity were used to provide isotopomer distribution
information for the enrichment calculations.
In order to measure amino acid turnover, after an

initial 13CO2 labeling period beginning at germination,
[13C]-enrichment was monitored immediately after
removal from the 13CO2 enclosure and at various periods
of growth in ambient air (with 12CO2) to allow dilution
of the isotope pools. Samples of [13C]-labeled Arabidopsis
leaves were harvested at least 4 h after the start of the
light period to reduce major metabolic changes due to
the diurnal cycle [19]. No significant differences in plant
morphology were observable throughout the three-week
growth period between plants grown inside and outside
the [13C]-enclosure (using otherwise identical conditions,
in the same walk-in growth chamber). Of 17 amino acids
monitored, 9 amino acids, including serine, glycine, ala-
nine, methionine, glutamine, histidine, tyrosine, phenyla-
lanine and tryptophan, were essentially fully enriched
(> 98%) after 13CO2 labeling from the time of seed germi-
nation (Figure 2). The remaining observable amino acids
showed enrichments of >93%, except for proline, which
had only 85% enrichment.
Amino acid half-lives in Arabidopsis leaves were

determined using changes in isotopic distributions
observed in mass spectra of labeled amino acid ions
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Figure 1 Sealed enclosure for whole-plant labeling with 13CO2.
(A) Diagram of the system, including in-line gas flow control,
continuous CO2 measurement, Peltier-based dehumidifier, ethylene
scrubber, sensors for temperature, humidity and enclosure pressure
and data acquisition and control devices. (B) Photograph of the
system placed on its movable cart. The enclosure (30.4 cm × 30.4
cm × 30.4 cm) shown is in its primary single cube configuration. An
additional cube can be added on the top of the first cube to
increase the total growth overhead space. (C) Three-week-old
Arabidopsis seedlings grown in the enclosure from seed in 99 atom
% 13CO2.
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monitored over time. An example (aspartic acid, m/z
160) of just such a time course is illustrated in Figure 2.
The specific fragment ion (m/z 160) contains six carbon
atoms but only three of these were derived from aspartic
acid. The other three carbon atoms originate from the
methyl chloroformate derivatizing reagent. As shown,
after being fully labeled with 13C, the peak at m/z = 163
becomes the most abundant peak in the isotopic cluster.
After isotopic dilution with ambient CO2 for 96 h, the
most abundant peak shifts back to m/z = 160, which is
the [12C]-monoisotopic ion of this specific Asp frag-
ment. The rate at which the isotopic distribution shifted
back toward a natural isotopic abundance distribution
reflected the turnover rate of this amino acid. Figure 2
shows the half-lives of a total of 17 amino acids mea-
sured and fitted to the equation for first order exponen-
tial decay. Among the amino acids, glycine, serine and
alanine had the shortest half-lives (< 2 h). Glutamic
acid, glutamine and aspartic acid, which are involved in
nitrogen assimilation, had medium turnover rates that
ranged from 7-15 h. Several amino acids had half-lives
of over 4 d, including tyrosine, valine, lysine, tryptophan
and leucine; isoleucine had the longest half-life. It is
worth noting that the time course of isotope dilution
was found to be biphasic in many cases. The carbon
partition was initially fast, but then slowed down drama-
tically (data not shown). This phenomenon might be
due to the recycling of labeled carbon for the newly
synthesized amino acids followed by a slower phase
approaching equilibrium after the initial linear dilution
phase. In addition, amino acids might be present in

multiple pools, which exhibit differing rates of exchange
between pools. This biphasic isotopic dilution phenom-
enon has been described previously using 13CO2 in
plants and with highly-enriched water (δ2H = 340 ± 1%
or δ18O = 15.0 ± 0.1%) in animals [19,35].

Protein enrichment and turnover measurement using the
enclosure
As discussed above, an important goal of this research
was to develop a high throughput method to measure
protein turnover using whole plant stable isotope label-
ing via LC-MS/MS on a proteomic scale. A protein
turnover measurement using this enclosure with 13CO2

