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To better understand light regulation of C4 plant maize
development, we investigated dynamic proteomic differ-
ences between green seedlings (control), etiolated seed-
lings, and etiolated seedlings illuminated for 6 or 12 h
using a label-free quantitative proteomics approach
based on nanoscale ultraperformance liquid chromatog-
raphy-ESI-MSE. Among more than 400 proteins identified,
73 were significantly altered during etiolated maize seed-
ling greening. Of these 73 proteins, 25 were identified as
membrane proteins that seldom had been identified with
two-dimensional electrophoresis methods, indicating the
power of our label-free method for membrane protein
identification; 31 were related to light reactions of chloro-
phyll biosynthesis, photosynthesis, and photosynthetic
carbon assimilation. The expression of photosystem II
subunits was highly sensitive to light; most of them were
not identified in etiolated maize seedlings but drastically
increased upon light exposure, indicating that the com-
plex process of biogenesis of the photosynthetic appara-
tus correlates with the transition from a dark-grown to a
light-grown morphology. However, transcriptional analy-
sis indicated that most transcripts encoding these pro-
teins were not regulated by light. In contrast, the levels of
mRNAs and proteins for enzymes involved in carbon as-
similation were tightly regulated by light. Additionally
phosphoenolpyruvate carboxykinase, the key enzyme of
the phosphoenolpyruvate carboxykinase C4 pathway, was
more tightly regulated by light than the key enzymes of the
NADP-malic enzyme C4 pathway. Furthermore phos-
phoenolpyruvate carboxylase 1C, which was originally re-
ported to be specifically expressed in roots, was also
identified in this study; expression of this enzyme was
more sensitive to light than its isoforms. Taken together,
these results represent a comprehensive dynamic protein

profile and light-regulated network of C4 plants for etio-
lated seedling greening and provide a basis for further
study of the mechanism of gene function and regulation in
light-induced development of C4 plants. Molecular &
Cellular Proteomics 8:2443–2460, 2009.

Light is not only the energy resource for all green plants but
also an essential environmental regulatory signal that influ-
ences diverse aspects of plant growth and development, such
as seed germination, gravitropism, phototropism, chloroplast
development, shade avoidance, circadian rhythms, and flow-
ering time (1, 2). Light-induced greening of angiosperms often
has been used as the model to study mechanisms of light
regulation (3, 4). Both dicotyledonous and monocotyledonous
dark-grown seedlings present typical etiolated characters of
elongated hypocotyls and stems as well as undifferentiated
chloroplast precursors (3–5). Upon exposure to light, seed-
lings undergo a number of dramatic changes, including a
substantial reduction in the rate of elongation, opening of the
apical hook, expansion of true leaves, and development of
mature chloroplasts (5, 6). The transition from etiolated to
de-etiolated seedlings is a very complicated process that
includes chloroplast development, pigment synthesis, and
assembly of the photosystems in thylakoids, all of which are
accomplished by and depend on the differential expression of a
large number of genes (4). Phytochromes play an important role
in regulating de-etiolation (7–9), and certain photosynthesis-
related genes also can be regulated by light; for example, the
genes encoding chlorophyll a/b-binding light-harvesting pro-
teins are down-regulated by excess light exposure (10), and the
gene encoding Rieske FeS protein (10) and genes GAPA and
GAPB, which encode different subunits of chloroplast glyceral-
dehyde-3-phosphate dehydrogenase (11) in Arabidopsis, are
up-regulated by light. It has been estimated that the expression
of at least 1000 plant genes is controlled by light (12–14).
However, sometimes these transcriptional changes do not di-
rectly reflect changes in the levels of the encoded proteins.
Therefore, an investigation is necessary, and thus this important
aspect must be investigated via systemic proteomics.

In the past decade, proteome analysis has been most com-
monly accomplished by the combination of two-dimensional
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electrophoresis (2-DE)1 and MS. This method has identified
25 light-induced proteins in Arabidopsis (3) and 52 in rice (4)
during the de-etiolating process. Further differential accumu-
lation of Lhcb proteins in thylakoid membranes of maize
plants grown under contrasting light and temperature condi-
tions was also analyzed (15). However, 2-DE suffers from
certain drawbacks that primarily arise from ambiguity in the
identification of multiple proteins present in a single spot,
identification of proteins at both extremes of the pI range,
small proteins, natural variants and fragments resulting from
in-gel degradation, and variation in extraction efficiency (16).
As a complementary alternative, LC-MS-based relative quan-
tification methods have emerged to identify and quantify pep-
tides and proteins in mixtures of varying complexity. In the
majority of these techniques, stable isotopes are introduced
into the sample; such methods include ICAT (17), isobaric
tags for relative and absolute quantification (iTRAQ) (18), in
vivo stable isotope labeling by amino acids in cell culture
(SILAC) (19), and 18O labeling (20, 21). Although these ap-
proaches potentially provide the greatest accuracy, isotopic
labeling has disadvantages such as relative high cost, proce-
dural complexity, and the potential danger for artifacts. As
such, these techniques have not been used extensively in
plant proteomics studies.

Recently label-free LC-MS quantification methods have
been described to determine relative abundance of proteins in
different samples (22–28). As with isotopic labeling, these
methods are based on the measurement and comparison of
the MS signal intensities of peptide precursor ions. This
method has been problematic for quantitative proteomics
analysis because of the low reproducibility of nano-LC runs
and the requirement for MS to MS/MS switching to obtain
sequence information, resulting in low quality chromatograms
(29). The development of ultraperformance LC (UPLC) (30,
31), however, has greatly increased the reproducibility. The
level of reproducibility in nano-UPLC allows quantitative as-
sessment of changes between samples with high precision
but without the need for stable isotope-based techniques in
particular when combined with low/high collision energy MS
(MSE) analysis (16, 23, 32, 33). MSE-based data acquisition
permits one to collect sufficient data points in low collision
mode to quantify peak ion intensities and, at the same time,
obtain fragmentation data in high collision mode for protein

identification. The development of MSE has allowed the col-
lection of 5–10 times more precursor ions and fragmentation
data as compared with data-dependent acquisition modes
(33). As such, the newly developed label-free method has
sufficient sensitivity and reproducibility to meet the require-
ments of stability of intensity, mass measurement, and reten-
tion time for label-free quantitative LC-MS measurements.
Moreover label-free LC-MS methods allow the estimation of
absolute protein concentrations that can be used for stoichi-
ometry studies (23, 32).

