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Proteomic analysis of a Triton X-100 insoluble, 30 000 × g pellet from purified pea chloroplasts resulted
in the identification of 179 nonredundant proteins. This chloroplast fraction was mostly depleted of
chloroplast membranes since only 23% and 9% of the identified proteins were also observed in envelope
and thylakoid membranes, respectively. One of the most abundant proteins in this fraction was sulfite
reductase, a dual function protein previously shown to act as a plastid DNA condensing protein.
Approximately 35 other proteins known (or predicted) to be associated with high-density protein-nucleic
acid particles (nucleoids) were also identified including a family of DNA gyrases, as well as proteins
involved in plastid transcription and translation. Although nucleoids appeared to be the predominant
component of 30k × g Triton-insoluble chloroplast preparations, multi-enzyme protein complexes were
also present including each subunit to the pyruvate dehydrogenase and acetyl-CoA carboxylase multi-
enzyme complexes, as well as a proposed assembly of the first three enzymes of the Calvin cycle.
Approximately 18% of the proteins identified were annonated as unknown or hypothetical proteins
and another 20% contained “putative” or “like” in the identifier tag. This is the first proteomic
characterization of a membrane-depleted, high-density fraction from plastids and demonstrates the
utility of this simple procedure to isolate intact macromolecular structures from purified organelles for
analysis of protein-protein and protein-nucleic acid interactions.
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Introduction

Plastids are semi-autonomous, membrane-bound organelles
found in algae and higher plants and are the site of de novo
synthesis of many phytochemicals including fatty acids, iso-
prenoids, starch, amino acids and many secondary compounds.
Many of the enzymes involved in these biosynthetic pathways
are located in the soluble portion of plastids (stroma) which is
divided from the cytosol by a double membrane system termed
envelope membrane.1 Plastids are believed to have an endo-
symbiotic evolutionary origin and one of the remnants of this
ancestry is the presence of a circular genome encoding ap-
proximately 110 ORFs.2 The remainder of the estimated 3600
plastid proteins are nuclear encoded.3,4 The estimated number
of plastid proteins for a higher plant is based upon subcellular
target prediction analyses of open reading frames from the
Arabidopsis thaliana genome using organelle targeting algo-
rithms.5 Nuclear-encoded chloroplast proteins are transcribed

from the nuclear genome, translated in the cytosol and
imported into chloroplasts through the envelope membrane
via an amino-terminal targeting peptide.6,7 Although over 3600
proteins are predicted to be targeted to plastids, the number
of characterized plastid proteins represents only a small
percentage of this predicted number.4,8 Despite significant
efforts to characterize chloroplasts and subfractions therein,
less than one-fifth of the predicted number of plastid proteins
have been confirmed.

Previous proteome investigations have cataloged integral and
peripheral membrane proteins associated with envelope9 and
thylakoid10 membrane fractions. These systematic investiga-
tions have provided the first view of the principal membrane
systems in plastids. A less characterized sub-plastidial com-
partment is the stromal space, which likely contains the
majority of plastid-targeted proteins.1 Within the plastid stroma
are nonmembrane, multi-enzyme complexes and macromo-
lecular structures, many of which have yet to be characterized.
It was previously noted that a major fraction of the plastid
acetyl-CoA carboxylase (ACCase) multi-enzyme complex sedi-
ments in a Triton X-100 insoluble, high-density fraction.11

Compositional analysis revealed this fraction was also enriched
in plastome DNA, suggestive of nucleoid co-isolation. Nucleoids
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are dense, heterogeneous protein-nucleic acid particles where
plastome replication and transcription occur.12-14 The sub-
plastidial location of nucleoids is a matter of speculation,
although biochemical evidence indicates an association with
stromal-side of the envelope membrane.15 In addition to
nucleiods, membrane-depleted chloroplast subfractions likely
contain high molecular weight protein complexes since the
multi-enzyme ACCase was also prevalent. To verify this and
begin developing mechanistic models for multi-enyzme com-
plexes and plastid nucleoids we performed the first proteomic
characterization of a membrane-depleted, high-density chlo-
roplast fraction.

Experimental Section

Plant Material, Chloroplast Isolation and Assays. Pea seeds
(Pisum sativum L. cv Little Marvel) were sown in a 1:1 mixture
of water-saturated vermiculite and peat moss-enriched soil in
a growth chamber at a constant 22° C with an 8 h photoperiod
(120 W m-2). Intact chloroplasts were isolated from dark-
adapted 7-d old pea leaves using linear Percoll gradients
according to the procedure of Perry et al.16 Leaves were
harvested prior to illumination so that starch accumulation was
minimal. Aliquots from the various steps in the isolation
procedure were saved for determination of plastid purity by
immunoblotting. Chlorophyll content was quantitated as de-
scribed previously.17 Protein was quantitated using a Coomassie
Blue dye-binding assay18 (Bio Rad, Hercules, CA) with bovine
serum albumin as standard.