was demonstrated as shown in Figure 3. To assist the
identification of partially labeled peptides in the raw
MS/MS using a standard search algorithm, unlabeled
proteins were added to [13C]-labeled proteins in a 1:4
ratio (unlabeled to labeled) before being separated by
SDS-PAGE. A predominant protein band around
52 kDa containing mostly Rubisco large subunit was
excised and subjected to in-gel trypsinization prior to
LC-MS/MS analysis. Several proteins including Rubisco
large subunit and ATP synthase CF1 b-subunit were
identified in these samples with multiple high confi-
dence peptide assignments. We are interested in mea-
suring the turnover of b-subunit of ATP synthase
because we have previously observed this protein to be
modified by the plant hormone indole 3-acetic acid in
other plant species [36]. Once unlabeled peptides from
this protein were identified, both unlabeled and labeled
peptides were confirmed as coeluting sets of isotopic
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Figure 2 Amino acid enrichment and turnover in the leaves of Arabidopsis plants labeled with 13CO2. Arabidopsis seedlings were grown
in the enclosure with 99 atom% 13CO2 for three weeks from seed then chased with ambient air (containing 12CO2) for different durations before
sampling for amino acid analyses using GC-MS. Data from 3 amino acids, cysteine, asparagine and arginine, were not shown. The half-lives of
amino acids were calculated by non-linear regression assuming a simple exponential decay process with no plateau. The percent 13C enrichment
is given as the number listed parenthetically above the bars for each amino acid. A graph inside this figure shows the diminution of a heavy
fragment ion (m/z 163) and emergence of the light fragment ion (m/z 160) of the derivatized [13C]-labeled aspartic acid (Asp) during the
isotopic dilution period. The elemental composition of this specific fragment ion was determined to be C6H10NO4; but in the fragment only
C3H4N1 originated from the amino acid and the remainder of the elements were from the derivatization reagent.
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Figure 3 Protein turnover demonstrated in mass spectra for a peptide from [13C]-labeled ATP synthase CF1 b-subunit. Arabidopsis
plants were grown with 13C-carbon dioxide in the enclosure for three weeks from seed then transferred to ambient air for 0 h, 24 h, 48 h and
96 h before the leaves were harvested for total protein extraction. Unlabeled proteins were added as a ‘spike’ to the [13C]-labeled samples
before gel electrophoresis, protein band isolation, in-gel trypsin digestion and LC-MS/MS analysis. The observed spectra were fitted with three
b-binomial distributions: natural abundance (green); newly synthesized peptide (red); and old peptide (blue) distributions shown for each
spectrum in the insets. Sample spectra of the tryptic peptide from ATP synthase CF1 b -subunit (FVQAGSEVSALLGR, C63H104N18O20) show the
disappearance of the 13C-labeled peptide over time. This peptide was doubly charged with a monoisotopic m/z of 717.391. In addition to a shift
in the fractional isotopic abundance newly synthesized peptide (red) with time, the distribution abundance ratios of the newly synthesized
peptide (red) and old peptide populations (blue) increase with time.
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distributions by linear correlation of extracted isotopic
channels within known retention time windows.
Figure 3 shows the changes in isotopic distributions

for a peptide of Arabidopsis ATP synthase CF1 b-subu-
nit (FVQAGSEVSALLGR, C63H104N18O20) as they occur
in discreet time points after switching from growth
using 13C-labeled to unlabeled carbon dioxide. At time
0 only natural abundance (from the spike) and fully-
labeled peptide distributions were present in the spectra.
The [13C]-enrichment of the labeled peptide was esti-
mated to be 93atom%. Twenty-four hours after plants
were transferred to ambient air, an additional peptide
distribution appeared. For this peptide the new distribu-
tion was clearly visible above noise following 24 hours
of growth under unlabeled CO2. A pronounced shift in
the isotopic distribution of this newly synthesized pep-
tide toward natural abundance can also be observed
over time and can be described using the rate of change
in fractional isotopic abundance for this distribution.
Perhaps a more important measurement with respect to
protein turnover kinetics is the distribution abundance
ratio of old peptide (synthesized prior to label change)
to new peptide (synthesized after label change). This
value can be measured by taking the ratios of modeled
distributions for the old peptide (envelope on the right)
and the newly synthesized peptide (envelope on the left
next to the spiked natural abundance) and may be
expected to decrease following first order kinetics.
When isotopic peak intensities are modeled as mixed

b-binomial distributions, the observed spectra can be
fitted and parameterized by a maximum likelihood esti-
mate (MLE) into three isotopic distributions: natural
abundance, newly synthesized peptide and old peptide
distributions as highlighted by green, red and blue col-
ors, respectively, in the insets of each spectrum. The
mass shift of newly synthesized peptide distribution and
the relative abundance of newly synthesized peptide and
old peptide distributions can be derived from the fitted
distribution parameters at each time point. As expected,
we found that the distribution abundance ratio of newly
synthesized peptides decreased following first order
kinetics and could be fitted by non-linear regression to
calculate half-life. However, the kinetics of fractional
isotopic abundance of the newly synthesized peptide dis-
tribution seemed to be biphasic with a fast initial phase
followed by a slow phase. In theory, the fractional isoto-
pic abundance kinetics reflects a combination of amino
acid turnover, protein turnover as well as the recycling
of label compounds in the system. The half-life of
Arabidopsis ATP synthase CF1 b-subunit in Arabidopsis
leaves was calculated to be 57 hours using distribution
abundance ratio measurements from 5 peptides
(Additional file 3). The entire data analysis procedure
has been implemented in R code for high-throughput

calculations (further information available at website:
http://www.proteinturnover.umn.edu/).

Discussion
While most intact plants are limited in their capacity to
absorb and utilize chemically complex labeled nutrients,
they can be provided with chemically simple labeled
nutrients (nitrate, carbon dioxide, water, phosphate etc.)
to accomplish ubiquitous metabolic incorporation of
isotopically labeled elements during the growth process
[37]. While it is relatively easy to label many plants to
high enrichment of 15N by simply providing labeled
nitrogen nutrients in hydroponics media, [13C]-labeling
from 13CO2 is much more difficult because of the need
for atmospheric gas control. Other means of [13C]-label-
ing have been accomplished as described earlier and
from non-volatile carbon sources such as glucose, but
these methods result in rather extreme physiological
perturbations that may be confounding for many experi-
mental questions. In many cases, especially in protein
analysis, [15N]-labeling is ideal, but for the analysis of
metabolites, where nitrogen is not always present, or for
investigations where nitrogen inputs cannot be modified
as in nitrogen starvation, [13C]-labeling is required. For
those situations where 15N is not a useful label we have
developed a 13CO2 growth enclosure for propagation of
Arabidopsis with ubiquitous carbon labeling to a high
atom% enrichment of 13C.
Introduction of isotopic labels into biological systems

