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Proteomics studies to explore global patterns of protein expression in plant and green algal systems have proliferated within
the past few years. Although most of these studies have involved mapping of the proteomes of various organs, tissues, cells,
or organelles, comparative proteomics experiments have also led to the identification of proteins that change in abundance
in various developmental or physiological contexts. Despite the growing use of proteomics in plant studies, questions of
reproducibility have not generally been addressed, nor have quantitative methods been widely used, for example, to identify
protein expression classes. In this report, we use the de-etiolation (“greening”) of maize (Zea mays) chloroplasts as a model
system to explore these questions, and we outline a reproducible protocol to identify changes in the plastid proteome that
occur during the greening process using techniques of two-dimensional gel electrophoresis and mass spectrometry. We also
evaluate hierarchical and nonhierarchical statistical methods to analyze the patterns of expression of 526 “high-quality,”
unique spots on the two-dimensional gels. We conclude that Adaptive Resonance Theory 2—a nonhierarchical, neural
clustering technique that has not been previously applied to gene expression data—is a powerful technique for discrimi-
nating protein expression classes during greening. Our experiments provide a foundation for the use of proteomics in the
design of experiments to address fundamental questions in plant physiology and molecular biology.

Within the past few years, there have been rapid
advances in proteomics technology, including the
refinement of two-dimensional gel electrophoretic
methods, the development of sensitive techniques of
mass spectrometric protein analysis, and the acquisi-
tion of genome sequence information (Griffin and
Aebersold, 2001; Mann et al., 2001). As a consequence
of these developments, proteome maps and compar-
ative proteomic studies have proliferated in plant
and green algal systems. These studies have included
the global mapping of proteins from maize (Zea mays)
leaves (Porubleva et al., 2001), poppy (Papaver som-
niferum) latex (Decker et al., 2000), wheat (Triticum
aestivum) grain (Skylas et al., 2001), and organs and
tissues of Medicago trunculata (Watson et al., 2003).
Subcellular proteomes have also been mapped, in-
cluding the cell wall, plasma membrane, and endo-
plasmic reticulum systems from Arabidopsis (Rob-
ertson et al., 1997; Santoni et al., 1998, 2000; Prime et
al., 2000; Chivasa et al., 2002), the Arabidopsis and
pea (Pisum sativum) mitochondrial proteomes (Kruft
et al., 2001; Millar et al., 2001; Bardel et al., 2002),
lumenal and peripheral thylakoid proteins from pea
chloroplasts (Peltier et al., 2000; van Wijk, 2000,
2001), lumenal proteins from Arabidopsis chloro-
plasts (Kieselbach et al., 2000; Schubert et al., 2002),

Arabidopsis chloroplast envelope membrane pro-
teins (Ferro et al., 2003), thylakoid membrane pro-
teins from Chlamydomonas reinhardtii chloroplasts
(Hippler et al., 2001), and plastid ribosomal subunit
proteins from C. reinhardtii (Yamaguchi et al., 2002)
and tobacco (Nicotiana tabacum; Yamaguchi et al.,
2000; Yamaguchi and Subramanian, 2000). Compar-
ative proteomics studies have included green versus
etiolated rice (Oryza sativa) shoots (Komatsu et al.,
1999), rice treated with jasmonic acid (Rakwal and
Komatsu, 2000) and brassinolide (Konishi and Kom-
atsu, 2003), Arabidopsis seed germination
and priming (Gallardo et al., 2001, 2002), cell wall and
extracellular matrix proteins from elicitor-treated
Arabidopsis cell suspension cultures (Ndimba et al.,
2003), senescing white clover (Trifolium repens; Wil-
son et al., 2002), and rice after mechanical wounding
of the leaf sheath (Shen et al., 2003). Very few of the
comparative studies have involved more than two
samples (e.g. control versus treated).

One drawback to the studies to date is that ques-
tions of reproducibility generally have been treated
cursorily. In addition, methods in comparative stud-
ies have frequently been qualitative in nature, and
rigorous, quantitative clustering methods to identify
protein expression classes have not been evaluated
and exploited. In this paper, we address these ques-
tions using the light-induced de-etiolation (“green-
ing”) of maize chloroplasts as a model experimental
system. The greening of maize has long served as a
model system to understand the mechanisms that
regulate chloroplast biogenesis (e.g. Chen et al., 1967;
Forger and Bogorad, 1973; Bogorad, 1991). Maize
seeds have large energy reserves, and germinated
maize seedlings can survive for several weeks in
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darkness. When exposed to light, photosynthetically
incompetent etioplasts in dark-grown seedlings de-
velop into photosynthetically competent chloro-
plasts. This involves the production of components of
the photosynthetic apparatus and pronounced alter-
ations in plastid ultrastructure that include the con-
version of the distinctive prolamellar body into stro-
mal and stacked thylakoid structures characteristic of
chloroplasts (for review, see Bogorad, 1991). In
maize, greening results in the formation of dimorphic
mesophyll and bundle sheath cell chloroplasts that
are specialized for C4 photosynthesis.