SDS-PAGE and Immunoblot Analyses. Samples for SDS-
PAGE were heated to 95° C for 5 min in sample buffer (2%
(w/v) SDS, 2% (v/v) 2-mercaptoethanol, 50 mM Tris-HCl pH
8.0, 10% (v/v) glycerol) and centrifuged at 15k × g for 5 min
prior to loading onto gel. SDS-PAGE and electrophoretic protein
transfer was performed under standard conditions using Hoefer
SE600 electrophoresis and TE-62 transfer units, respectively.
Immunoblotting was performed as described previously11 using
monoclonal antibodies raised against native maize mitochon-
drial proteins, pyruvate dehydrogenase R-subunit19 and ATP
synthase â-subunit.20 Polyclonal antibodies against purified,
recombinant plastid proteins (pyruvate dehydrogenase R- and
â-subunits), cytosolic low-molecular weight acyl-CoA binding
protein and ER-bound acyl-CoA binding protein were used to
determine plastid, cytosolic and ER contamination, respec-
tively. Electronic images of blots and gels (12-bit TIFF, 300 dpi)
were acquired using scanning densitometry. CBB-stained
protein bands were quantified with Phoretix software (Non-
linear Dynamics, U.K.) using the mode of nonspot method for
background subtraction. Apparent mass calibration was per-
formed using the cublic spline curve-fitting method.

Isolation of Triton-Insoluble Fractions from Pea Chloro-
plasts. Intact pea chloroplasts were thoroughly resuspended
to 0.5 mg chlorophyll mL-1 in ice cold lysis media (50 mM
HEPES-KOH pH 8.0, 10% (v/v) glycerol, 2 mM PMSF, 2 mM
benzamidine, 2 mM ε-amino-n-caproic acid, 2 mM EDTA, 14
mM 2-mercaptoethanol, 1% (v/v) Triton X-100), incubated on
ice for 5 min, and immediately centrifuged at 30 000 × g for
30 min, 4° C. Supernatants were discarded and insoluble pellets
were resuspended in the same volume of lysis media using a
glass homogenizer and then centrifuged at 30k × g for 30 min,
4° C. To completely extract membranes, Triton-insoluble pellets
were again resuspended in the same volume of lysis media and
centrifuged (30k × g for 30 min, 4° C). The final, twice-extracted
Triton-insoluble pellets were resuspended in a minimal volume

of lysis media (minus Triton) for protein quantification and
proteome analyses.

Identification of Proteins by Mass Spectrometry. Gel bands
were excised and subjected to in-gel tryptic digestion based
on method of Shevchenko et al.,21 and subsequently modified
by Rowley et al.,22 with the following additional modifications.
The trypsin digested peptides were dried in a speedvac and
resuspended in a final volume of 6 µL of 3% (v/v) trifluoroacetic
acid. Liquid chromatography/mass spectrometric analysis of
each in-gel digest was accomplished using the Waters CapLC
system (Waters Corporation, Milford, Massachusetts) coupled
to a LCQ DECA quadrupole ion trap mass spectrometer
(ThermoFinnigan, San Jose, CA) through the Picoview nano-
spray source (New Objectives, Cambridge, MA). Exactly 1.0 µL
of each in-gel digest was trapped on a Michrom CapTrap
cartridge (Michrom BioResources, Inc. Auburn, CA) and then
backflushed on a 75 µm id × 15 cm picofrit column packed
with 5 µm 100Å Magic C18AQ material (Michrom BioResources,
Inc. Auburn, CA). The picofrit column made electrical contact
through a precolumn ZDV titanium union, and terminated in
a 15 µm tip id outlet spray needle. Peptides were eluted from
the column using a gradient of 5% to 50% solvent B (0.1% (v/
v) formic acid, 95% (v/v) acetonitrile) in 30 min at a flow rate
of 250 nl/min; mobile phase A consisted of 0.1% (v/v) formic
acid. Mass spectra were acquired using the Top three double
play mode of operation where the top three peptide ions
detected in a MS survey scan triggered data dependent MS/
MS fragmentation for obtaining product ion spectra. Uninter-
preted MS/MS spectra were searched against the Viridiplantae
NCBI nonredundant database (June, 2004) using Mascot (Ma-
trix Science, Ltd, U.K.) and XTandem23 (www.thegpm.org)
database mining software. XTandem23 searches were performed
using the single amino acid substitution function to increase
peptide matching. False positives were identified using the
reverse sequence search function of XTandem23 and theoretical
modeling function of Probity.24

XTandem uses survival functions and expectation values to
assign significance to MS/MS spectra matched to an in-silico
peptide fragmentation pattern. The proteins identified in this
experiment using the peptides matched by the XTandem
algorithm were assessed statistically using a modified Probity24

algorithm. This algorithm assigns statistical significance to the
proteins identified by taking into account such factors as the
number to peptides identified, the peptide scores, the number
of proteins in the database searched and the number of MS/
MS spectra searched against these database.