can accomplish three fundamentally different types of
experimental objectives: 1) Signal enhancement (e.g.
radiolabeling, [15N]- or [13C]-labeling for NMR);
2) Molecular flux measurement (by following changes in
isotope composition over time following changes in
labeling inputs); and 3) Mass resolvable internal control
(chemically identical but isotopically distinct samples are
combined prior to extraction and mass spectral analy-
sis). For signal enhancement, it is often not necessary or
desirable to have high atom% isotope enrichment as this
may result in undesirable excessive radiation or spin
coupling in NMR. In contrast, for flux analysis or for
relative quantification via mass spectrometry it is usually
highly advantageous to be able to label molecules to
near 100% atom substitution. To ensure a significantly
high [13C]-enrichment of the plant material, the enclo-
sure was designed to allow for the complete purging
with CO2 free air. We found that the circulation of
13CO2 (300 ppm) during the purging cycle, before the
start of the labeling experiments, helped increase the
[13C]-enrichment of plants grown in the enclosure due
possibly to the exchange of surface-bound and residual
free 12CO2 in the system with 13CO2. This purging step
was typically performed before seed germination, but
could be used at any additional steps in the growth
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process as well. Especially for seeds with large nutrient
stores, the enclosure could be purged at various times
after germination to remove 12CO2 contamination pro-
duced during respirative consumption of seed carbon
stores during the earliest stages of plant growth. Such a
purge of a growing system would be expected to be best
conducted just prior to the transition from dark to light
in the photoperiod cycle so that the products of respira-
tion are cleared prior to initiation of new photosynthetic
carbon assimilation [19]. With our current design we
noted when using the CO2-free air inlet, that the relative
humidity could drop to as low as 40% with the intro-
duction of the dry gas into the enclosure during purging
steps. This drop may be avoided either by simply pre-
humidification of the air, as with a gas sparger or alter-
natively, as we have found effective, by using only short
purges (30 min) with dry air thus avoiding drought
stress at the sensitive seedling stages of growth.
In plants, 13CO2, unlike [13C]glucose [21], should

rapidly label cellular carbon with little discrimination at
high enrichments [18,19,25] because CO2 enters the
plant metabolic systems via photosynthesis where car-
bon backbones of all organic compounds are synthe-
sized. Transfer from labeled to unlabeled environments
should rapidly change the form of fixed carbon entering
into the plant’s metabolic system [19]. In addition, con-
sistent with previous studies [18,25], the high percentage
labeling with 13CO2 procedures yielded very clean mass
spectral data making analysis of amino acid and protein
turnover more efficient and accurate.
There are two important potential concerns regarding

the use of 13CO2 for labeling that must be considered.
First, since the plants will be completely labeled with
13C, the extent of carbon recycling will be an issue,
especially under conditions where a dark period is
required in the experimental protocol or where very
young seedlings are used. In a series of amino acid turn-
over experiments (data not shown) as well as protein
turnover experiments (Additional file 3), we observed
dilution plateaus at various levels for most of the amino
acids and peptides, suggestive of a significant level of
carbon recycling. A similar observation of a plateau for
various metabolites had been reported previously [19].
Second, both the cost and the limitations of the growth
environment are important concerns since these may
limit the application of the methods in specific cases.
While seedling data should be possible to obtain using
seeds produced on plants raised in the 13CO2 environ-
ment, changing the carbon isotopic composition during
seedling growth might be a challenge due to the exten-
sive use of stored reserves. Potentially either the seed-
lings could be grown on labeled sugars or the seedlings
could be shifted to continuous autotrophic conditions
to decrease the influence of stored seed reserves.

Previously, we showed both the utility and limitations of
using 2H2O for measurement of protein turnover in
young seedlings [38].
Early seedling growth heavily depends on stored nutri-

ents in seed endosperm including carbon resources.
This mostly 12C carbon source in endosperm is very
likely to cause reduction of final [13C] enrichment in
plants. We found that Arabidopsis in this study as well
as tomato plants (unpublished data) could be highly
[13C] enriched within a month of growth in the enclo-
sure regardless of the stored carbon resources in their
endosperms and without intensively purging the enclo-
sure after seed germinated. These results were likely due
largely to the dilution effect of the high ratios of final
fresh weight over seed weight in both plant species.
However, for plants with larger carbon capacity within
the seed, such as corn, rice and soybean, the residual
endosperm for monocots or the cotyledons on dicots
will likely need to be removed from the seeds prior to
planting or from young seedlings to maximize the
enrichment achieved. Such extra caution has been taken
previously in rice labeling with 13CO2 and has been
shown to increase [13C] enrichment [19].

Conclusion
We have designed, tested and described an open source
13C-labeling growth environment for Arabidopsis. Our
testing results demonstrate that this system provides an
excellent general labeling system for Arabidopsis and
allows minimal alteration of the plant due to the labeling
procedure per se. In addition to being used for turnover
or flux studies, the highly enriched protein and metabo-
lite fractions from plants grown under 13CO2 can be used
for quantitative studies of protein and metabolite levels
in plants. This system is highly adaptable and can be
readily modified for a variety of research procedures that
require an enclosed growth environment. The software
that controls the system is readily available and easily
modified with tools provided with the software package.