Mature chloroplasts are thought to contain about
3,000 proteins (Leister, 2003). Although metabolism
in the plastid is well characterized, the functions of
most of these proteins are either unknown or poorly
understood. Plastid proteins are the products of
both nuclear and plastid genes (for review, see
Goldschmidt-Clermont, 1998). Although nuclear
DNA-encoded plastid proteins are translated on 80S
ribosomes and imported into the organelle posttrans-
lationally, proteins that are products of the plastid
genome are translated on 70S ribosomes, usually in a
mature form. Because the plastid DNA in higher
plants codes for fewer than 100 proteins, the nuclear
genome is responsible for more than 95% of the
different proteins in the chloroplast proteome (Mar-
tin and Herrmann, 1998). Chloroplast biogenesis is
coordinated and integrated by a variety of environ-
mental and endogenous signals, including extensive
retrograde signaling between the plastid and nuclear
genomes (Bogorad, 1991; Goldschmidt-Clermont,
1998; Leon et al., 1998; Bauer et al., 2001; Rodermel,
2001; Surpin et al., 2002). Although much progress
has been made in deciphering these mechanisms, a
more complete understanding of plastid signaling,
plastid physiology, and plastid biochemistry would
be facilitated by knowledge of the composition of
the plastid proteome and how it changes during
development.

In the present report, we use maize plastid green-
ing as a model system to address methodological
questions of reproducibility and quantification in
comparative proteomics studies. As a model, maize
greening offers several distinct advantages: The pro-
cess has been studied, plastid metabolism is well
characterized, and a formidable amount of genomics
information is available for maize that facilitates spot
identification on two-dimensional gels. It was our
goal to develop a general protocol for comparative
proteomics that could be used by a standard lab
engaged in research in plant physiology and molec-
ular biology. An assessment of issues of reproduc-
ibility and quantification and an understanding of
technological limitations are a necessary prelude to
the design of experiments whose goal is an under-
standing of fundamental mechanisms of plant biol-
ogy using techniques of proteomics.

RESULTS

Experimental Design

To assess changes in the maize chloroplast pro-
teome during greening, we performed two-
dimensional SDS-PAGE on proteins isolated from
plastid-enriched fractions from five time points pos-
tillumination (0, 2, 4, 12, and 48 h). These times are
representative of the chloroplast developmental pro-
cess and were chosen based on prior work (e.g. Gre-
banier et al., 1979; Rodermel and Bogorad, 1985). As
illustrated in Figure 1, four replicate two-
dimensional gels were run for each time point. The
four gels were then computationally combined into a
representative standard gel, i.e. a first level match set,
using PDQuest software. Although a large number of
spots were included on the standard gel, only those
that met several stringent criteria (classified as “high-
quality” spots) were used to estimate spot quantities
(see Materials and Methods). As an example, 304
different spots were included on the standard gel in
the “0” hour time point, but only 271 of these were
classified as high quality and subsequently used to
determine protein amounts (see Table I). To compare
spots from one time point to another, a second level
match set was created. From this match set, the fil-
tered spot quantities from the standard gels were
assembled into a data matrix that consisted of 526
unique spots showing how each spot changed in
intensity during development. Thirteen of the spots
on the second level match set gels have been circled
(Fig. 1) to facilitate tracking these spots in subsequent
experiments.

Because the success of our experiments relied on
the acquisition of a reliable, quantitative data matrix,
we examined the reproducibility of our gel replicates.
Visual inspection revealed that the gels were quali-
tatively consistent from gel-to-gel within a given
time point (Fig. 1). Table I provides a quantitative
measure of this by showing the fraction of spots on
each of the standard gels (first level match set) that
were classified as high quality. Using the example
above, 89% of the spots on the standard gel in the “0”
hour time point were considered to be high quality
(i.e. 271 of 304 total spots). Overall, the data reveal
that nearly 95% of the 1,642 spots on our gels were
high quality, suggesting excellent reproducibility. Of
the 1,549 high-quality spots, 526 were unique and
were used in the analyses described below, i.e. some
of the 526 proteins were detectable at all five time
points, whereas others were not.

Protein Identification

Of the most intense 526 high-quality spots, 401
were excised from the two-dimensional gels, trypsin
digested, and analyzed by matrix-assisted laser-
desorption ionization time of flight (MALDI-TOF)
mass spectrometry (see “Materials and Methods”).
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Good spectra were obtained from 166 of the digests
(41.4%). Using Protein Prospector software (Univer-
sity of California, San Francisco), the peptide mass
fingerprints from these spectra were compared with

translation products from expressed sequence tag
and genomic DNA sequence databases that had been
theoretically digested with trypsin. Because this soft-
ware requires that each fingerprint be searched indi-
vidually, we developed a program to facilitate this
process (available at http://baker1.zool.iastate.edu/
batch_msfit.html). This program interacts with Pro-
tein Prospector and submits peptide mass finger-
prints in batch mode for database comparison.

Of the 166 spectra, 93.4% returned an identification
match. Using stringent criteria (see “Materials and
Methods”), we were able to identify 54 of the spots
unambiguously (Table II). The theoretical and experi-
mental masses and pIs matched closely for 47 of the 54
spots, but for seven spots, the theoretical and experi-
mental masses, but not pIs, approximately matched

Table I. Reproducibility of two-dimensional gels

Time Total Spots
No. of “High-Quality”