Bioinformatic Analyses. Output identification data was
manually screened based upon score and number of matched
peptides. Tentative identifications with a Mascot score below
70 or fewer than 2 matched peptides were discarded. Xtandem
scores below -1.3 (<95% confidence; score ) log(e)) and all
redundant identifications were also discarded. Primary se-
quences for proteins identified in this investigation were
submitted to two organelle targeting algorithms, ChloroP25

(www.cbs.dtu.dk/services/ChloroP/) and TargetP6 (www.cbs-
.dtu.dk/services/TargetP/). Proteins that were not predicted to
be plastid localized based upon ChloroP or TargetP analyses
were also analyzed using Predotar v.0.5 algorithm (www.
inra.fr/predotar/). Organellar assignment and corresponding
output score is noted for each protein in the supplemental
table.
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Results and Discussion

In Vitro Isolation Protocol Yields High Purity Chloroplasts
from Pea Leaves. Integral to proteome investigations of purified
organelles is experimental validation of in vitro isolation
protocols and establishment of organelle purity. To determine
the purity of the chloroplasts used in this investigation
immunoblotting with antibodies to authentic mitochondrial,
plastid, cytosol and ER proteins was employed (Figure 1).
Monoclonal antibodies against maize mitochondrial pyruvate
dehydrogenase R-subunit and F1 ATP synthase R-subunit
detected single proteins of 43 kDa and 52 kDa, respectively,
that were predominant in 2.6k × g pellets and of low abun-
dance in Percoll purified chloroplast fractions (Figure 1).
Cytosol and ER contamination were also minimal based upon
marker antibodies to low-molecular weight and membrane-
bound acyl-CoA binding proteins, respectively. In contrast,
plastid pyruvate dehydrogenase R- and â-subunits were highly
enriched in both 2.6k × g pellets and Percoll gradient fractions.
Quantification of nonplastidial contamination, based upon
these immunoblot analyses, revealed the chloroplasts used in
this investigation were greater than 90% pure.

Approximately 35 Coomassie Stained SDS-PAGE Bands are
Observed in Triton-Insoluble Pea Chloroplast Fractions.
Previous chloroplast proteome investigations have targeted
envelope and thylakoid membrane subfractions for in-depth
characterization. To our knowledge, there has been no sys-
tematic analysis of a membrane-depleted, high-density chlo-
roplast subfraction. If prepared expeditiously under stabilizing
conditions, such a fraction would hypothetically contain the
bulk of high molecular weight, nonmembrane macromolecular
structures within chloroplasts including nucleoids, starch

granules, and multi-enzyme complexes. Indeed, a previous
investigation of the heteromeric ACCase revealed this highly
labile, multi-enzyme complex could be retrieved in its intact
state (based upon activity status) by de-lipidating purified
chloroplasts with Triton X-100 followed by centrifugation.11

Attempts to resolve proteins present in Triton-insoluble
chloroplast fractions using two-dimensional gel electrophoresis
resulted in substantial horizontal streaking of protein spots
(data not shown), presumably due to the high nucleic acid
content and hydrophobicity of proteins in this fraction. For this
reason SDS-PAGE was employed instead of 2-D electrophoresis
to analyze the proteins in this sample. Fractionation by SDS-
PAGE and subsequent staining by Coomassie Brilliant Blue
(CBB) consistently revealed 35 distinct protein bands. Five
proteins of 74, 53, 52, 50, and 48 kDa corresponding to bands
14, 18, 19, 20, 21, respectively, comprised approximately 32%
of the total CBB-stained protein (Figure 2). Comparison of the

Figure 1. Validation of pea chloroplast purification by immuno-
blot analyses. Fractions from the chloroplast purification proce-
dure, including the total homogenate (total), 2600 × g pellet (2.6k
× g pellet) and supernatant (2.6k × g super) and Percoll purified
chloroplasts (chloroplasts), were quantified and equal amounts
of protein (50 µg) resolved by SDS-PAGE. Polyclonal antibodies
specific to the plastid pyruvate dehydrogenase R- and â-subunits
(pd E1R and pdE1â) were used to verify chloroplast enrichment.
Monoclonal antibodies to mitochondrial pyruvate dehydrogenase
R-subunit (mtE1R) and F1-ATP synthase R-subunit (R-ATPase)
were used to determine mitochondrial contamination and poly-
clonal antibodies to low-molecular weight (ACBP) and membrane-
bound (mACBP) acyl-CoA binding proteins were used as markers
for the cytosolic and ER fractions, respectively.