The present study describes a method based on nano-
UPLC coupled with MSE-based label-free quantitative shot-
gun proteomics to qualitatively and quantitatively assess the
transition from dark to light of maize seedlings. Although
many proteomics investigations have been done on light-
regulated proteins in C3 plants during seedling de-etiolation,
particularly in rice and Arabidopsis (3, 4), few such studies
have been done in C4 plants. Maize, which is quite distinct
from Arabidopsis and rice, is a prototypical C4 plant that
exhibits classical Kranz leaf anatomy during development (34,
35). In Kranz anatomy, each vein is surrounded by a ring of
bundle sheath cells followed by one or more concentric
rings of mesophyll cells. Each cell type accumulates a dis-
tinct set of C4 photosynthetic enzymes (36, 37). Both gel-
based and non-gel-based techniques have shown that pro-
teins differentially accumulate in chloroplasts in bundle
sheath cells and mesophyll cells, resulting in a model for C4

photosynthesis (38, 39). Undoubtedly these investigations
will become a cornerstone for further work on C4 photosyn-
thesis and differentiation. Based on these reports, we per-
formed a comparative proteomics study on maize seedlings
during the transition from dark to light using a label-free
method. The proteomic changes illustrated in this study
exactly reflect the dynamic changes in the protein expres-
sion pattern associated with de-etiolation of maize seed-
lings. Transcriptional patterns of genes encoding proteins
whose levels changed drastically during maize seedling
de-etiolation were also analyzed by quantitative real time
RT-PCR (QRT-PCR). The correlation between mRNA abun-
dance and protein accumulation revealed different light-
regulating mechanisms for these proteins.

EXPERIMENTAL PROCEDURES

Plant Material and Treatment—Seeds of Zea mays L. ecotype B73
were used in this study. After imbibition for 24 h, the maize seeds
were divided into two groups and cultured under different illumination
conditions at 28 °C for 1 week. One group was grown with a normal
light regime (12-h light/12-h darkness) as control seedlings, and an-
other was grown in darkness as experimental seedlings. The 7-day-
old etiolated seedlings (termed “0 h”) were exposed to white light (100
mmol of photons/m2 s) and illuminated for 6 h (termed “6 h”) or 12 h
(termed “12 h”). The 7-day-old green seedlings were harvested after
12 h of continuous illumination (termed “control”).

Chlorophyll Extraction and Calculation—Fresh leaf slices (0.2 g)
were immersed in 15 ml of 95% ethanol, which was generally suffi-
cient to completely extract chlorophyll for 12 h at room temperature in

1 The abbreviations used are: 2-DE, two-dimensional electrophore-
sis; AMRT, accurate mass and retention time; ME, malic enzyme;
MSE, low/high collision energy MS; nano-UPLC, nanoscale ultraper-
formance LC; PEPC, phosphoenolpyruvate carboxylase; PEPCK,
phosphoenolpyruvate carboxykinase; PLGS, ProteinLynx Global-
Server; POR, NADPH-protochlorophyllide oxidoreductase; PS,
photosystem; QRT-PCR, quantitative real time RT-PCR; Rubisco,
ribulose-1,5-bisphosphate carboxylase/oxygenase; UPLC, ultraper-
formance LC; NCBI, National Center for Biotechnology Information;
LHCP, light-harvesting complex protein; LHC, light-harvesting com-
plex; BEH, ethylene bridged hybrid.
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complete darkness (light-impermeable box). Debris in the extract
were separated by filtration through filter paper, and the debris were
rinsed with 95% ethanol several times to completely extract residual
chlorophyll. The clear filtrate was transferred to a brown volumetric
flask, and the final volume was brought to 25 ml with 95% ethanol.
After thorough mixing, 2 ml of filtrate of each sample was taken, and
the absorbance was measured at 665 and 649 nm using a spectro-
photometer. Total chlorophyll content (chlorophyll a and chlorophyll
b) was calculated using the following equations: Chlorophyll a �
13.95A665 � 6.88A649; Chlorophyll b � 24.96A649 � 7.32A665. Chlo-
rophyll content in each sample was determined based on three ab-
sorbance measurements.

Protein Extraction—Leaves harvested after being illuminated for
various periods were ground in liquid nitrogen. The powder was
precipitated in a 10% (w/v) TCA, acetone solution containing 0.07%
(v/v) �-mercaptoethanol at �20 °C for 2 h. After centrifugation at
40,000 � g for 1 h, the supernatant was discarded, and the pellet was
rinsed with �20 °C acetone containing 0.07% (v/v) �-mercaptoetha-
nol. The final pellet was vacuum-dried and solubilized in 3 ml of 7 M

(w/v) urea containing 2 M (w/v) thiourea, 40 mM DTT, 1% (v/v) protease
inhibitor mixture (Sigma), 0.2 mM Na2VO3, and 1 mM NaF on ice for
about 1 h. Insoluble material was removed by centrifugation at
100,000 � g for 1 h. The protein concentration was determined using
the 2-D Quant kit (GE Healthcare) with BSA as a standard. Samples
were frozen in liquid nitrogen and stored at �80 °C for further
experiments.

Protein Digestion—Protein digestion was performed as described
previously (40). After adjusting the pH to 8.5 with 1 M ammonium
bicarbonate, total protein extracted from each sample was chemically
reduced for 45 min at 55 °C by adding DTT to 10 mM and carboxy-
amidomethylated in 55 mM iodoacetamide for 30 min at room tem-
perature in the dark. Then CaCl2 was added to 20 mM, endoprotease
Lys-C (Roche Applied Science) was added to a final substrate/en-
zyme ratio of 100:1 (w/w), and the reaction was incubated at 37 °C for
12 h. The Lys-C digest was diluted to 1 M urea with 100 mM ammo-
nium bicarbonate, and modified trypsin (Roche Applied Science) was
added to a final substrate/enzyme ratio of 50:1 (w/w). The trypsin
digest was incubated at 37 °C for 12 h. After digestion, the peptide
mixture was acidified by 10 �l of formic acid for further MS analysis.
Samples not immediately analyzed were stored at �80 °C.