Spots
High-Quality

Spots

%

0 304 271 89.0
2 336 312 92.8
4 351 345 98.0
12 361 351 97.0
48 290 270 93.0

Total 1,642 1,549 94.3

Figure 1. Experimental design. Plastids were isolated from five time points during maize greening (0, 2, 4, 12, and 48 h).
Proteins were precipitated, and equal amounts (125 �g) were separated by electrophoresis on two-dimensional gels. Four
replicate gels for each time point were computationally combined using PDQuest (Bio-Rad Laboratories, Hercules, CA)
software into a first level match set (i.e. a standard gel), and quantities were determined for high-quality spots on each
standard gel. A second level match set was created from the five standard gels; from this match set, a data matrix was
assembled for use in subsequent statistical analyses.
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(Table II, see footnote a). For instance, inosine mono-
phosphate dehydrogenase is predicted to have a mo-
lecular mass of 11,784 D, as observed on the two-
dimensional gels, but its predicted pI (9.78) is much
higher than is seen on the gels (less than 7). This
seeming discrepancy might be a consequence of post-
translational modification (Battey et al., 1993). From
Table II, it is clear that some of the 54 proteins are
represented by more than one spot. These spots might
be isozymes or posttranslational modifications of a
single protein. Yet, because many of these proteins are
coded for by single genes on the plastid genome (for
example, atpA and atpB, for the �- and �-subunits of
the proton ATP synthase), it is likely that, at least in
these cases, the multiple spots represent posttransla-
tional modifications. One feature of Table II is that the
predicted molecular masses of the multiple forms of a
given protein differ, e.g. six different molecular
masses are predicted for the 11 ATP synthase
�-subunit spots. The major reason for this is that the
peptide fragment patterns from the 11 spots matched
fragments of plastid atpB genes from different species
in the databases; among plastid genes, atpB is moder-
ately conserved among higher plants (Rodermel and
Bogorad, 1987).

Taking into account the multiplicity of spots, we
were able to identify a total of 26 unique proteins on
our gels. These proteins fall into several predominant
classes. Proteins that are involved in the light reac-
tions of photosynthesis include four of the five sub-
units of the extrinsic CF1 complex of the proton ATP
synthase (Groth and Strotmann, 1999) and the 33-kD
subunit of the oxygen-evolving complex of PSII
(Liveanu et al., 1986; Hankamer et al., 1997). The
photosynthetic carbon assimilation cycle is repre-
sented by �-amylase, isoamlylase, glyceraldehyde-3-
phosphate dehydrogenase, NADP-malate dehydro-
genase, phosphoglycerate kinase, and Suc synthase.
Chaperones include the �-subunit of chaperonin 60,
originally called the Rubisco subunit-binding protein
(Hemmingsen et al., 1988; Martel et al., 1990); chap-
eronin 20, a regulator of chaperonin-mediated pro-
tein folding (Koumoto et al., 2001)); and Hsp70, a
member of the versatile class of 70-kD heat shock
proteins that mediate protein transport, folding, and
assembly (Strzalka et al., 1994; Drzymalla et al., 1996;
Sung et al., 2001). We also identified ClpC, the ATPase
(regulatory) subunit of the ClpC Ser-type stromal
protease that also serves as a chaperone (Ostersetzer
and Adam, 1996; Nielsen et al., 1997; Adam et al.,
2001). Other enzymes involved in plastid metabolism
include acetyl-coA carboxylase, which mediates the
synthesis of malonyl-coA during fatty acid biosyn-
thesis (Ke et al., 2000); �-d-glucosidase, involved in
the hydrolysis of many plastid compounds (Esen,
1992); nucleic acid-binding protein, likely involved in
posttranscriptional control of plastid gene expression
(Cook and Walker, 1992); and ribosomal protein “2,”
a stromal RNA-binding protein that might be a com-

ponent of the plastid ribosomal 30S subunit (K.
Yamaguchi and A.R. Subramanian, unpublished
data).

Nine of the proteins we were able to identify un-
ambiguously on our gels did not localize to the
chloroplast using the transit peptide prediction soft-
ware ChloroP (http://www.cbs.dtu.dk/services/
ChloroP/). Other prediction programs, such as Tar-
getP and Predotar, gave similar results. In addition to
Suc synthase, mentioned above, these proteins in-
cluded cryptochrome 1, a blue light photoreceptor
(Christie and Briggs, 2001); cinnamate-4-hydroxy-
lase, the first cytochrome P450-dependent monooxy-
genase of the phenylpropanoid pathway (Bell-Lelong
et al., 1997); enolase, a glycolytic enzyme; inosine
monophosphate dehydrogenase, involved in nucleo-
tide catabolism; the cytosolic form of acetyl-coA car-
boxylase, which is used in fatty acid elongation and
flavonoid synthesis (Roesler et al., 1994); and unchar-
acterized proteins that have been annotated as “male
sterility 1 protein,” “mitotic spindle checkpoint pro-
tein,” and “protein phosphatase.” In addition, we
identified four “unknown” or “hypothetical” pro-
teins, none of which were predicted to have plastid
transit peptides.

Expression Patterns during Plastid Biogenesis

Early one-dimensional SDS-PAGE analyses were
able to distinguish three major patterns of change in
plastid proteins during maize greening: an increasing
trend, a decreasing trend, and no change (Grebanier
et al., 1979). Consistent with these patterns, prelimi-
nary principal components analysis (PCA; Jolliffe,
1986) of our data showed that general increases and
decreases in protein abundance accounted for about
49% of the variability in the data set (data not
shown). To examine our data set in greater detail, we
employed three clustering techniques. Clustering
techniques generally fall into two broad categories:
hierarchical and nonhierarchical. We first tried a hi-
erarchical method, pair-wise average linkage (PAL).
PAL operates by defining two entities, here protein
spots, as similar and then reiteratively adds other
similar entities resulting in a tree-like diagram. Each
“leaf” on the tree represents a unit (i.e. a spot); in
principle, the branches represent clusters of spots
with similar expression patterns.