Materials and methods
Chemicals
Carbon dioxide (13CO2, isotopic purity 99atom% 13C,
<1.5atom% 18O) was purchased from Cambridge Iso-
topes (Andover, MA, USA) in a 10 L lecture bottle. CO2

free air (< 1 ppm CO2, 25% oxygen with a balance of
nitrogen) was purchased from Minneapolis Oxygen
Company (Minneapolis, MN, USA). The amino acid
standard mixture was purchased from Thermo Scienti-
fic-Pierce (Rockford, IL, USA) and the [13C]-labeled
algal amino acid mixture was purchased from Cam-
bridge Isotope Laboratories. All other chemicals were
obtained from Sigma-Aldrich (St Louis, MO, USA) at
the highest available purity.
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Plant Growth and Labeling Conditions
Arabidopsis thaliana Col-0 seeds were surfaced steri-
lized using 70% ethanol for 1 min followed by 10%
bleach containing 0.1% TritonX-100 for 20 min. After
being washed with de-ionized water three times, seeds
were sown on pre-rinsed rockwool plugs (3.75 cm ×
3,75 cm, Grodan, Milton, ON, Canada), and covered
with silicone rubber mats (4.7 cm × 4.7 cm, 8608K151,
Extreme-Temp Textured Silicone Foam Rubber, 3.175 mm
thick, ordered from McMaster-Carr, Robbinsville, NJ,
USA) to restrict algal growth. Half strength Gib hydropo-
nic medium [39] was used for growing the Arabidopsis in
the enclosure. To minimize dissolved 12CO2, the medium
was degassed using a helium spurge at 60°C for 30 min,
capped, and then cooled to room temperature before
being injected into the automated enclosure system. The
growth parameters for Arabidopsis were 16 h light/8 h
dark with 23°C during the day/18°C night air tempera-
ture, a constant 65% relative humidity, and a maximum
light intensity of 100 μmol m-2 s-1. The lighting was pro-
vided by a combination of fluorescence lamps (F96T12
CW VHO, Phillips, Andover, MA, USA) and incandes-
cence light bulbs (40 W frost, Phillips). The internal
atmospheric pressure was maintained at 2 kPa above
ambient. In order to remove ambient CO2 from the
enclosure after it was sealed, the enclosure was purged
with CO2 free air until CO2 levels went down to <5 ppm,
then 13CO2 was injected under software control into the
enclosure until the levels reached 400 ppm. Air was
allowed to circulate throughout the entire system, includ-
ing the attached tubing, for 1 h then the system was
purged again two additional times. After the system was
thoroughly purged, the 13CO2 level was kept at 600 ppm
for the duration of the experiment. Dilution with 12CO2

after 13CO2 labeling was achieved by exposure of three-
week-old labeled plants to the ambient atmosphere in the
same walk-in growth chamber that housed the 13C-enclo-
sure, with height adjustments to maintain the same light
intensity.

Enclosure Construction
Hardware Setup
This growth enclosure was built from Plexiglass® acrylic
sheets (1.27 cm thickness) and had a two-level design
(2 cube-shapedboxes total of 30.4 cm × 30.4 cm ×
30.4 cm, volume = ~54 L). This design permitted a sin-
gle enclosure to be used for routine work and the height
doubled for experiments where flowering and seed pro-
duction were to be studied. Viton® gaskets (2 mm
thick) were used as the sealing material between the two
enclosures and to seal the lid because of its excellent
chemical resistance and low gas permeability. A small
Plexiglass® acrylic enclosure with a thermoelectric cold

plate (CP-031, TE Technology, Traverse City, MI, USA)
installed on the back side of its walls was connected to
the main enclosure by one inlet acrylic tube (5.08 cm,
OD) and one outlet aluminum tube (5.08 cm, OD), as a
heat exchanger for the return air. The cold plate was
controlled by a temperature controller (TC-48-20, TE
Technology) and was maintained at 10°C. This cold box
is used to control the humidity of the main enclosure by
circulating air from the main enclosure using a software
controlled small fan (3.81 cm × 3.81 cm, 12 V) onto the
cold plate such that the excess moisture in the air con-
densed on the cold surface. The detailed design of this
dehumidifier can be found in the user’s manual (see
Additional file 4). Two software controlled solenoid gas
valves were installed on the lid of the enclosure for
inputs of CO2 gas and CO2-free air. One was a propor-
tional two-way solenoid (EV-P-10-0925, Clippard Mini-
matic, Cincinnati, OH, USA) for controlling CO2 gas via
a pulse-width modulator (Si5HyUdMC2-30 V-2 × 20A,
Signal Consulting, Edgewater, MD, USA). The other was
a three-way solenoid valve (EVO-3-24, Clippard Mini-
matic) that served as a switch between 13CO2 gas and
CO2 free air. When energized, it switches to the CO2

free-air port for enclosure purging or maintaining enclo-
sure pressure. In addition, a two-way solenoid valve that
functions as a pressure relief valve (MME-2PDS, Clip-
pard Minimatic), a pressure sensor (DPG1000DAR35K-
PAG-1N-I-CC, Cecomp Electronics, Libertyville, IL,
USA) and a humidity/temperature sensor (HX94ACW,
Omega Engineering, Stamford, CT, USA), were all
installed on the lid. For injection of growth medium and
withdrawing liquid from the growth tray, another needle
valve (B-4JN2, Nupro, Willoughby, OH, USA) was
installed on the lid. A standard luer-lock female fitting
(McMaster Carr) was soldered to one end of the valve
that faces outside the chamber to accept a 60 mL luer
lock syringe (BD, Franklin Lakes, NJ, USA). Also, a stan-
dard luer-lock male fitting (McMaster Carr) was sol-
dered to the other side of the valve to which a
hypodermal needle (gauge 10; McMaster Carr) with a
standard luer-lock female fitting was connected. The
needle was long enough to slightly touch the bottom of
the tray. Two small 12 V DC fans (5 cm × 5 cm) were
also installed on the inside of the lid to provide air cir-
culation within the enclosure. A CO2 analyzer (WMA-4,
PP Systems, Amesbury, MA, USA) was located outside
the enclosure and was connected via Bev-A-Line IV tub-
ing (0.64 cm OD/0.32 cm ID, US Plastic Corporation,
Lima, OH, USA). The CO2 analyzer housed a pneumatic
diaphragm pump to continuously circulate air at a flow
rate of 1 L/min from the growth enclosure through a
small air chamber inside the analyzer where the CO2