Figure 2. Polypeptide profile of Triton-insoluble 30k × g pellet
pea chloroplast preparation. Total pea chloroplasts (20 µg) and
Triton-washed, Triton-insoluble 30k × g pellet (50 µg) were
resolved by SDS-PAGE, 9% polyacrylamide and stained with
CBB. The entire Triton-insoluble lane was sectioned into 39 pieces
as indicated for tryptic digestion followed by nanospray LC-MS/
MS. The volume of stained protein in each section was quantified
using Phoretix software (Nonlinear Dynamics) and expressed as
a percentage of the total protein. Molecular weight standards are
noted.
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SDS-PAGE band profiles with total chloroplasts revealed the
protein composition of this subfraction was distinct (Figure 2).

To identify each stained protein band while also identifying
those proteins below the detection of CBB, the entire lane from
a one-dimensional SDS-PAGE gel was sectioned according to
the predominant CBB-stained bands as well as the nonstaining
‘background’ regions of the gel (Figure 2). Pre-fractionation of
the Triton-insoluble pea chloroplast fraction by SDS-PAGE
allowed the prominent protein bands to be quantified and also
reduced the complexity of each sample prior to reverse-phase
capillary LC to further enhance the sensitivity of this approach.
Using this approach, 341 total proteins assigned to 179 different
accession numbers were identified in this investigation (Suppl.
Table).

Validation of Chloroplast Purity Using Subcellular Target
Prediction Algorithms. Each of the protein sequences identi-
fied in this investigation were submitted to web-based organelle
targeting algorithms. Of the 179 unique proteins identified in
this investigation only 15 were consensus nonplastidial, based
upon ChloroP, TargetP and Predotar organellar prediction
analyses (Supporting Information Table). It is likely that this
number is an overestimate due to the ambiguous nature of
protein annotation, particularly for unknown proteins, and the
potential for dual-organellar targeting of some proteins26-30

which current targeting algorithms are not trained to detect.
One previously characterized, dual-targeted protein is RNA
polymerase which was also identified in this investigation.31-33

Although TargetP is considered to be a reliable organellar
targeting algorithm it was observed that two known plastid
proteins, oxygen-evolving enhancer protein and stearoyl-ACP
desaturase, were incorrectly assigned by TargetP in the current
investigation. In contrast, ChloroP and Predotar correctly
localized these two proteins to plastids (Suppl. Table). Thus, it
is important to verify nonplastid targeted proteins with alterna-
tive algorithms, as shown in this report, and ultimately through
experimentation.

Three proteins observed in this investigation, glycolate
oxidase (band 26) and glycine decarboxylase subunits ami-
nomethyltransferase (band 24) and serine hydroxymethyltrans-
ferase (band 19), are major soluble proteins in glyoxysomes and
mitochondria, respectively. The presence of these proteins in
Triton-insoluble chloroplast preparations could therefore be
due to protein carry-over, possibly by nonspecific binding to
the outer envelope of intact plastids. As these three proteins
were the few unambiguous, nonplastidial proteins identified
in this investigation this explanation is more plausible than
whole organellar contamination. As a whole, these data are
consistent with immunoblot analyses (Figure 1) and the overall
conclusion that the chloroplast preparations used in this
investigation were of high purity.

Protein Composition of Triton-Insoluble Chloroplast Prepa-
rations are Distinct from Thylakoid and Envelope Mem-
branes. Comparison of the 179 proteins identified in this
investigation with those from previous proteome investigations
of thylakoid10 and envelope9 membranes revealed only 17
(9.5%) and 42 (23%) proteins, respectively, in common with
those investigations (Figure 3A). Thylakoid and envelope frac-
tions shared 52 (23%) proteins and all three datasets had 10
proteins in common. From these data it is evident Triton-
insoluble preparations are distinct from thylakoid and envelope
membranes. Surprisingly, only 29% of the proteins identified
here were also observed in a recent catalog of 650 chloroplast
proteins identified by LC-MS/MS (Figure 3B).34 The low

percentage of coincident proteins between these two investiga-
tions emphasizes the importance of subfractionation as a tool
to extend proteome coverage.