Analysis by Nano-UPLC-MSE Tandem MS—Nanoscale LC separa-
tion of peptides digested by Lys-C and trypsin was performed with a
nanoACQUITY system (Waters) equipped with a Symmetry C18 5-�m,
180-�m � 20-mm precolumn and a ethylene bridged hybrid (BEH)
C18 1.7-�m, 75-�m � 250-mm, analytical reversed-phase column
(Waters). The samples were initially transferred with an aqueous 0.1%
formic acid solution to the precolumn at a flow rate of 7 �l/min for 3
min. Mobile phase A was water with 0.1% formic acid, and mobile
phase B was 0.1% formic acid in acetonitrile. The peptides were
separated with a linear gradient of 3–40% mobile phase B over 90
min at 200 nl/min followed by 10 min at 90% mobile phase B. The
column was re-equilibrated at initial conditions for 20 min. The col-
umn temperature was maintained at 35 °C. The lock mass was de-
livered from the auxiliary pump of the nanoACQUITY pump with a
constant flow rate of 300 nl/min at a concentration of 100 fmol/�l
[Glu1]fibrinopeptide B. All samples were analyzed in triplicate.

Analysis of tryptic peptides was performed using a SYNAPT high
definition mass spectrometer (Waters). For all measurements, the
mass spectrometer was operated in the v-mode with a typical resolv-
ing power of at least 10,000 full-width half-maximum. The TOF ana-
lyzer of the mass spectrometer was calibrated with the MS/MS frag-
ment ions of [Glu1]fibrinopeptide B from m/z 50 to 1600. The
reference sprayer was sampled with a frequency of 30 s. Accurate
mass LC-MS data were collected in high definition MSE mode (low

collision energy, 4 eV; high collision energy, ramping from 15 to 45 eV;
switching every 1.0 s; interscan time, 0.02 s) (24, 33). The mass range
was from m/z 300 to 1990. To confirm optimal column loading, all
proteins present were quantified by comparison with 100 fmol of
rabbit glycogen phosphorylase trypsin digest spiked into the sample
using the Hi3 quantification method (22).

Data Processing and Protein Identification—Continuum LC-MS
data were processed and searched using ProteinLynx GlobalServer
version 2.3 (PLGS 2.3) (Waters). Raw data sets were processed
including ion detection, deisotoping, deconvolution, and peak lists
generated based on the assignment of precursor ions and fragments
based on similar retention times. The principles of the applied data
clustering and normalization have been explained previously in great
detail (22, 24). Components are typically clustered together with a
�10-ppm mass precision and a �0.25-min time tolerance. Alignment
of elevated energy ions with low energy precursor peptide ions was
conducted with an approximate precision of �0.05 min.

A downloaded NCBI maize database (released in July 2008; 11,653
sequences; 3,295,141 residues) was used to search each triplicate
run with the following parameters: peptide tolerance and fragment
tolerance, automatic (usually 10 ppm for peptide tolerance and 20
ppm for fragment tolerance); trypsin missed cleavages, 1; fixed mod-
ification, carbamidomethylation of cysteine; variable modifications,
N-terminal acetylation, deamidation of asparagine and glutamine, and
oxidation of methionine. The database search algorithm was de-
scribed in detail in a newly published study (41). Rabbit glycogen
phosphorylase was appended to the database as an internal stand-
ard. The protein identifications were based on the detection of at least
three fragment ions per peptide with more then two peptides identi-
fied per protein. A maximum false positive rate of 4% was allowed.

Quantitative Analysis—The analysis of quantitative changes in pro-
tein abundance, which is based on measuring peptide ion peak
intensities observed in low collision energy mode in a triplicate set,
was carried out using Waters ExpressionE, which is part of PLGS 2.3.
For protein quantification, data sets were normalized using the PLGS
“autonormalization” function. In this type of normalization routine the
data are normalized to the intensity of the many qualitatively matched
proteins (or peptides) whose abundances do not change between
conditions as established by statistical analysis. Included limits were
all protein hits that were identified with a confidence of �95%.
Identical peptides from each triplicate set per sample were clustered
based on mass precision (typically �5 ppm) and a retention time
tolerance of �0.25 min using clustering software included in PLGS
2.3. Only those proteins identified in at least two of three injections
and having -fold changes �1.3 were regarded as having undergone a
significant change. All proteins whose abundances were significantly
different between samples were manually assessed by checking the
matched peptide and replication level across samples.

Western Blot Analysis—Protein samples were prepared as de-
scribed above and subjected to Western blot analysis. The samples
(50 �g) were separated by SDS-PAGE (12.5% gel) at 100 V for 2 h.
Gels were then equilibrated for 20 min in transfer buffer (25 mM Tris,
pH 7.4, 192 mM glycine, and 20% methanol) and then transferred to
a PVDF membrane (GE Healthcare; the membrane was presoaked for
10 s in methanol and then equilibrated for 20 min in transfer buffer) at
200 mA for 2 h. Each PVDF membrane was blocked overnight with
0.5% BSA in TBS-T (20 mM Tris, 500 mM NaCl, and 0.05% (v/v) Tween
20), washed three times for 15 min each with TBS-T, and then
incubated with a specific primary antibody (anti-Lhcb1 (LHCP) or
anti-Lhcb6 (CP29); Agrisera, Vännäs, Sweden) in TBS-T with gentle
shaking at room temperature for 1 h. Each membrane was washed
three times for 15 min each with TBS-T and then incubated with the
secondary antibody (horseradish peroxidase-labeled goat anti-rabbit
IgG) in TBS-T with gentle shaking at room temperature for 1 h. Each
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membrane was rinsed three times for 20 min each with TBS-T and
developed with the SuperEnhanced chemiluminescence detection kit
(Applygen Technologies Inc., Beijing, China), and immunoreactive
bands were visualized after exposure of the membranes to FUJIFILM
medical x-ray film.

Quantitative Real Time RT-PCR—Maize seedlings illuminated for
different periods (0, 6, and 12 h and control) were harvested. Total
RNA was extracted with an RNeasy kit (Qiagen) and reverse tran-
scribed with a PrimeScript RT Reagent kit (TaKaRa, Otsu, Shiga,
Japan) according to the respective manufacturer’s instructions.
Quantitative real time PCR assays were performed in triplicate with
the DNA Engine Opticon 2 System (MJ Research) using actin and
tubulin (GenBankTM accession numbers X97726 and AJ420859) as
internal standards. Diluted aliquots of the reverse transcribed cDNAs
were used as templates in quantitative PCRs containing the SYBR
Green PCR Master Mix Plus (Applied Biosystems). Primers of the
assayed genes and internal standard genes are listed in supplemental
Table S1. PCR cycling conditions comprised an initial activation step
of the DNA polymerase at 94 °C for 30 s followed by 45 cycles of
94 °C for 12 s, 58 °C for 30 s, 72 °C for 40 s, 79 °C for 1 s, and a step
of plate reading. Triplicate reactions were carried out for each sample
to ensure reproducibility. Negative controls lacked template DNA but
contained gene-specific primer pairs, and the no RT-PCR controls
were set up in duplicate using primers for the actin and tubulin genes.
At the end of each PCR program, a melting curve was generated and
analyzed with Dissociation Curves Software (Opticon Monitor 2, MJ
Research). PCR product lengths were verified by agarose gel elec-
trophoresis to confirm the specificity of PCR products. Gene expres-
sion was quantified using the comparative cycle treshold (CT) method
(42).