sensor was located. After measurement, the air passed
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through a custom ethylene scrubber column (14 cm ×
2.3 cm ID glass tube with Teflon compression fitting
caps) containing five sachets of potassium permanga-
nate-coated × pellets (2 × 9 g sachets, Ethylene Control)
before flowing back to the main enclosure. A manual
stack 4-way valve (224-X-PP-ALL-MS2, EVSCO, Liber-
tyville, IL, USA) was used to direct the air coming out
from the CO2 analyzer to either the ethylene scrubber
or a bypass route, which allowed easy replacement of
ethylene scrubber bags in the column while an experi-
ment was in progress. After replacement, the scrubber
column was purged with CO2 free air that was directed
by a manually operating 3-way valve (H6800 SSL1/
16PST, HAM-LET, Solon, OH, USA) located at the top
of the CO2 analyzer. CO2 free air containing less than 1
ppm CO2 was run through a soda lime based CO2

scrubber (PP Systems, Amesbury, MA, USA) before
being injected into the enclosure for purging purposes
and/or for maintaining the slightly positive pressure of
the enclosure. To prevent excessive CO2 gas addition
beyond desired concentrations, the flow rate of CO2 gas
was controlled by a needle valve (SS-SS2-VH, Swagelok,
Chaska, MN, USA) set at the lowest rate. The outlet
pressure of 13CO2 was controlled by the regulator (Y11-
L244ALB, Airgas, Savage, MN, USA) that was attached
directly to the lecture bottle. A pressure of ~10 psi was
found to be ideal for optimal control of the 13CO2 flow
rate. The CO2 free air flow rate during plant growth
was controlled only by the restriction of ~100 cm of the
attached 1.59 mm OD/0.51 mm ID stainless steel tubing
when outlet pressure of the gas regulator (Y12-244 D,
Airgas) was set at 100 psi. During the purging of the
enclosure, the pressure was increased to 120 psi.
Power supplied to the system
A 12 V DC power supply (Model 1316, Global Special-
ities, Wallingford, CT, USA) was used to operate the
thermoelectric cooler (cold plate), 3 small fans, and the
PWM controller for the proportional solenoid. A 24 V
DC power supply (Model 6216B, Agilent/HP) as used to
control all other solenoid valves, temperature/relative
humidity sensor and enclosure pressure sensor. The
power supplies, the laptop computer (Toshiba Satellite
M 115-S3094) that served as the controller, the data log-
ger, as well as the CO2 analyzer are all directly plugged
into a backup power system (Back-UPS RS 1500VA
LCD 120 V; APC, Kingston, RI, USA).
System Control Setup
The current signal values from all sensors are acquired
by a data acquisition device, NI Compact DAQ (cDAQ-
9172, National Instruments) using an analog current
input module (NI 9203, National Instruments) and com-
pared to set points by a virtual control program (see
Additional files 1 and 5) written in LabView (version 8.2

or above, National Instruments) on the notebook com-
puter/controller. Output signals were triggered by the
controller to turn on a relay module (NI 9481, National
Instruments) on the Compact DAQ for the control of
the CO2-free air solenoid, the fan in the dehumidifier,
and pressure relief solenoid, until the values reached
their set points. A proportional-integral-derivative (PID)
control loop was used to control the solenoid valve for
CO2 gas in a proportional manner. The voltage signal
generated by a voltage signal module (NI 9263, National
Instruments) on the Compact DAQ was transmitted to
a pulse-width modulator where the signal was translated
into power load to the solenoid valve. In addition, tun-
ing parameters were also programmed into the control
loop to deal with the delay in the report of CO2 levels
in the enclosure due to the distance between the injec-
tion site and the CO2 sensor. To allow correct data
acquisition and PID control using the Labview program
provided, both the Compact DAQ data logger driver (NI
DAQmx 8.2 or above, National Instruments) and the
PID control tool kit (National Instruments) were also
installed to the laptop computer/controller.
The enclosure pressure was maintained by a control

loop in the program that compared actual pressure with
the set minimum pressure and energized the air solenoid
via a relay switch to inject enough CO2-free air into the
system to maintain the set pressure. To return the enclo-
sure pressure from an overpressure value, the pressure
relief valve was energized by another relay switch. The
enclosure pressure was kept at 2 kPa to prevent ambient
CO2 from entering the enclosure. The control loop also
allowed for enclosure purging by continuously opening
the pressure relief valve until the purge was complete.
While purging, the enclosure pressure was set at 1 kPa so
that the pressure relief valve would remain continuously
open during the purging process.
The fan inside the dehumidifier was activated by a

corresponding relay on the Compact DAQ when the
enclosure humidity became higher than the set point.
The air in the main enclosure was drawn into the dehu-
midifier and excess moisture condensed on the surface
of the cold plate and was returned by gravity to the
hydroponics reservoir.
No lighting or temperature controls were integrated into

the system as it was designed to operate within a walk-in
growth chamber where lighting and temperature were
independently regulated. We found that the acrylic used
for the enclosure construction filtered out wavelengths
shorter than 389 nm but did not absorb visible light wave-
lengths necessary for plant growth (Additional file 6).
Total light intensity, however, was reduced approximately
16%. Thus, it is highly recommended that light intensity
be carefully measured prior to each experiment and
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balanced against controls growing outside the enclosure
by adjustments in the elevation of the control plants.