After sorting each protein according to a fifteen class enzyme
function classification scheme, adapted from the Yeast Genome
Project35 for the Arabidopsis Genome Initiative,36 it was ob-
served that 35% of the proteins identified from this investiga-
tion were involved in energy production and primary metabo-
lism (Figure 4A). Protein synthesis and transcription classes
each represented 11%, followed by cell growth/division (7%),
intracellular traffic (5%) and secondary metabolism, protein
destination/storage and transporters (each 4%). Unknown or
hypothetical (unclassified) proteins were also a major class of
proteins and they are listed in Table 1 along with the highest
matching homologue from BLASTP searching of NCBI nonre-
dundant databases. Proteins with “putative” or “like” in the
Genbank identifier tag are also listed since the function of most
of these proteins have yet to be confirmed.

In addition to functional classifications, proteins were also
grouped according to their sub-organellar macromolecular or
structural association (Figure 4B). Nucleoids contained the
highest percentage of proteins (22%), although most classifica-
tions were made based upon bacterial models, as plastid
nuceloids are poorly characterized structures. Multi-enzyme
complexes were another abundant group of macromolecules
in Triton-insoluble chloroplast preparations. Interestingly, few

Figure 3. Venn diagram overlay of proteins identified from
various chloroplast fractions. (A) Proteome analysis of purified
thylakoids from Arabidopsis chloroplasts yielded 222 different
proteins10, envelope membranes from Arabidopsis and pea
chloroplasts resulted in 352 proteins9 and the current investiga-
tion produced 179 unique proteins. Total number of proteins
identified and the number of coincident identifications among
the proteome investigations are shown. Note that the Triton-
insoluble fraction has more proteins in common with envelope
than thylakoid membranes. (B) Comparison of Arabidopsis total
chloroplast proteome34 (650 proteins) with Triton-insoluble frac-
tion. Areas of circles are proportional to number of identified
proteins.
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of the subunits to these complexes were observed in a previous
total chloroplast proteome investigation34 suggesting these
complexes might be present at a low copy number in chloro-
plasts.

Nucleoids are a Major Component of Triton-Insoluble Pea
Chloroplast Preparations. An intense 68 kDa protein band
(band 14) comprising approximately 8% of the total protein
was identified by LC-MS/MS as one predominant protein,
ferredoxin:sulfite reductase. Sulfite reductase was also a major
component of bands 11, 12, 13, and 15. In addition to its
primary role in sulfur assimilation for cysteine and methionine
synthesis, sulfite reductase was demonstrated as one of the
most abundant proteins in plastid nucleoid preparations from
pea and soybean.37,38 In these investigations sulfite reductase
was shown to be a condensing protein for plastid DNA, allowing
the formation of compact protein-DNA complexes. The abun-
dance of sulfite reductase in this fraction, in conjunction with
the previous observation that nucleic acids were also preva-
lent11 strongly supports the conclusion that nucleoids are a
major component of 30k × g Triton-insoluble preparations.
Interestingly, sulfite reductase was not identified from previous
proteome investigations of chloroplast envelope membranes9,39,40

despite biochemical evidence suggesting nucleoids are tightly
associated with envelope membranes.15,41,42

Another class of nucleoid-associated proteins identified in
this investigation were DNA gyrase-topoisomerases. Like sulfite
reductase, DNA gyrases were abundant in Triton-insoluble
fractions based upon intensities of CBB stained bands 7, 8, and
12. In addition to the two proteins annotated as DNA gyrase
subunit A and B (accession numbers 15228353 and 15228245,
respectively) two genes annotated as DNA gyrase subunit
A-related (accession 30681440) and DNA gyrase subunit B-like
(accession 15237634) were also identified from bands 9, 11, 13.
Interrogation of the Arabidopsis genome with these sequences
revealed only the four putative DNA gyrase genes discussed
here. Interestingly, most of the sequence differences were
observed at the amino-termini suggesting targeting to different
organelles. The gene annotated as DNA gyrase subunit B-like
(accession 15237634) is mitochondrial-localized based upon

TargetP and Predotar prediction analyses but plastid-localized
based upon ChloroP analysis, whereas accession numbers
30681440 and 15228353 are both consensus plastid localized.
Although the exact role of DNA gyrases in plastid function is
presently unknown, a previous investigation demonstrated
these proteins are critical for nucleoid division by the use of a
specific inhibitor.43 The high abundance of DNA gyrases in
enriched nucleoid preparations as well as the genetic redun-
dancy also point toward an important role for these proteins
in nucleoid and perhaps chloroplast division.

Other presumptive nucleoid-associated proteins identified
in this investigation include putative plastid-predicted RecA
DNA repair isoforms (bands 23, 24) and DNA binding proteins
(bands 4, 5, 6). Another known DNA-binding protein identified
in this investigation was histone. Histones are basic, low
molecular weight DNA binding proteins responsible for con-
densing DNA.44 However, these proteins are generally consid-
ered nuclear-localized thus it is unclear whether the polypep-
tide identified here is a true histone or a potentially misidentified
plastid HU-protein which are similar to histones in structure
and function, as demonstrated in cyanobacteria.45,46 The func-
tion of HU-like proteins in higher plants is not yet clear since
sulfite reductase has been demonstrated to condense plastid
DNA.