As illustrated in Figure 2, PAL analysis of our data
gave rise to a tree that can be divided into six main
branches. The 526 “leaves” on this tree correspond to
the 526 proteins whose patterns of expression we
were able to track during the greening process. An
examination of this tree reveals that there is a lack of
uniform expression within each branch, a problem
previously pointed out by others in expression data
analyses (Sherlock, 2000). This might be because of
the relatively small size of our data set: Trees ob-
tained by hierarchical methods are greatly influenced
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by the early decisions, and if the early clusters por-
tray inaccurate relationships, then the tree can be
misleading (Dopazo et al., 2001). Despite the lack of
uniform expression within each branch, we classified
the six branches according to the predominant mode
of expression of the proteins in each branch. Proteins
in the “early” branch are, in general, abundantly
expressed at 0, 2, or 4 h, but not at other time points;
spots in the “middle” branch have high expression at
12 h but not at other time points; spots in the “late”
branch have high expression at 48 h but not at the
other times; “early/middle” and “middle/late” de-
scribe branches whose spots fall into two expression
categories; and the “no change” branch describes
proteins for which no obvious pattern is evident.
Considering the size of each branch, these data sug-
gest that a preponderance of the 526 protein spots are
expressed early in chloroplast biogenesis, whereas
fewer are expressed late in development.

Next, we used nonhierarchical clustering tech-
niques to analyze our data. Nonhierarchical cluster-
ing does not define relationships between clusters;
rather, it defines a set of clusters and then partitions
entities to those clusters while minimizing the
within-cluster dispersion. The first nonhierarchical
clustering method we used was Adaptive Resonance
Theory 2 (ART2; Carpenter et al., 1991), a method
that has not been applied previously to gene expres-
sion data but has been used in other fields such as
microgravity (Smith and Sinha, 1999) and image clas-
sification (Hadjiiski et al., 1999). ART2 is an unsuper-
vised neural network that mimics connections be-
tween neurons. It collapses the dimensionality of the
data and defines a number of clusters (cells) using a
vigilance value. It begins by normalizing the data,
then chooses two data points and calculates their
similarity. If the similarity value exceeds the vigi-
lance value, a cluster is created consisting of the
similar data points. If the similarity between the two
data points is below the vigilance value, a new clus-
ter is created. This process repeats reiteratively, re-
sulting in a grid in which each cell shows an expres-
sion pattern representative of that cluster. Varying
the vigilance value (between 0 and 1) causes the
number of clusters to change. The higher the vigi-
lance value, the more sensitive the network is to
dissimilarities in patterns. Therefore, high vigilance
values will result in more categories.

To implement the ART2 algorithm, we wrote soft-
ware based on the method described by Gallant
(1993) to analyze normalized medians. Four param-
eters (�, �, �, and �) are necessary for this analysis
and were set at: � (similarity parameter) � (0.5/
SQRT(N)), � (update parameter) � (0.5/SQRT(N)), �
(normalization parameter) � (0.15), and � (vigi-
lance) � (0.85), where n � the total number of spots
in the data set (526). Preliminary experiments using
yeast (Saccharomyces cerevisiae) microarray data re-
vealed that a good range for the vigilance value is

Figure 2. Hierarchical PAL clustering. Results are displayed as a tree
with leaves representing 526 individual protein spots and branches
as clusters. The level of expression for each protein ranges from high
(red) to low (black). The general trends of expression of the spots
within each of the six main branches are classified as early (high
expression at 0, 2, or 4 h), middle (high expression at 12 h), or late
(high expression at 48 h), or combinations thereof.
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between 0.8 and 0.95: A vigilance value less than 0.8
results in categories that are too broad, whereas a
value greater than 0.95 results in too many categories
(X. Zhang and V. Honavar, unpublished data). Figure
3 shows the clustering results of our data using a
vigilance value of 0.85. Using this value, the expres-
sion patterns were divided into 20 clusters, num-
bered 0 through 19. Consistent with the early data of
Grebanier et al. (1979), about 35% of the spots
showed a general increase during chloroplast biogen-
esis (clusters 1–3 and 11), whereas 17% showed a
general decrease (clusters 8, 10, and 14). However,
the remainder of the proteins have more complicated
patterns of increase and decrease.

In addition to ART2, we used another nonhierar-
chical neural network clustering method, self-
organized mapping (SOM), to analyze our data. SOM
has been used previously for microarray data (e.g.
Maleck et al., 2000; Chen et al., 2002) but not for
proteomics data. SOM clustering works well for large
data sets because neural networks are less influenced
by noise and the shape of the data distribution (Do-
pazo et al., 2001). The SOM algorithm maps high-
dimensional data onto an ordered two-dimensional
space, resulting in an ordered grid where each cell
represents a model pattern for the corresponding set
of data points. For expression data, the pattern inside
each cell represents the expression pattern over time

for that cluster. Cells that have similar patterns are
closer to one another within the grid. However, there
are two disadvantages to the SOM method: (a) The
user must arbitrarily predefine the number of clus-
ters, and (b) noisy data patterns are partitioned into
existing clusters instead of being separated from
stronger patterns. Figure 4 shows the results of SOM
analysis of our data using a cluster number of 20.
This number was chosen to facilitate a comparison of
the SOM and ART2 methods. We obtained very sim-
ilar clusters with the SOM and ART2 methods, with
approximately 30% of the spots showing a general
increase during greening (clusters 1–3, 6, and 7) and
about 18% showing a general decrease (clusters 8, 12,
14, and 16). As with the ART2 analysis, approxi-
mately 50% of the spots showed more complex pat-
terns of expression.