Amino Acid Purification and Derivatization
Amino acid analysis was carried out according to Chen
et al. [34]. Tissue samples of approximately 50 mg fresh
weight were excised from Arabidopsis seedlings, trans-
ferred to microcentrifuge tubes, weighed and frozen in
liquid nitrogen before storage at -80°C. Frozen tissues
were ground in 1 mL of 10 mM HCl with 10 μL of
methionine sulfone or stable isotope labeled amino acids
(20-100 μg/mL) as internal standard using a bead grind-
ing mill (5 min at frequency 25 s-1, MixerMill, Qiagen/
Retsch Model MM330, Valencia, CA, USA). Samples
were then centrifuged at 14,000 × g for 5 min. SCX SPE
columns (100 mg resin, Grace, Deerfield, IL) were first
wetted with 2 mL of distilled water three times using a
vacuum manifold. The supernatants of the samples were
transferred to the column and slowly drawn through.
After sample loading, the columns were washed two
times with 2 mL of a methanol/water mixture (8:1) and
then the amino acids were eluted with 0.25 mL of 1:1
(v/v) 8 M NH4OH:methanol. A 50 μL aliquot of the ana-
lyte was transferred to a GC-MS vial insert and deriva-
tized directly by mixing with 5 μL of pyridine and 5 μL of
methyl chloroformate (MCF). To separate the MCF deri-
vatives from the reactive mixture, 90 μL of chloroform
and 90 μL of sodium bicarbonate solution (50 mM) were
added and vortexed well. The bottom (chloroform) layer
was transferred to a new GC insert containing few crys-
tals of anhydrous sodium sulfate to dry the samples
before they were used for GC-MS analysis.

GC-MS Analysis of Amino Acids
All GC-MS analyses were performed using a Hewlett-
Packard 5890 (GC)/5970 (MS) (Agilent) using electron
impact (EI) ionization at 70 eV. The GC was equipped
with a fused silica capillary column (HP-5MS, 30 m ×
25 mm ID, 0.25 μm film thickness; Agilent J&W Scien-
tific, Folsom, CA, USA). A 2 μL sample was injected in
the splitless mode. The oven temperature was initially
held at 70 °C for 3 min. Thereafter the temperature
was increased using a gradient of 25°C/min until 280°C,
followed by a temperature hold for 5 min. Helium was
used as carrier gas and delivered at a constant flow
rate at 1 mL/min during the run. The injector tem-
perature was set at 240°C and the interface tempera-
ture was at 280°C. The mass spectra of the MCF
derivatized amino acids and internal standards were
obtained in either the full-scan or, alternatively SIM
acquisition mode using a series of predetermined
masses that changed based on the known elution time
of specific sets of amino acids [34].

Protein Extraction, Isolation and Trypsin Digestion
13C-labeled Arabidopsis leaves were harvested 0, 24, 48
and 96 h after the growth chamber was opened to ambi-
ent air. Plant material was ground in liquid N2 with a
mortar and pestle and then total proteins were extracted
and washed twice with ice-cold methanol containing a
protease inhibitor cocktail (Roche, Indianapolis, IN,
USA), then twice with ice-cold acetone. The protein pel-
lets after centrifugation at 14,000 × g for 10 min were
air-dried and resuspended in TE buffer containing 1%
SDS. The protein concentration was estimated by the
Bradford method [40] using a commercial kit from Bio-
Rad (Hercules, CA, USA). Labeled protein samples were
spiked with a known amount of the unlabeled protein
(at 4: 1 ratio labeled to unlabeled) and separated by
SDS-PAGE. Protein bands around 52 kDa corresponding
to the molecular weight of the Rubisco large subunit,
were excised manually after visualizing with colloidal
Coomassie G-250 stain [41]. Excised bands were
subjected to trypsin enzymatic digestion [42] on a
ProPrep™ System (Genomic Solutions, Ann Arbor,
MI, USA). Briefly, protein bands were subjected to two
series of dehydration and hydration steps by the addi-
tion, incubation and removal of acetonitrile followed by
the addition, incubation and removal of 25 mM
NH4HCO3. Gel plugs were then reduced with 10 mM
DTT/25 mM NH4HCO3 at 56°C for 30 minutes. The
DTT solution was aspirated and a 55 mM iodaceta-
mide/25 mM NH4HCO3 solution was added and the
sample incubated for 30 minutes at room temperature.
The iodacetamide solution was aspirated, followed by
two series of dehydration and hydration steps as above.
Protein bands were then subjected to tryptic digestion
using 12 ng/μL trypsin (Sigma-Aldrich) in 25 mM
NH4HCO3, 5 mM CaCl2 at 37°C for 10 h. The reaction
was stopped with the addition of formic acid to a final
concentration of 0.1% (v/v). Sample digests were manu-
ally aspirated and dispensed into 1.5 mL tubes with sub-
sequent extraction by addition, incubation and removal
to the respective tubes of 70% acetonitrile, 0.1% formic
acid. All digested extracts were evaporated in vacuo
(SC210A SpeedVac® Plus, ThermoSavant, Asheville, NC
USA), resuspended in LC-MS/MS loading buffer (98%
H2O, 2% acetonitrile and 0.1% formic acid), and run on
a QSTAR Pulsar i quadrupole-TOF MS system (Applied
Biosystems, Foster City, CA, USA).