RESULTS

Morphological and Chlorophyll Changes during Etiolated
Maize Seedling Greening—Maize seeds were cultured in the
dark and light, respectively, from seed germination. Com-
pared with green seedlings (control), the leaves of 7-day-old
etiolated seedlings (0 h) were light yellow and gradually turned
green only after they were exposed to light for 6 or 12 h (Fig.
1A). Chlorophyll content under different lighting conditions
was carefully assayed; it was barely detectable in etiolated
maize seedlings but rapidly rose to 5 mg/g of dry weight (6-h
illumination) and 10 mg/g (12-h illumination) and even reached
30 mg/g in control seedlings. Although chlorophyll content
increased in control seedlings and in etiolated seedlings after
6 or 12 h of illumination (Fig. 1B), the chlorophyll a/chlorophyll
b ratio remained fairly constant (about 3.4).

Data Quality Evaluation—Before conducting the relative
protein profiling analysis among the four conditions, a variety
of quality control measures were performed on the replicates
of each condition to determine analytical reproducibility. Data
quality assessment of the final results was performed with the
protein expression software PLGS 2.3 (Waters) using a clus-
tering algorithm for accurate mass and retention time (AMRT)
data and database search (identified proteins) results analy-
sis. The mass precision of the extracted peptide components
was typically within 5 ppm. In the present study, taking 0 h as
an example, the median and average mass errors were 2.20
and 3.00 ppm, respectively; the median and average intensity
errors were 2.40 and 2.25%, respectively; and the median and

average retention time was 0.50 and 0.58%, respectively (Fig.
2, A–C). Other samples gave similar results as shown in
supplemental Fig. S1, A–C.

A binary comparison of the peptide precursor intensity
measurements of two injections of one sample from the in-
vestigated conditions (0 h) is presented in Fig. 2D. A 45°
diagonal line was obtained with almost no variation through-
out the detection range. As reported previously (23), this
example demonstrates the expected distribution in the in-
stance of no obvious change between the investigated injec-
tions. These types of quality control measurements were per-
formed on all injections and conditions, and very similar
diagonal lines were obtained for all conditions (supplemental
Fig. S1D).

The availability of triplicate data sets can also provide in-
formation about data quality, such as AMRT reproducibility
between replicate analyses and the confidence of protein
identification. This assessment determines how many ions are
in common between analytical replicates. The replication rate
plots extracted from PLGS for 0 h are shown in Fig. 2E. Under
these conditions, AMRT clusters observed in more than two

FIG. 1. Maize leaves during de-etiolation. A, representative leaves
from the various treatment groups: 0 h, not exposed to light; 6 h,
exposed to light for 6 h; 12 h, exposed to light for 12 h; control,
continuously exposed to light. B, chlorophyll (Chl) content of etiolated
maize leaves after exposure to light for 6 or 12 h and of control leaves.
Data for each sample represent the mean � S.E. from three inde-
pendent experiments.
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runs were 46.4, 48.4, 44.3, and 46.0% for 0-, 6-, and 12-h
illumination and control group, respectively, and proteins
identified in more than two runs accounted for 75.0, 69.4,
75.2, and 73.0% of all proteins identified for 0-, 6-, and 12-h
illumination and control group, respectively. The numbers of
proteins identified in all three runs (triplicates) were 506 (0 h),
500 (6 h), 498 (12 h), and 434 (control), accounting for 81.5,
85.3, 83.6, and 76.5%, respectively, of proteins identified in
more than two runs. Therefore, these proteins were identified
with high confidence (supplemental Fig. S1E).

The data for all four samples appeared to be reproducible in
terms of mass accuracy, retention time, and intensity. This
emphasizes the required stability of intensity, mass measure-
ment, and retention time for label-free quantitative LC-MS
measurements. These observations are within typical error
measurements (22) in which careful scrutiny was given to
accurate mass and retention time clustering, data normaliza-
tion, and quantification.

Relative Quantification—Prior to making quantitative com-
parisons between conditions, the observed intensity meas-

urements were normalized using the PLGS autonormalization
function. It has been reported that data set normalization
performed based on a spiked standard yields results very
similar to those obtained using the PLGS autonormalization
function (33). In this study, the internal standard was used to
optimize and normalize the loading amount. Details on protein
identification and quantification are described under “Exper-
imental Procedures.” Expression analysis (relative quantifica-
tion processed by PLGS software) yielded the relative -fold
change of all identified proteins for the four investigated con-
ditions. The significance of regulation level was specified at
30%. Hence 1.3-fold (�0.30 natural log scale) change was
used as a threshold to identify significantly up- or down-
regulated expression; this is typically 2–3 times the estimated
error of the intensity measurement. All protein hits that were
identified with a confidence of �95% and observed in more
than two runs were regarded as positive up- or down-regu-
lated proteins. In total, 73 non-redundant differentially ex-
pressed proteins were identified in the four different light
treatments (Table I) of which 56 proteins were detected in all