DISCUSSION

Plant proteomic studies published to date have
focused on mapping of the proteomes of various
organs, tissues, and cellular components, or on com-
paring protein differences between two or more sam-
ples (see above). However, quantitative measures of
reproducibility were not reported in these studies,
nor were rigorous quantitative analyses conducted to
group proteins into expression classes (e.g. clustering

Figure 3. Nonhierarchical ART2 clustering. A, Representative expression patterns for each of the 20 clusters obtained using
ART2 analysis; the x axis represents time point during greening, and the y axis represents the normalized protein amount.
B, Cluster number and number of spots within each cluster.
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analyses). As examples of methodologies involving
comparisons of more than two samples, two recent
studies have investigated temporal changes in plant
proteomes involving up to four different time points
(Wilson et al., 2002; Shen et al., 2003). Wilson et al.
(2002) examined changes in the proteomes of “en-
riched chloroplast” fractions of senescing white clo-
ver. Proteins were isolated from individual leaves of
“mature green,” “early senescent,” and “late senes-
cent” plants, and 590 spots were resolved on the gels.
The quantity of each protein was assessed as a per-
centage of the total amount of staining on each gel,
and of the 590 spots, it was possible to qualitatively
assign about 50% to four expression groups based on
their patterns of change during leaf ontogeny. How-
ever, high errors were obtained for the relative stain-
ing intensities (abundances) of many spots, suggest-
ing that there was high variability between the
different gels at each time point because of develop-
mental and/or technical factors. Of the 590 spots,
only six plastid proteins could be firmly identified,
illustrating (at least in part) the difficulties of per-
forming proteomics with an organism for which lim-
ited genomics information is available. Although the
data in these experiments are useful in providing
descriptive information about groups of proteins that
change in abundance in a coordinate fashion during
leaf development, the assignment of proteins to a
given class is rather arbitrary because quantitative
clustering analyses were not performed.

In another “timed series” experiment, Shen et al.
(2003) explored changes in the rice proteome at four
time points (from 0–48 h) after mechanical wounding

of the leaf sheath. Soluble rice leaf proteins were iso-
lated, and about 400 spots were resolved on two-
dimensional gels. Of these spots, 29 were qualitatively
observed to change in abundance after wounding (19
were “up-regulated” and 10 were “down-regulated”).
Although clustering analyses were not performed to
assign proteins to a given class, there appeared to be
good gel reproducibility because there was little vari-
ability in staining intensity on replicate gels from each
time point. Even though the rice genome has been
sequenced, these authors were able to identify only 14
of the 29 spots by MALDI-TOF and/or Edman se-
quencing. Only 10 of these spots represented unique
proteins.

The data in this paper provide a reliable method to
assess patterns of change in the plastid proteome
during development. Using our methodology, we
were able to obtain reproducible, replicate gels and
to classify nearly 95% of the visible spots on these
gels as high quality, facilitating estimations of spot
quantities (protein amounts). As other researchers
have noted (e.g. Porubleva et al., 2001), a major stum-
bling block in plant proteomic projects is the lack of
reliable means of spot identification. There are three
levels at which a firm identification can be compro-
mised: (a) Once a spot is digested, a good spectrum
cannot be obtained by mass spectrometry; (b) for
spots with good spectra, database searches for pos-
sible identification yield no matches; and (c) for those
spots with possible identifications, the identifications
are tenuous until supported by experimental data.
Impediments at any of these steps cause the final
number of spots that can be identified with confi-
dence to be low. Under the strict criteria applied in
the present study, only 13.5% (54/401) of the original
trypsin-digested samples could be identified with
certainty. Although we obtained tentative classifica-
tions for another 25%, we could not confirm these
spots unambiguously.

Of the 54 high-confidence spots, most are bona fide
plastid proteins. Yet, some “non-plastid” proteins
were also found. This might not be surprising be-
cause we used only crude organelle preparations for
our two-dimensional gels. On the other hand, not all
plastid proteins have targeting sequences (Schleiff
and Soll, 2000); in addition, chloroplast-targeting al-
gorithms are not always good at predicting these
sequences. Thus, some of the proteins we classified
as “non-plastid” might in fact be bona fide plastid
proteins. Further experiments are necessary to deter-
mine the location of these proteins.

The “non-plastid” protein class included four
“unknown” or “hypothetical” proteins. Similarity
searches to known protein motifs or domains did not
yield clues as to the function of these proteins. How-
ever, protein threading using the software LOOPP
(http://ser-loopp.tc.cornell.edu/loopp.html) gave
several high-confidence matches for one of the “un-
knowns” (spot 3331). LOOPP predicts protein func-

Figure 4. Nonhierarchical SOM clustering. A, Representative ex-
pression patterns from SOM analysis. Thick line, Expression pattern;
Thin lines, SD; x axis, “time point during greening”; y axis, represents
normalized protein amount. B, Cluster number and number of spots
within each cluster.
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tion based on amino acid sequence-to-sequence, se-
quence-to-protein structure, and structure-to-
structure similarity. Using this program, spot 3331
showed similarity to three different proteins. The
highest was to an Escherichia coli Leu/Ile/Val-
binding protein [Protein Data Bank (PDB) identifier
2liv] that interacts with a set of membrane proteins to
transport branched chain amino acids into the cyto-
plasm (Landick and Oxender, 1985). The next highest
similarity was to collagenase (PDB identifier1fbl),
which is a member of a family of zinc-dependent
matrix metalloproteases (Li et al., 1995). The lowest
similarity was to the E. coli matrix porin outer mem-
brane protein F (PDB identifier 1bt9). Further studies
are necessary to determine whether protein 3331 has
any of these functions.

Not surprisingly, all of the proteins we were able to
identify with confidence are soluble or peripheral
membrane proteins, most likely because integral
membrane proteins are difficult to resolve using
standard isoelectric focusing (IEF) and two-
dimensional gel procedures (Molloy, 2000). How-
ever, we could not identify some prominent soluble
stromal proteins on our gels, such as Rubisco and
phosphoenolpyruvate carboxylase. Similar results
were reported by Porubleva et al. (2001) in their
mapping studies of the total leaf maize proteome.
The lack of Rubisco, which is located in bundle
sheath cell chloroplasts, might be because of a higher
abundance of mesophyll cells than bundle sheath
cells in our cell fractionations (Sheen and Bogorad,
1985), whereas the absence of phosphoenolpyruvate
carboxylase (109 kD) might be because of a general
underrepresentation of high-molecular mass proteins
on two-dimensional gels.