LC-MS-MS analysis
Trypsin-digested peptides were separated and analyzed
by a LC-MS/MS method described by Griffin et al. [43].
The LC system (LC Packings/Dionex, Sunnyvale, CA,
USA) was interfaced with the QSTAR instrument
(Applied Biosystems), which was equipped with a
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Protana (Odense, Denmark) nanoelectrospray source.
Peptides (0.5 μg) were eluted with a linear gradient from
0-35% B (0.1% formic acid in a solution of 95:5 acetoni-
trile:water) over 45 min, followed by 35-80% B over
2 min, and held isocratic at 80% B for 10 min. Solvent
A was 0.1% formic acid in 95:5 acetonitrile:water. Pro-
duct ion spectra were collected in an information-
dependent acquisition (IDA) mode, using continuous
cycles of one full scan TOF MS from 400-1200 m/z
(1 s) plus four product ion scans from 50-2000 m/z (2 s
each). Precursor m/z values were selected starting with
the most intense ion, using a selected quadrupole reso-
lution of 3 Da. The rolling collision energy feature was
used, which determines collision energy based on pre-
cursor m/z and charge state. Dynamic exclusion time
for precursor ion m/z values was 60 s. MS/MS data
were assigned using ProteinPilot (Applied Biosystems)
and using the TAIR9 non-redundant Arabidopsis thali-
ana protein sequence database from TAIR. The list of
identified peptides from confidently identified proteins
was then saved in text format. Next, the original MS
data in WIFF format was converted to mzXML format
using the converter, mzWiff, from The Trans-Proteomic
Pipeline developed at the Institute for Systems Biology.
After the list of identified peptides and mzXML files
were compileded they were then input into a program
for the modeling algorithm written in R (described
below) for the protein turnover calculation.

Determination of 13C Enrichment
We adopted the method described by MacCoss et al.
[44] for the estimation of 13C enrichment of compounds
extracted from the 13CO2 labeled plants. The predicted
isotope distribution was based on all natural isotope
abundances with the exception of selected elements
defined by the user as “enriched”. For the enriched ele-
ment(s) the isotope enrichment is varied from 0 to
100%. Each predicted isotope distribution was then cor-
related against the measured isotope distribution to find
a best-predicted isotope distribution that is most repre-
sentative of the experimentally measured isotope distri-
bution using the Pearson correlation coefficient (r). The
relative intensity for each peak in the predicted isotope
distribution was calculated as described by Kubinyi [45].
A program implemented in R to accomplish these cal-

culations is available from the authors upon request
(further information is available at website: http://www.
proteinturnover.umn.edu/).

Determination of Amino Acid Turnover
The theoretical mass isotopomer distributions of 100%
[13C]-labeled amino acid fragment ions were calculated
according to the binomial distribution model as
described previously [38,46,47]. The experimental mass

isotopomer distributions of the 13C-labeled and unla-
beled amino acid fragment ions were obtained by
GC-MS and were used to calculate the relative isotope
abundance (Rt) at each time, t, as a ratio of total net
experimental fractional abundance of the mass isotopo-
mers of the labeled ions and total net theoretical
fractional abundance of mass isotopomers of 100%
[13C]- labeled ions as shown in equation (1).
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1

1
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In equation (1), i is the number of carbon atoms in any
amino acid derived ion used for turnover calculation.
In the mass spectrum, i provides the number of possible
isotopic peaks appearing in roughly integer increments
above the monoisotopic peak. This value was used as a
normalizing parameter as its magnitude reflects the frac-
tional contribution of 13C to 12C in each isotopic peak. To
calculate Rt, we first calculated the total net isotopic abun-
dance of observed labeled amino acids by summing the
normalized differences in fractional abundance for each
peak of the distribution between the experimental samples
(EMi) and the unlabeled (natural abundance) standards
(SMi). Similarly, the total net isotopic abundance of 100%
[13C]-labeled amino acids can be calculated by summing
the normalized differences in fractional abundance for
each peak of the distribution between the 100% [13C]-
labeled amino acid (TMi) and the unlabeled standards
(SMi). The isotopic peak distribution for unlabeled stan-
dards can be obtained from the experimental data or it
can be generated from the combination of theoretical
binomial distributions of each naturally occurring stable
isotope in any given elemental composition; TMi is the
theoretical fractional abundance of isotopic peaks occur-
ring in the 100% labeled amino acid ions.
The value of Rt changes over time as the amino acids

are first prelabeled with 13C and are then repopulated
by 12C. This shift in distribution occurs through normal
intracellular amino acid metabolism following transfer
from 13CO2 to 12CO2. Turnover rates can be estimated
by nonlinear curve fitting of the plot of Rt measured
over multiple time points and fitted to an equation for
exponential decay either without (Eq. 2) or with a pla-
teau (Eq. 3) parameter.