FIG. 2. Assessment of the analytical reproducibility. A, error distribution associated with the intensity measurements for the 30,974
replicating AMRT clusters detected in the 0-h sample. The median and average intensity errors were �2.40 and �2.25%, respectively. B,
relative standard deviation (RSD) of the 30,974 replicating AMRT clusters detected in the 0-h sample. The median and average retention time
(RT) errors were 0.50 and 0.58%, respectively. C, error distribution associated with the mass accuracy for the 30,974 replicating AMRT clusters
(in at least two of three injections) detected in the 0-h sample. The median and average mass errors were �2.20 and �3.00 ppm, respectively.
D, log intensity AMRT clusters for injection 1 versus log intensity AMRT clusters for injection 2 of one of the investigated conditions (0-h
sample); 38,681 clusters were detected in both injections. E, the availability of triplicate data sets provides information about the data quality,
such as replicate rates between repeated runs (left panel) and the confidence and reproducibility of protein identification (right panel). Under
these conditions, 17,937 AMRT clusters were detected in all three runs, 13,037 were detected in two of three repeats, and 35,745 were
detected in one replicate, representing low abundance peaks. In total, 66,719 clusters were detected in the 0-h sample. Under these
conditions, 506 proteins were identified in all three runs (triplicates) and are therefore of high confidence, 115 proteins were assigned in two
of three repeats and are therefore of intermediate confidence, and 207 proteins were identified in one replicate, representing low confidence
hits. Similar profiles were observed for the other three samples (supplemental Fig. S1). CV, coefficient of variation.
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four treatments. Six proteins were not identified in the 0-h
condition but were identified in the 6- and 12-h conditions and
control; four were not identified in control but were identified
in 0-, 6-, and 12-h conditions; five were only identified in the
12-h condition and control; one was only identified in control;
and one was only identified in the 0-h condition. The unique
identified peptide number and sequence coverage of each
protein in each sample and each run are listed in supplemen-
tal Table S2. The peptide sequence, [M � H]� of identified
peptide, PLGS score, retention time, intensity, matched frag-
ment ion, and other relative information for all of these 73
significant changed proteins are listed in supplemental Tables
S3–S14 for 12 runs of the four samples. The replicate level
data profiles of 31 representative proteins that are involved in
photosynthesis are shown in supplemental Fig. S3.

Differential Protein Classification—The identified proteins
were further classified based on (i) gene product subcellular
localization and (ii) biological process of each gene product
according to annotations in the Swiss-Prot database and
Plant Proteome Database. For proteins lacking exact func-
tional and localization annotations in these databases, we
used Basic Local Alignment Search Tool (BLAST) alignment of
the identified GenBank accession numbers to the non-redun-
dant protein sequence database at NCBI to reveal annota-

tions of their homologs (Table I and supplemental Table S2).
Finally all of these identified proteins were classified into 13
functional groups (Fig. 3A) localized to 12 cellular components
(Fig. 3B and supplemental Table S2), which covered a wide
range of pathways and functions. The identified proteins lo-
calize mainly in chloroplasts (51%), including thylakoid mem-
branes (28.8%), stroma (9.6%), chloroplast membrane
(1.4%), and the proteins with no exact localized annotation in
chloroplast (11.0%) (Fig. 3B). The presence of a large number
of chloroplast proteins is consistent with the fact that during
the transformation from etioplast to fully developed chloro-
plast the protein repertoire of chloroplasts changes dramati-
cally. This change in protein repertoire reflects differences in
different biological processes of photosynthesis and carbon
assimilation, and the change includes enzymes participating
in chlorophyll biosynthesis, the Calvin cycle, and the C4 path-
way and subunits of photosystem I (PSI) and PSII (Fig. 3A).

NADPH-protochlorophyllide Oxidoreductase (POR) Is Dras-
tically Down-regulated during the Transition from Dark to
Light—We identified and quantified three maize enzymes in-
volved in chlorophyll biosynthesis, namely POR, copropor-
phyrinogen-III oxidase, and magnesium chelatase subunit I.
POR catalyzes the only light-dependent reaction in the chlo-
rophyll biosynthetic pathway and is hence intimately involved

FIG. 3. Functional classification and
distribution (A) and protein locations
(B) of all 73 identified and quantified
proteins. Unknown proteins include
those whose functions have not been
described but can be deduced based on
analysis of amino acid sequence homol-
ogy as listed in Table I.
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in the greening of angiosperms (43). Interestingly POR expres-
sion is high in etiolated seedlings (0 h) but drastically lower in
seedlings exposed to light (Fig. 4A). The expression ratios
were 0.54, 0.4, and 0.23 for 6 h/0 h, 12 h/0 h, and control/0 h,
respectively (Table I), suggesting that this protein is negatively
regulated by light (Fig. 4A). Sequence comparison indicated
that maize POR shares 83% similarity to Arabidopsis PORC,
81% to Arabidopsis PORB, and 78% to PORA (Fig. 4B). This
high degree of sequence similarity between the two species
suggests a conserved and ancestral function for this maize
POR. Coproporphyrinogen-III oxidase is an enzyme of the
tetrapyrrole biosynthesis pathway catalyzing the oxidative de-
carboxylation of coproporphyrinogen III to protoporphyrino-
gen IX, the precursor for both chlorophyll and heme biosyn-
thesis (44), and magnesium chelatase catalyzes the first
committed step in chlorophyll biosynthesis, insertion of Mg2�

into protoporphyrinogen IX (45, 46). However, these two pro-
teins differ from POR in that they were nearly equally ex-
pressed in both 0 h and control, and their expression only
modestly increased after exposure to light, reaching a maxi-
mum after 6 h of illumination (Table I).

Expression of Components of the Photosynthetic Apparatus
Changes Most Dramatically in Response to Light—Light-de-

pendent reactions in plants take place on the thylakoid mem-
brane inside chloroplasts. There are four major protein com-
plexes in the thylakoid membrane, namely PSI, PSII,
cytochrome b6f complex, and ATP synthase, that work to-
gether to produce ATP and NADPH. We identified and quan-
tified 17 proteins involved in photosynthetic electron trans-
port in the thylakoid membrane, including 11 subunits of
PSII, one subunit of cytochrome b6f complex (apocyto-
chrome f), one subunit of PSI, ferredoxin-NADP reductase,
and three subunits of ATP synthase (Fig. 5 and Table I). PSII
is a large multisubunit pigment protein complex in which
light energy is captured by the peripheral antenna and is
transferred to the core complex where it is trapped. The
peripheral antennas are composed of major trimeric and
minor monomeric light-harvesting complex II (LHCII) pro-
teins (47). The LHCs are encoded by nuclear genes, their
mRNAs are translated in the cytosol, and their products are
then post-translationally directed to chloroplasts where they
associate with pigments and insert into the thylakoid mem-
brane (48). In this research, three LHCII minor proteins
(CP24, CP26, and CP29) and two core subunits (D1 and D2)
were identified and quantified only in 12 h and control; a
major LHCII protein and Lhcb1, a light-harvesting chloro-

FIG. 4. POR expression profile during etiolated maize seedling greening and amino acid sequence comparison with Arabidopsis
homologs. A, POR catalyzes the only light-dependent reaction of chlorophyll synthesis, whereas the level of POR drastically decreases during
etiolated seedling greening. B, amino acid sequence alignment indicating that maize POR shares similarities of 83% with Arabidopsis PORC,
81% with PORB, and 78% with PORA.
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phyll a/b-binding protein (CAA37474.1), were identified in
the light-treated seedlings (6 and 12 h and control) but not in
0-h seedlings. All these proteins increased in abundance with
increased illumination time. In addition, the level of PSII sub-
unit PsbS, which plays an essential role in the dissipation of
excess energy during photosynthesis, also increased after
exposure to light. These results suggested that the expression
or accumulation of these PSII proteins strongly depends on
light. Similar to the components of PSII, a PSI subunit, PSI
type III chlorophyll a/b-binding protein, was also strongly in-
duced by light (Fig. 5 and Table I). PSI type III chlorophyll
a/b-binding protein was not expressed in 0-h seedlings, and
its level increased, however, after longer exposure to light (12
h and control) (Table I).