Clustering Analyses

Although a growing number of comparative pro-
teomics studies have been reported in plant systems
(see above), the grouping of proteins into expression
classes has generally been qualitative, and rigorous
quantitative measures have been lacking. In this pa-
per, we evaluated three types of clustering ap-
proaches to determine patterns of change in protein
expression using a developmental sequence (green-
ing) as a model system. We found that nonhierarchi-
cal neural network clustering methods are superior
to hierarchical techniques, given the size of our data
set. Of these, ART2 is preferable to SOM because it
eliminates the need for the user to predefine the
number of clusters. However, the user still needs to
define the vigilance value. Figure 5 shows expression
profiles of 13 representative proteins of the 54 total in
Table II and the clusters into which these proteins
were assigned by the ART2 and SOM methods. The
expression profiles were derived from the standard
gels of the five time points. In most cases, the protein
profiles closely match the patterns of both clusters,

but there are exceptions, e.g. spot 3331 (an “un-
known” protein), which more closely matches the
profile of ART2 cluster 13 than SOM cluster 2. Yet,
such exceptions are rare, and we conclude that both
ART2 and SOM provide an accurate reflection of the
actual patterns of change that occur in individual
proteins.

The ART2 clusters into which the 54 proteins in
Tables II and III fall have been included in Table III.

Figure 5. Comparison of ART2 and SOM clustering methods. A,
Protein spot expression patterns from the standard gels for 13 repre-
sentative proteins from Table II; the x axis is “time point during
greening” and the y axis is spot quantity. B, Pattern of SOM assigned
cluster for protein. C, Pattern of ART2 assigned cluster for protein. D,
Spot identification of each protein (same as the circled spots in Fig. 1).
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Several trends emerge from the data. One is that
members of a given functional class of protein are
generally coordinately regulated in expression, at
least during part of plastid development. For in-
stance, the enzymes of photosynthetic carbon assim-
ilation generally increase during early development
and then reach a plateau (e.g. �-amylase, NADP-
malate dehydrogenase, and phosphoglycerate ki-
nase), continue to increase (e.g. glyceraldehyde-3-
phosphate dehydrogenase), or decrease (e.g.
isoamylase). The phosphoglycerate kinase pattern re-
sembles that of the mRNA expression profile of PGK
(the gene for phosphoglycerate kinase) in greening
tobacco (Bringloe et al., 1996), and the pattern of
glyceraldehyde-3-phosphate dehydrogenase expres-
sion is similar to the mRNA expression profiles of
both genes for this enzyme (GapA and GapB) after the
illumination of mature, dark-adapted Arabidopsis
(Dewdney et al., 1993). Although early increases in
expression of photosynthetic carbon assimilation
proteins might not be surprising because the plastid

is assembling the machinery for photosynthesis dur-
ing this time, the lack of a single expression pattern
for these proteins perhaps was presaged by early
experiments in which the in vitro activities of several
Calvin cycle enzymes were monitored during the
greening process (Chen et al., 1967).

The most abundant proteins on our gels were the
�-, �-, �-, and �-subunits of the proton ATPase. Be-
cause the �- and �-subunits are coded for by single-
copy plastid genes, it is likely that the multiple spots
for these proteins arise as a consequence of posttrans-
lational modifications. This might also explain why
there are at least two spots for the �-subunit. Yet,
because the �-subunits are coded for by nuclear
genes, it cannot be ruled out that these spots repre-
sent isozymes. The expression patterns of all four
ATPase subunits fall into cluster 1 (a continual in-
crease during greening), but some of the spots for the
�- and �-subunits also fall into additional clusters.
This suggests that different forms of these proteins
function during specific times during light-induced

Table III. Classes of proteins identified on two-dimensional gels and their patterns of expression during maize greening

Category Spot No. ART2 Classification

Light reactions of photosynthesis
ATPase alpha subunit 8632, 7616, 8633 1, 12, 15
ATPase beta subunit 4520, 4533, 5504, 5517, 5725, 6511,

6708, 5507, 1246, 5518, 4534
0, 1, 1, 3, 3, 3,
3, 6, 10, 10, 17

ATPase delta subunit 201 1
ATPase gamma subunit 6439, 7414 1, 1
33 kD OEC PSII 3320, 3330, 4305 3, 11, 18

Photosynthetic carbon assimilation
Beta amylase 5421 11
Glyceraldehyde-3-phosphate dehydrogenase 6402 1
Isomylase 6441 5
NADP-malate dehydrogenase 5406 11
Phosphoglycerate kinase 4409 11

Plastid chaperones, proteases
Cpn60 (alpha subunit) 3603, 3610, 3615, 3317 10, 10, 10, 18
Cpn20 3324, 4209 4, 10
ClpC 6705, 6711 11, 11
Hsp70 2714, 2720 11, 11

Plastid metabolism (miscellaneous)
Acetyl-coA carboxylase 6537 10
Beta-D-glucosidase 8520 10
Nucleic acid-binding protein (NABP) 329 17
Ribosomal protein “2” 4219 10

Non-plastid
Acetyl-coA-carboxylase 7537 4
Cryptochrome 1 3632, 4738, 4741 3, 8, 19
Cytochrome P450-dependent C4H 2528 10
Enolase 4417 10
Inosine monophosphate dehydrogenase 1145 1
Male sterility 1 protein 3602 10
Mitotic spindle checkpoint protein 4301 3
Sucrose synthase 7313 4
Protein phosphatase 6217 3
Unknown, Hypothetical 3629 1

3331 13
7230 2
1353 10
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chloroplast differentiation. Early studies by de Heij et
al. (1984) showed that the �-, �-, �-, and �-subunits of
the plastid proton ATPase increase 10-fold during the
greening of duckweed (Spirodela oligorhiza), as mea-
sured by western-blot analysis. If duckweed resem-
bles maize, it is likely that the general increases in
protein expression in duckweed reflect a summation
of the patterns of change of all the different forms of
each subunit, masking underlying differences.