Transcription and Translation-Related Proteins Co-Sedi-
ment with Nucleoids. Plastid nucleoids are high-density
protein-DNA particles that sediment at low centrifugal forces.13,47

Electron microscopy has revealed these particles are hetero-
geneous in structure,13,14,48-50 and therefore may be associated
with other macromolecular structures. Previous investigations
reported that purified plastid nucleoids also exhibited RNA
polymerase activity although the extent of this association is
not clear.12,13,51,52 In addition to transcription activity, it was
suggested that ribosomes may also be associated with nucleoids
based upon the identification of a 28 kDa ribosomal-like protein
as part of nucleoid preparations from pea chloroplasts.47

In the current investigation, numerous transcription and
translation related proteins were identified in 30k × g Triton-
insoluble chloroplast preparations (Figure 4). The plastid-

Figure 4. Enzyme function and sub-organelle structural classification of proteins identified from Triton-insoluble chloroplast fraction.
Proteins annotated as unknown or hypothetical were also classified into functional and sub-organellar groups if identity was greater
than 35% to a previously characterized protein. (A) Functional classification was based upon the fifteen class nomenclature scheme
employed for the Arabidopsis genome,36 which was derived from the yeast functional catalog,35 with the following additional categories,
secondary product metabolism and disease, defense and stress responses plus additional subcategories for plant-specific functions.
B, Classification of proteins according to sub-organelle macromolecular association according to the literature or as predicted based
upon function.
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Table 1. Proteins Annotated as Unassigned (“unknown”, “putative”, or “hypothetical” preceding “protein” terminology in
identifier tag) and Probable Proteins (“similar to”, “like”, “probable”, or “putative” in identifier) from Triton-Insoluble Purified Pea
Chloroplast Fractionsa

GI no. MW
matched
peptides

ChloroP
(score)

TargetP
(class)

plant
species

protein identity
BLAST homology search (% identity)

Proteins annotated as unknown, putative or hypothetical proteins
15242755 58,428 10 Y (0.577) C (2) A metallo-beta-lactamase family protein (92%)
15226791 62,547 6 N (0.478) C (4) A no similarity to known proteins
13548330 82,669 6 Y (0.536) C (3) A oligoketide cyclase/lipid transport protein (17%)
15219038 37,525 5 Y (0.566) C (2) A beta-tonoplast intrinsic protein-like (5%)
15236930 44,152 3 Y (0.584) C (5) A putative NADPH-dependent reductase (76%)
15450597 37,525 4 Y (0.566) C (2) A beta-tonplast intrinsic protein-like (6%)
13877771 35,120 4 Y (0.543) C (4) A ribosomal protein 30S subunit (52%)
15233005 34,239 2 Y (0.530) C (2) A methyltransferase, putative (19%)
28416677 35,042 1 Y (0.551) C (1) A hypothetical protein kinase (26%)
28393617 100,554 15 Y (0.577) C (2) A metallo-beta-lactamase family protein (39%)
25278006 85,023 8 Y (0.574) C (3) A UDP-N-acetylmuramoylananyl-D-glutamate-2,6-diaminopimelate

ligase (50%)
26450692 60,895 3 N (0.478) C (4) A no similarity to known proteins
28416497 81,000 8 Y (0.561) C (1) A putative DEAD box RNA helicase (31%)
25406387 96,326 5 Y (0.542) C (2) A putative chloroplast RNA processing protein (50%)

9558534 48,760 1 N (0.441) O (3) Os anthranilate N-hydroxycinnamoyl/benzoyltransferase (36%)
15292887 60,145 7 Y (0.577) C (1) A putative dihydrolipoamide dehydrogenase (85%)

4558676 111,490 1 Y (0.505) C (1) A filament protein-related (85%)
4678934 42,275 2 Y (0.508) M (5) A 5′-3′ exonuclease family protein (73%)

38344868 46,145 8 Y (0.566) C (2) Os pyruvate dehydrogenase alpha subunit (71%)
26450902 44,831 1 Y (0.581) C (1) A glyceraldehyde 3-phosphate dehydrogenase (83%)
21280837 37,378 2 Y (0.566) C (2) A no similarity to known proteins

3080425 43,723 2 Y (0.584) C (5) A nucleoside-diphosphate-sugar epimerase (43%)
32487387 41,183 4 Y (0.567) C (2) Os protochlorophyllide reductase A, chloroplast precursor (70%)
29893583 46,354 4 Y (0.592) C (1) Os 50S ribosomal protein L4, chloroplast (35%)