R R e kt
t  0

– (2)

R R e kt
t plateau plateau   0 – – (3)
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R0 is relative isotopic abundance from Eq. 1 when t
(time) is zero, meaning at the onset of dilution experi-
ment. Plateau is relative isotopic abundance R at infi-
nite times, k is the rate constant. Once k is computed,
then the half-life of an amino acid can be computed as
Eq. 4.

t k½ /  ln 2 (4)

The half-lives of amino acids shown in Figure 2 were
calculated using Eq. 2 assuming no plateau. The algo-
rithm has been implemented in a Windows Excel 2003
format for ease of use of this MIDA calculation.

Determination of Protein Turnover
An algorithm implemented in R was developed by us to
extract isotopic distribution information from raw MS
data for multiple peptides identified by tandem MS.
Then, the isotopic distributions were modeled by maxi-
mum likelyhood estimation using b-binomial distribu-
tions for: 1) spiked natural abundance, 2) newly
synthesized peptide and 3) old peptide distributions. The
workflow of the algorithm is described briefly as below.
First, the algorythm was provided with a list of identified
peptides (peptide amino acid sequence, and detected m/z
and retention information) and the raw MS data in
mzXML format. Then the number of carbon atoms were
calculated for each peptide using the amino acid compo-
sition. Each carbon isotopic channel was assigned an m/z
value calculated from the observed monoisotopic m/z
value plus the 13C mass defect. Six additional channels
were included to take account of the natural abundance
of other isotopes (15N, 2H, 18O etc.). Extracted ion chro-
matograms were generated for each peptide at each iso-
tope channel within a 5 min window centered on the
retention time when the identifying MS/MS spectrum
was triggered. This set of isotope abundances in each
retention window for each peptide served as the data set
for all analyses. Next, a linear regression analysis was per-
formed for each isotope channel against the monoisotope
channel for each peptide to reduce chemical noise and
overlapping uncorelated peptide signals in the extracted
spectra. Maximum likelihood estimation was performed
to calculate the fractional isotopic abundance of the
newly synthesied peptide distribution and the distribu-
tion abundance ratio of old to newly synthesized peptide
distributions. Finally, half-life of each peptide and protein
was calculated from changes in the distribution abun-
dance ratios using non-linear-regression. Development
and evaluation of algorithm is ongoing and a b-version of
the web-based calculator and standalone software in R is
available (further information at website: http://www.
proteinturnover.umn.edu/).

Additional material

Additional file 1: Customized software written in LabView. The
control code is shown in a graphical block diagram on which different
function-nodes are connected graphically. The code is supplied as a png
image, so that it can be pasted into an empty block in Labview 2009 (or
any subsequent versions) to create a working block diagram.

Additional file 2: Amino acid analysis fragment ions. Table of mass
fragment ions of N-methoxycarbonyl amino acid methyl esters generated
by 70 eV electron impact GC-MS analysis.

Additional file 3: Protein turnover first order decay curves. The first
order decay curves are shown for five independently derived tryptic
peptides from ATP synthase CF1 b-subunit. The distribution abundance
ratios of old peptide to newly synthesized peptide decreased over time
and were fitted to a first order decay equation using non-linear
regression.

Additional file 4: User’s manual for the enclosure system. Detailed
user’s manual describes set-up and operation of the enclosure. Several
photographs are included at the end of the manual for reference.

Additional file 5: Screen shot of the control panel showing the
user-friendly software control panel. The desired enclosure humidity,
pressure and CO2 level can be set easily on the panel. Users can also
monitor enclosure humidity, temperature, pressure and CO2 level
simultaneously. A software ‘button’ is included on the control panel for
controlling the purging of the enclosure.

Additional file 6: Light spectrum in the enclosure with and without
the acrylic lid. The spectral photon distribution was measured with an
Apogee Model SPEC-UV/PAR spectroradiometer. Inset shows complete
spectral photon distribution from 200-800 nm. The lighting system in the
walk-in growth chamber where the enclosure was placed consisted of both
fluorescent and incandescent lights. Peaks observed in the photon
distribution are typical mercury lines emitted from fluorescent light tubes.
When the enclosure was covered with the Plexiglass®s acrylic lid,
wavelengths shorter than 389 nm were filtered out but the enclosure lid
would not absorb visible light wavelengths necessary for plant growth. The
light intensities with and without the enclosure lid were measured at 158
and 188, respectively. Thus, the light intensity was ~16% reduced by the lid.

List of abbreviations
DAQ: data acquisition; DTT: dithiothreitol; GC: gas chromatography; ID: inner
diameter; IDA: information: dependent acquisition; LC: liquid
chromatography; MCF: methyl chloroformate; MIDA: mass isotopomer
distribution analysis; MLE: maximum likelihood estimate; MS: mass
spectrometry; MS/MS: tandem mass spectrometry; NMR: nuclear magnetic
resonance; OD: outer diameter; PID: proportional integral derivative; PWM:
pulse: width modulation; Rubisco: ribulose: 1,5: bisphosphate carboxylase
oxygenase; SCX: strong cation exchange; SDS: sodium dodecyl sulfate
(detergent); SDS: PAGE: sodium dodecyl sulfate polyacrylamide gel
electrophoresis; SIM: selected ion monitoring; SPE: solid phase extraction;
TAIR: The Arabidopsis Information Resource; TE: buffer containing 10 mM tris
(hydroxymethyl)aminomethane and 1 mM ethylenediaminetetraacetate with
pH adjusted to pH 8.0 by addition of HCl; TOF MS: time: of-flight mass
spectrometry.
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