To confirm the label-free quantitative results, Western blot
was performed to compare expression of leaf proteins of
maize seedlings under different illumination conditions. Fig. 6
presents the replicated level data by MS and the results of
using antibodies against Lhcb1 and CP29 (Lhcb6). Lhcb1 was
not identified in 0-h seedlings using our label-free method, but
its level increased dramatically after exposure to light (6 and
12 h and control) (Fig. 6, A and B, upper panels); Lhcb6 was
only expressed in 12-h and control seedlings. Western blot
results for both proteins agreed well with the quantification of
the label-free method (Fig. 6, A and B, lower panels).

The Expression of Key Enzymes Involved in Carbon Fixation
Strongly Depends on Light—Although maize has been tradi-
tionally recognized as a classical NADP-ME subtype C4 plant,

FIG. 5. Significant changed proteins involved in the photosynthetic electron transport chain of the thylakoid membrane. These
proteins include 11 subunits of PSII, a subunit of cytochrome (Cyt) b6f complex, one subunit of PSI, ferredoxin (Fdx)-NADP reductase, and three
subunits of ATP synthase. The Swiss-Prot database accession numbers correspond to those listed in Table I. PQ, plastoquinone; PQH2,
plastoquinol. hv, luminous energy; FNR, Fd-NADP� reductase; PC, plastocyanin.
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accumulating evidence indicates that it also has another com-
plementary PEPCK decarboxylating C4 pathway (49–51).
Here we identified and quantified 11 key enzymes involved in
both the C4 pathway and Calvin cycle. Fig. 7, a modified
version of a figure from a previous study (51), shows changes
in the levels of proteins involved in the carbon assimilation
pathway during greening of etiolated maize seedlings. The
first enzymatic step in C4 photosynthesis is the reversible
hydration reaction catalyzed by carbonic anhydrase, which
converts CO2 to HCO3

� in the mesophyll cytoplasm (53, 54).
Pyruvate, phosphate dikinase catalyzes the conversion of
pyruvate to phosphoenolpyruvate; this reaction requires inor-
ganic phosphate and ATP plus pyruvate, producing phos-
phoenolpyruvate, AMP, and inorganic pyrophosphate (PPi).
The HCO3

� is subsequently fixed via phosphoenolpyruvate
carboxylase (PEPC) that diffuses to the bundle sheath cells for
decarboxylation (54). Malic enzyme catalyzes the four-carbon
acid malate conversion to pyruvate in bundle sheath cells. The
levels of all these enzymes drastically increased during the
transition from dark to light (Fig. 7). Notably PEPCK, the key
enzyme of the PEPCK C4 pathway, was not detected until
etiolated seedlings were exposed to light for 6 h, and its level
increased drastically after longer exposure to light (12 h and

control). In addition, two PEPCs (PEPC 1 and PEPC 1C) were
identified. Among the 41 identified peptides for PEPC 1, only
five identical peptides matched PEPC 1C, and only three of 21
identified peptides in PEPC 1C matched PEPC 1, indicating that
these proteins are distinct (supplemental Table S7). Amino acid
sequence comparison of the two PEPCs revealed that they are
81% identical (supplemental Fig. S2). PEPC 1C is apparently
much more sensitive to light regulation than PEPC 1 as PEPC
1C was not identified in 0-h etiolated seedlings, but its level
increased substantially after seedlings were exposed to light.

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)
catalyzes the first major step of carbon fixation in the Calvin
cycle. Here we identified and quantified a Rubisco large sub-
unit, a Rubisco small subunit, and Rubisco activase. The
levels of these proteins, particularly the large and small sub-
units, increased drastically after etiolated seedlings were ex-
posed to light. To our surprise, Rubisco small subunit in-
creased in abundance by 4-fold after 6 h of exposure but
decreased by 3-fold by 12 h relative to 6 h; this subunit
increased by 5-fold in control seedlings (Fig. 7 and Table I).
The observed anomalous expression of this Rubisco small
subunit might have resulted from some post-translational
modifications that lowered the apparent abundance of the
unmodified peptide. Another key enzyme, glyceraldehyde-3-
phosphate dehydrogenase, also increased in abundance dur-
ing maize seedlings de-etiolation. Taken together, these re-
sults suggested that the C4 photosynthetic pathway is tightly
regulated by light via modulation of expression of these key
enzymes.

QRT-PCP Analysis of Genes Encoding Proteins Whose
Abundance Changed Dramatically upon Exposure to Light—
To understand the relationship between protein accumulation
and their encoding gene transcription, we carried out a com-
parison of mRNA and protein expression. The transcripts of
38 genes encoding proteins whose levels changed by �2-fold
during etiolated seedling greening were analyzed by reverse
transcription followed by QRT-PCR. Among these, 21 genes
were up-regulated (Fig. 8A and Table I), six were down-
regulated (Fig. 8B), and 11 did not change significantly during
the dark/light transition (Fig. 8C and Table I). We found that
changes in the pattern of transcription of genes encoding the
key enzymes involved in carbon assimilation were highly sim-
ilar to the observed changes in protein abundance; these
included genes encoding carbonic anhydrase (AAA86945.1),
malic enzyme (AAP33011.1), PEPC 1 (CAA33316.1), PEPC
(NP_001105503.1), PEPCK (Q9SLZ0.1), Rubisco large sub-
unit (NP_043033.1) and small subunit (CAA70416.1), glycer-
aldehyde-3-phosphate dehydrogenase A (CAA33455.1),
Rubisco activase (AAC97932.3), and pyruvate, phosphate
dikinase (AAA33498.1). Interestingly POR (CAD99008.1) and
the subunits of PSI (PSI type III chlorophyll a/b-binding pro-
tein) and PSII (LHCP (Lhcb1), LHCP (Cab-m7), CP24
(CAM55603.1), CP26 (AAA64415.1), CP29 (Lhcb6)
(CAM55524.1), D1 (AAN33184.1), and D2 (P48184.1)) exhib-