7413642 30,567 3 Y (0.545) C (5) A RNA and export factor-binding protein, putative (35%)
23296698 34,811 1 Y (0.530) C (2) A methyltransferase, putative (21%)
10178029 37,206 2 Y (0.576) C (3) A short-chain dehydrogenase/reductase (SDR) family protein (33%)
14597792 41,176 5 Y (0.538) M (5) Pp ADP, ATP carrier protein 1 (70%)
18377498 31,823 1 Y (0.516) C (2) A putative chloroplast initiation factor 3 (63%)
21592994 33,854 2 Y (0.579) C (1) A ATPase involved in DNA repair (24%)
18176428 28,837 3 Y (0.570) C (1) A ferritin 2, chloroplast precursor (56%)
21536493 13,259 6 Y (0.547) C (2) A no similarity to known proteins

Proteins annotated as “putative” or “like” proteins
15237634 84,615 7 Y (0.558) M (4) A DNA gyrase subunit B - like protein

1522141 97,120 10 Y (0.542) C (2) A unknown - similar to pentatricopeptide repeat protein
15228353 102,261 11 Y (0.589) C (1) A putative DNA gyrase subunit A

6573745 172,811 4 N (0.494) C (5) A unknown protein- similar to chloroplast R1 protein
30681440 104,538 2 Y (0.589) C (1) A DNA gyrase subunit A -related

7488180 52,637 10 Y (0.561) C (1) A probable RNA helicase
15241858 14,535 10 N (0.433) O (1) A histone H2B, putative

4583548 39,939 5 Y (0.550) C (2) A chloroplast FtsYhomolog
15237163 32,980 5 Y (0.506) M (5) A fibrillarin-like
15230982 23,834 2 Y (0.583) C (2) A putative peroxiredoxin
15229443 37,780 11 Y (0.568) C (1) A chloroplast ribosomal L1 - like protein

7488830 42,106 5 Y (0.589) C (1) P probable malate dehydrogenase
15212142 41,494 4 Y (0.571) C (3) Os putative O-acetylserine (thiol) lyase

7488841 35,878 4 Y (0.502) C (5) P ribonuclease S5 homolog
15217485 42,764 11 N (0.495) O (4) A putative RNA-binding protein
15230174 47,885 18 Y (0.586) C (1) A putative fatty acid desaturase SBZIP, diiron protein
15228245 72,847 23 N (0.428) O (2) A putative DNA gyrase subunit B
15450593 78,413 2 N (0.454) O (2) A putative acyl-CoA synthetase
21536525 48,326 3 Y (0.539) C (5) A dihydrolipoamide S-acetyltransferase, putative
21464567 60,757 8 Y (0.589) C (1) A putative dihydrolipoamide dehydrogenase
11357296 53,781 1 Y (0.507) C (3) A fructokinase-like protein
30680397 56,873 2 Y (0.561) M (2) A DNA topoisomerase, ATP-hydrolyzing, putative
20453114 112,121 3 Y (0.569) C (1) A putative chloroplast inner envelope protein
32129333 102,334 6 Y (0.562) M (3) Oj putative DNA gyrase subunit

169128 102,711 3 Y (0.561) C (4) P nuclear encoded precursor to chloroplast protein
25084218 93,726 3 Y (0.575) C (1) A putative helicase
22137204 78,998 1 N (0.451) O (4) A putative ABC transporter
15232029 40,551 2 N (0.432) O (2) A zinc finger (C2H2 type) family protein

3738333 35,142 6 Y (0.583) C (2) A putative chloroplast initiation factor 3
6634469 37,750 8 Y (0.548) C (2) Le putative ascorbate peroxidase

28950693 15,082 3 N (0.431) O (1) A putative histone H2B
31432862 42,766 3 Y (0.519) C (4) Os putative pyruvate dehydrogenase

3850621 42,158 6 N (0.489) O (4) A putative RNA binding protein
289208 47,733 1 Y (0.574) C (2) A DNA repair protein (RecA homolog)