Table II shows that in addition to the ATPase sub-
units, multiple spots are represented by the
�-subunit of the 60-kD and 20-kD chaperonins. These
proteins both fall into cluster 10, having a moderate
increase during most of development and a decrease
at 48 h. A similar pattern has been observed for the
chloroplast 60-kD chaperonin during the de-
etiolation of pumpkin (Cucurbita pepo; Strzalka et al.,
1994). However, some isoforms of the 60- and 20-kD
proteins have more complex patterns of change,
again consistent with the notion that different en-
zyme forms might be required at discrete times dur-
ing development.

Although one can vary the cluster number in ART2
by varying the vigilance value, our results are con-
sistent with the idea that there is a wider range of
patterns of change in protein expression during the
greening process than reported in the first proteomic
studies of this process using one-dimensional gels
nearly 25 years ago, in which three expression classes
were identified (Grebanier et al., 1979). The signifi-
cance of these patterns is unclear, but to gain insight
into the responsible mechanisms, we are using tech-
niques of proteomics to analyze mutants that are
perturbed in the process of chloroplast development.
Future experiments will also be directed toward
identifying more chloroplast proteins on our two-
dimensional gels, both to amplify our understanding
of how chloroplast development is controlled during
greening and to identify unknown proteins that
might be important regulators of this process. Al-
though spot identification should improve as the
maize genomic becomes more complete, spot identi-
fication could also be enhanced by using techniques
such as Edman degradation, tandem mass spectrom-
etry, or isotope-coded affinity tags (Gygi et al., 1999;
Hubbard, 2002). Advances in methods of sample
preparation and IEF should also improve the effi-
ciency of proteome analysis for proteins previously
intractable to two-dimensional gel analysis because
of their low abundance, poor solubility, or high ba-
sicity (Rabilloud et al., 1999; Görg et al., 2000; Herbert
and Righetti, 2000).

In conclusion, using the greening of maize chloro-
plasts as a model system, we developed a general
protocol that can be used to generate high-quality,
reproducible data sets for comparative plant pro-
teomics. We also evaluated quantitative procedures
that can be used to group proteins from these data
sets into expression classes and showed that ART2

provides reliable clusters. Importantly, our proce-
dures can be employed by a standard research lab
that is interested in functional genomics to probe the
function of a protein of interest, for example, by
comparing the proteomes of wild-type and knockout
mutants.

MATERIALS AND METHODS

Plant Growth

Maize (Zea mays) kernels were soaked overnight in water, planted in a
mixture of 50% (w/v) peat moss, 40% (w/v) perlite, and 10% (w/v) mineral
soil in 6-inch standard greenhouse pots, and then placed in a dark growth
cabinet (36 total pots). After 7 d, the pots were placed under approximately
50 �mol m�2 s�1 light at room temperature (time 0). At varying times after
illumination (2, 4, 12, and 48 h), the two newest leaves were collected from
plants in two or three of the pots; these were randomly selected from the 36
pots. At each time point, plastids were isolated using a modification of
established protocols (Leech and Leese, 1982). In brief, the leaf tissue was cut
into small pieces, homogenized in a blender for 3 and then 5 s in 4 mL of
isolation medium (0.067 m KH2PO4 [pH 8.0], 0.5 m Suc, 1 mm MgCl2, and
0.2% [w/v] bovine serum albumin) per gram of leaf tissue, and filtered
through two layers of Miracloth (Calbiochem-Novabiochem, San Diego).
The filtrate was then centrifuged for 90 s at 3,000g, and the pellets were
decanted and frozen at �80°C. For each time point, 0.3 g fresh weight
harvested tissue was saved in 80% (v/v) acetone for chlorophyll determi-
nations by previously described methods (Aluru et al., 2001).

Isolation of Plastid Proteins

Plastid pellets were suspended in 20 mL of resuspension buffer (20 mm
MOPS, 50 mm EDTA, and 1 mm phenylmethylsulfonyl fluoride [pH 7.0]),
and proteins were precipitated using 10% (v/v) trichloroacetic acid then
washed twice with 100% (v/v) cold acetone. Samples were air dried over-
night and dissolved the next day in rehydration buffer (7 m urea, 2 m
thiourea, 4% [w/v] CHAPS, 40 mm Tris-Cl, 2 mm tributylphosphine (TBP)
, and 0.5% [w/v] carrier ampholytes added just before use). The protein
samples were then stored at �80°C. Protein concentrations were determined
using the Bio-Rad Protein Assay kit (Bio-Rad Laboratories).