FIG. 6. Replicate level data profiles. A, profile of Lhcb1. Upper
panel, each sample was analyzed in triplicate with LC-MSE. Lhcb1
was only detected in 12-h (green line) and control (red line) seedlings,
and the amount is higher in control (red line). Lower panel, Western
blot analysis showing the same results. B, replicate level data profile
of CP29. Upper panel, each sample was analyzed in triplicate. CP29
(Lhcb6) was not detected in 0-h (yellow line) seedlings but was
detected in 6-h (blue line), 12-h (green line), and control (red line)
seedlings. CP29 was of low abundance at 6 h but increased dramat-
ically in the 12-h and control samples. Lower panel, Western blot
analysis showing the same results.
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ited the most drastic changes in protein abundance upon
exposure to light, and their corresponding mRNA levels re-
mained nearly unchanged except for LHCP1 (P12329.1) and
LHCP (CAA37474.1) for which the mRNA levels increased
(Fig. 8 and Table I). Also noteworthy is that some of the PSII
and PSI subunits could not be detected in 0-h or in both 0-
and 6-h seedlings, whereas their mRNAs accumulated to high
levels at these time points, suggested that the levels of these
mRNAs do not always correlate with the abundance of their
corresponding proteins.

DISCUSSION

The identification of proteins that are differentially ex-
pressed during greening of etiolated maize seedlings is a
crucial step to elucidating the mechanisms underlying light
responses. In the present study, we initiated a proteomics
investigation during maize seedling de-etiolation by using a
label-free method in which two of the most important ele-
ments are reproducibility of LC and mass measurement ac-
curacy. The mass accuracy was typically within 5 ppm, and
the retention time coefficient variation was within 0.6%, which
is well within the specification of the system we used and
suitable for label-free quantitative analysis.

As mentioned in the Introduction, the label-free method
presented advantages for analyzing hydrophobic proteins and
low abundance proteins. As expected, in our study 25 mem-
brane proteins were identified and quantified (Table I); to our

knowledge, few gel-based proteomics studies have identified
so many membrane proteins. For example, we identified POR,
which is abundant in etiolated seedlings but has never been
identified in similar experiments using 2-DE methods (3, 4).
These results indicate that our newly developed MSE-based
label-free method is robust, highly reproducible, and sensitive
and thus is ideally suited to proteomics studies of this type.
And if the membrane was isolated or enriched, undoubtedly
additional low abundance membrane proteins could be iden-
tified by our newly developed label-free method.

During etiolated maize seedling greening, the abundance of
37 chloroplast proteins changed, accounting for 51% of the
total changed proteins. This indicates that the presence or
absence of light dramatically influences plastid development.
This result is consistent with the fact that proteins involved in
chlorophyll synthesis and photosynthesis, particularly the
photosynthetic apparatus, must be rapidly synthesized and
accumulated as etioplasts develop into chloroplasts.

The increase in pigment concentration is an essential step
during the transformation from etioplasts to fully developed
chloroplasts, and the increase in pigment content is mainly
due to the synthesis of chlorophylls a and b (51). In our
present study, chlorophyll a and b were barely detectable in
etiolated seedlings, but their abundance rapidly increased
upon exposure to light (Fig. 1B). Three enzymes participating
in chlorophyll synthesis were identified in etiolated seedlings,

FIG. 7. Pathways involved in carbon assimilation. PEPCK C4 pathway is depicted as following the blue arrows. The NADP-ME C4 pathway
is depicted as following the light blue arrows. The Calvin cycle is depicted as following the pink arrows. Only those proteins whose abundance
changed in response to light are mapped. 1, carbonic anhydrase (AAA86945.1); 2a, PEPC 1 (CAA33316.1); 2b, PEPC 1C (NP_001105503.1);
3, malic enzyme (AAP33011.1); 4, pyruvate, phosphate dikinase (AAA33498.1); 5, PEPCK (Q9SLZ0.1); 6, Rubisco activase (AAC97932.3); 7,
Rubisco large subunit (NP_043033.1); 8, Rubisco small subunit (CAA70416.1); 9, phosphoglycerate kinase (AAM51721.1); 10, glyceraldehyde-
3-phosphate dehydrogenase A (CAA33455.1). PEP, phosphoenolpyruvate; OAA, oxaloacetate; G3P, glyceraldehyde 3-phosphate; 3PGA,
3-phosphoglyceric acid; RuBP, ribulose 1,5-bisphosphate; R5P, ribose 5-phosphate; 1,3BPG, 1,3-bisphosphoglycerate.
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suggesting that a large amount of the chlorophyll precursors,
protochlorophyllides, might have been synthesized and ac-
cumulated in etioplasts; when the etiolated seedlings were
exposed to light, they rapidly converted protochlorophyllide
into chlorophyll. Interestingly POR, which catalyzes the only
light-dependent reaction in the chlorophyll biosynthetic
pathway and is hence intimately involved in angiosperm
greening (56), was drastically down-regulated after dark-
grown maize seedlings were exposed to light (Table I). POR
is present at high levels as a ternary complex with proto-

chlorophyllide and NADPH, forming a prolamellar body that
is the specific apparatus in the etioplast of dark-grown
angiosperms (57). Therefore, a drastic decrease in the level
of POR could result in dispersion of the prolamellar body,
which would accelerate etioplast development into chloro-
plasts. In Arabidopsis, there are three PORs denoted as
PORA–C (58, 59). PORA is negatively regulated by light, and
its level drops as a result of the concerted effect of light at
the levels of transcription, mRNA stability, plastid import,
and protein degradation (60). PORB is constitutively ex-

FIG. 8. Transcriptional profiles of the genes encoding the proteins whose levels changed by over 2-fold during etiolated maize
seedling greening. Total RNA samples prepared from leaves of control seedlings or leaves of etiolated seedlings exposed to light for 0, 6, or
12 h were used as templates for QRT-PCR analysis. Error bars indicate means � S.E. obtained from three amplification experiments using
independent RNA samples. Based on their transcriptional change profile during etiolated maize seedling greening, these genes were divided
into three groups, namely up-regulated (A), down-regulated (B), and no evident change (C). The NCBI database accession numbers correspond
to those listed in Table I.
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pressed in dark-grown, illuminated, and light-adapted
plants (61). Transcription from the PORC gene is tightly
regulated by light (62). Although the maize POR we identi-
fied is highly similar to Arabidopsis PORC (Fig. 4B), the
accumulation pattern of maize POR was similar to that of
PORA, which is negatively regulated by light. Moreover the
transcriptional pattern of maize POR was similar to that of
Arabidopsis PORB (Fig. 8C, CAD99008.1), which is not
affected by a dark/light shift. All these results indicate that
maize POR might be subject to complex post-transcrip-
tional regulation in response to light.