Two-Dimensional Gel Electrophoresis

IEF was performed using an IPGphor IEF System (Amersham-Pharmacia
Biotech, Uppsala). Protein (125 �g) was mixed with rehydration buffer (final
volume of 250 �L), and the samples were loaded onto 13-cm strips (pH 4–7)
and rehydrated for 2 h at 20°C and 20 V for 10 h, 100 V for 1 h, 500 V for 1 h,
1,000 V for 1 h, 2,500 V for 1 h, and finally 8,000 V until the total V hours
reached at least 80,000. After IEF, the strips were stored at �80°C. Before
second dimension electrophoresis, the IEF strips were equilibrated in SDS
equilibration buffer (50 mm Tris-Cl [pH 8.0], 6 m urea, 3% [w/v] SDS, 20%
[v/v] glycerol, and 0.125% [v/v] concentrated tributylphosphine) for 30 min
with gentle shaking. After equilibration, strips were applied to 12.5% (w/v)
SDS-PAGE gels and sealed with agarose sealing solution (0.5% [w/v] aga-
rose in SDS buffer plus a few grains of Bromphenol Blue). Protein samples
were separated by SDS gel electrophoresis with running buffer (25 mm Tris,
192 mm Gly, and 0.1% [w/v] SDS). Protein Benchmark (Invitrogen, Carls-
bad, CA) was applied to Whatman paper (Whatman, Clifton, NJ) and loaded
as a molecular mass marker. Electrophoresis was carried out at 20 mA per
gel with a maximum of 250 V for approximately 6 h. After electrophoresis,
the gels were immediately stained with colloidal Coomassie Blue with
gentle shaking for 2 d, then transferred to 1% (v/v) acetic acid destain with
gentle shaking for 1 d. Next, the gels were transferred to new colloidal
Coomassie stain for 1 d and then destain for 1 d. Finally, the gels were
imaged using the PDQuest software on a GS-800 Calibrated Densitometer
(Bio-Rad Laboratories). After imaging, the gels were stored in destain at 4°C.
Spot intensities were determined using the software PDQuest.
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Mass Spectrometry

Each spot was manually excised from the gel and placed into a micro-
centrifuge tube containing 50% (v/v) methanol. Each gel piece was then
destained by washing two to three times with wash buffer (2.5 mm Tris-HCl
[pH 8.5] and 50% [v/v] acetonitrile) and dried in a speed vacuum. Sequenc-
ing grade modified trypsin (5 �L; Promega, Madison, WI) was added to the
dried gel slice and in gel digestion took place overnight while shaking at
37°C. Peptides were eluted from the gel piece using 5 �L of peptide elution
buffer (50% [v/v] acetonitrile and 0.5% [v/v] trifluoroacetic acid). After
centrifugation at 14,000 rpm for approximately 90 s, 1 �L of the eluted
peptide mixture was mixed with the MALDI-TOF matrix (�-cyano-4-
hydroxycinnamic acid in 50% [w/v] acetonitrile and 0.5% [w/v] trifluoro-
acetic acid), spotted onto a MALDI plate, and air dried. A Voyager-DE Pro
MALDI-TOF mass spectrometer (Perspective Biosystems, Hertford, Great
Britain) was used for mass spectrophotometric analysis.

After spectra were obtained, they were calibrated using Data Explorer
software, version 4.0 (PE-Applied Biosystems, Foster City, CA). Internal
standards, Angiotensen I (mass-to-charge ratio � 904.4681) and Bradykinin
2–9 (mass-to-charge ratio � 1296.6853), were included in the matrix solu-
tion, and the peaks were calibrated using these standards. For identification,
the resulting peptide fingerprint was searched against bioinformatic data-
bases using the software Ms-Fit version 3.3.1 from the software suite Protein
Prospector version 3.4.1. The databases included NCBI nonredundant pro-
teins limited to plants (http://www.ncbi.nlm.nih.gov) and TIGR assembled
expressed sequence tags for maize (http://www.tigr.org). We developed
software to search the databases in “batch” mode (see “Results”).

Once an identification was obtained, the spot was verified by matching
the calculated molecular mass and pI against the actual experimental spot
mass and pI. Spots were also verified by comparing the most intense peaks
on the mass spectrum to the peptide mass fragments relied upon for
identification. Although we found it useful to compare our gels with a
proteome map of maize whole leaf tissue (Porubleva et al., 2001), this map
and ours have a high spot density and were generated under different
electrophoresis conditions. Hence, the two maps cannot be superimposed
for exact protein spot identification purposes.

Data Analysis

PDQuest software was used to assemble first and second level match sets.
A first level match set (standard gel) represents a “standard image” of four
replicate two-dimensional gels for each time point. Each spot included on
the standard gel met several criteria: It was present in at least three of the
four gels, it was qualitatively consistent in size and shape in the replicate
gels, and its quantity was within the linear range of the densitometer. In
addition to “quantity” scores (based on spot density and area), the PDQuest
software assigns “quality” scores to each gel spot. The quality scores pro-
vide a measure of how well the software is able to assess a quantity for a
given spot and ranges from 0 to 100, based on five attributes: (a) good fit to
the Gaussian distribution model, (b) streaking in the X direction, (c) streak-
ing in the Y direction, (d) overlap of the spot with other spots, and (e)
whether the peak intensity value of the spot is within the linear range of the
scanner (Bio-Rad, 2000). We defined “low-quality” spots as those with a
quality score less than 30; these spots were eliminated from further analysis.
The remaining high-quality quantities were used to calculate the median
value for a given spot, and this value was used as the spot quantity on the
standard gel. After obtaining first level match sets, PDQuest was used to
assemble a second level match set that allowed a comparison of the standard
gels from each of the time points. From this match set, the filtered spot
quantities from the standard gels were assembled into a data matrix of
high-quality spots from the five time points.

Four statistical techniques were used to analyze the data. PAL cluster
analysis and PCA were performed using the software TreeView version 1.5 and
Cluster version 2.1.1, respectively (http://rana.lbl.gov/EisenSoftware.htm).
We used a covariance matrix for the PCA analysis. We wrote software to
perform ART2 clustering on normalized medians (see “Results”). SOM was
performed on normalized medians using version 1.0 of Gene Cluster
(http://www-genome.wi.mit.edu/cancer/software/software.html).
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