It has been reported that illumination of etioplasts initiates
the dispersal of the prolamellar body and the formation of
thylakoid membranes where the chlorophyll a/b-binding
proteins and chlorophyll form the pigment-protein complexes
of the photosynthetic apparatus (63). Upon insertion into thy-
lakoid membrane, the LHCII apoprotein undergoes a major
structural change to accommodate chlorophyll and carote-
noids (64). Consistent with these findings, three minor LHCII
proteins (CP24, CP26, and CP29) were absent in both 0- and

6-h seedlings, and a major LHCII (Lhcb1), a light-harvesting
chlorophyll a/b-binding protein (Cab-m7), and a PSI type III
chlorophyll a/b-binding protein were absent in 0-h seedlings.
Besides these proteins, PSII reaction center proteins D1 and
D2 were also absent in both 0- and 6-h seedlings (Fig. 5 and
Table I). At these two time points, the chlorophylls were barely
detectable in etioplasts or at very low levels in developing
chloroplasts (Fig. 1B). This finding agrees with previous data
that chlorophyll plays an essential role in the accumulation of
LHCI and LHCII, and chlorophyll may be required to induce
correct folding of these proteins (65, 66). QRT-PCR analysis of
the genes encoding the PSI and PSII subunits, which were
absent in 0-h or in both 0- and 6-h seedlings, revealed that the
mRNAs accumulated at very high levels at these time points
(Fig. 8C). This suggests that transcriptional regulation is not
the rate-limiting step in the biosynthesis of these proteins. A
similar phenomenon was observed by Flachmann and Kühl-
brandt in tobacco (64). Taken together, these results indicate
that POR might have two different functions, one as a struc-
tural protein to form the prolamellar body in etioplasts and

FIG. 8—continued

Label-free Quantitative Proteomics of Maize Seedling Leaves

Molecular & Cellular Proteomics 8.11 2457



another as an enzyme or a plastid-specific photon sensor that
triggers chlorophyll biosynthesis and membrane reorganiza-
tion during the transformation of etioplasts into chloroplasts.
Most PSI and PSII subunits were not directly regulated at the
transcriptional level by light. Sufficient levels of both chloro-
phyll and mature thylakoid membrane are necessary for the
formation of pigment-protein complexes to avoid rapid turn-
over via the proteasome system.

Distinct from results obtained for POR and the subunits of
PSI and PSII, light directly promotes the accumulation of
nine enzymes involved in carbon assimilation by inducing
expression of their genes (Fig. 8A). Five of these proteins
have been reported to be regulated at the transcriptional
level by light: transcription genes of the Rubisco small sub-
unit, PEPC, malic enzyme, and pyruvate, phosphate diki-
nase are regulated by light, and their promoter cis-regula-
tory elements, which are responsible for light regulation,
also have been identified (67–70); the level of PEPCK mRNA
is also much higher in daytime than at night (51). Therefore,
it is possible that the remaining four genes also have similar
light-regulated cis-elements in their promoters. By regulat-
ing these elements, light induces rapid transcription of
these genes so that their encoded enzymes can accumulate
to meet the requirements during the transition from etiolated
to green seedlings.

C4 plants have been classified as NADP-ME, NAD-ME, and
PEPCK subtypes according to the major decarboxylase in-
volved in the decarboxylation of C4 acids in bundle sheath
cells (71, 72). Maize (Z. mays) is the classical member of the
NADP-ME subgroup of C4 plants. Accumulating evidence
indicates, however, that there are two distinct pathways for
the decarboxylation of malate and aspartic acid in maize and
probably in other species previously classified as NADP-ME
types (48, 51). In our current study, PEPCK, the key enzyme of
the PEPCK C4 pathway, was not identified in etiolated maize
seedlings but was highly expressed after exposure to light (6
and 12 h and control), whereas the NADP-ME pathway en-
zymes for the decarboxylation of malate were all identified in
etiolated seedlings, although they were at much lower abun-
dance than in seedlings exposed to light (Fig. 7). These results
suggest that between the two complementary C4 pathways in
maize the PEPCK pathway might be much more sensitive to
light. In addition, we identified and quantified two PEPCs.
One is the C4 form, PEPC 1, which plays a cardinal role in
the initial CO2 fixation during C4 photosynthesis by incor-
porating atmospheric CO2 into C4 dicarboxylic acids (52),
and the other is the root form, PEPC 1C, which reportedly is
specifically expressed in roots and plays various anaplerotic
roles, including providing the carbon skeletons for nitrogen
assimilation, pH maintenance, and osmolarity regulation,
etc. (55). Our results are not in agreement with previous
research, however, in that we detected both PEPC 1C
mRNA and protein in young maize leaves, and levels of both
were strongly sensitive to light (Fig. 7, 2b and Fig. 8A,

NP_001105503.1). These results suggest that PEPC 1C
might function similarly to PEPC 1 and take part in light-
regulated carbon assimilation.

In conclusion, our label-free quantitative proteomics ap-
proach based on nano-UPLC-MSE provided for precise and
reproducible quantification of over 400 proteins during de-
etiolation of maize seedlings. This method constitutes a pow-
erful means of proteins quantification and identification, par-
ticularly of membrane proteins identification, that is far
superior to 2-DE methods. The method also revealed detailed
information that could not be obtained with other proteomics
and genomics approaches. Our current experimental results
illustrate the power of label-free quantitative proteomics to
enhance our understanding of maize seedling de-etiolation
and provide important clues for further study of light-induced
development of C4 plants. Furthermore this study sets a good
example for using a nano-UPLC-MSE label-free method in
plant research. We expect that this approach will find broad
applications in studies of any plant biological process, such
as development, environment stress, and mutation, in which
changes in protein expression are to be measured.
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