a The genbank identification number (GI no.), predicted molecular weight (MW) and number of peptides matched from MS/MS ions searching are noted.
Organelle targeting predictions are also noted. Plastid target predictions for the ChloroP algorithm were either Yes (Y) or No (N) based upon a probability
score (in parentheses). Abbreviations for TargetP subcellular localization algorithm are: C, chloroplast; O, other; M, mitochondria and prediction class (1
through 5) for each protein is noted in parentheses. Plant species from which the gene originated is noted with the following abbreviations: A, Arabidopsis
thaliana; Le, Lycopersicon esculentum; Os, Oryza sativa; Pp, Physcommitrella patens; P, Pisum sativum. BLASTP searches were performed with each unknown
protein to find the highest matching homologue; percent identity is noted in parentheses.
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encoded RNA polymerase â-subunit was a component of bands
4 and 5 and the plastid-encoded R-subunit was an abundant
polypeptide in bands 24 and 25. Another RNA-associated
protein observed in this fraction was a plastid-targeted probable
RNA helicase (band 10, 11) which is involved in processes
ranging from transcriptional regulation53 to ribosome as-
sembly.54 Numerous plastid-targeted, RNA binding proteins
were also identified. One particularly abundant RNA-binding
protein (accession number 7446357) was the principal com-
ponent of bands 33 and 34. A ribonuclease S5 homologue was
observed in multiple bands and proteins identified as endori-
bonuclease E (band 3) and polyribonucleotide nucleotidyl-
transferase (band 4) were also observed in Triton-insoluble
chloroplast preparations.

Plastid ribosomes were also present in Triton-insoluble
chloroplast preparations based upon the number of different
ribosomal proteins identified and the frequency of their
identification (Figure 4, Supporting Table). In addition to
ribosomal proteins three translation elongation factors and two
ribonucleoproteins were also observed. These data suggest an
association of the translation apparatus with nucleoids, perhaps
indirectly through nascent transcripts. Alternatively, it is pos-
sible that intact ribosomes co-sediment with nucleoids due to
their large mass rather than via association with nucleoids.
Understanding this potential interaction will require further
study, perhaps through dissociation analyses. Development of
the current SDS-PAGE proteome map of should be helpful in
this endeavor.

Multi-Enzyme Complexes are Enriched in 30k × g Triton-
Insoluble Chloroplast Fractions. The pyruvate dehydrogenase
complex (PDC) is a labile, macromolecular assembly of at least
three enzymes, pyruvate dehydrogenase (R- and â-subunits),
dihydrolipoamide acetyltransferase, and lipoamide dehydro-
genase. Based upon rate-zonal centrifugation, the maize mi-
tochondrial PDC was previously estimated to be greater than
5 MDa in size,55 due in part to a 2.7 MDa pentagonal
dodecahedron central core of dihydrolipoamide acetyltrans-
ferase subunits.56 The quaternary structure and organization
of the plastid PDC is largely unknown because the plastid PDC,
unlike the mitochondrial form, dissociates rapidly in vitro.57

The presence of all four subunits in the membrane-depleted
30k × g fraction characterized here (bands 17-21, 25-27)
indicates this complex can be isolated under rapid extraction
conditions for further structural analyses (Table 2). Since this
complex sedimented at relatively low centrifugal forces as-
sociation with other enzymes is possible and may signal the
presence of a larger, metabolic enzyme assembly in plastids
including the heteromeric acetyl-CoA carboxylase (Table 2).

The R-carboxyltransferase (R-CT) subunit to the multi-
enzyme complex ACCase was detected in bands 6, 7, 8, and 12
while the â-carboxyltransferase (â-CT) subunit was observed
in bands 7, 8, 9, 10, and 11 (Figure 2). Detection of CT subunits
in multiple SDS-PAGE bands indicated diffuse migration during
SDS-PAGE which could be the result of incomplete denatur-
ation as these two proteins are tightly complexed by hydro-
phobic interactions and extensive disulfide bridging.58 Alter-
natively, this could be due to incomplete chromatographic
elution (also referred to as “memory effect”) from reversed-
phase chromatography. Upon the basis of the number of tryptic
peptides identified, the majority of R-CT was observed in bands
7 and 8 which comprised approximately 2.5% of the total
protein in Triton-insoluble chloroplast preparations. The â-CT
subunit was predominantly found in band 10 which repre-

sented 1.6% of total protein. In addition to the CT subunits,
the biotin carboxylase (BC) and biotin carboxyl carrier protein
(BCCP) subunits to ACCase were detected in bands 17, 19, 20,
and 27, 28, respectively. The low number of matching peptides
for BCCP could be low sequence conservation as unlike the
CT subunits the pea homologues for these genes have yet to
be cloned.

Bands 18, 19, and 20 were a mixed composition of ATP
synthase R- and â-subunits and RuBisCO large subunit. These
three proteins are present at high levels in chloroplasts and
are common contaminants of in vitro purified envelope and
thylakoid membranes.9,39,40,59 It is therefore plausible that these
two proteins are ‘carry-over’ contaminants of Triton-insoluble
fractions due to their overwhelming abundance in chloroplasts.
An alternative explanation is a potential association with other
proteins as part of a larger, sedimentable complex. This
explanation is supported by the observation that two classes
of proteins known to associate with RuBisCO, RuBisCO activase
and RuBisCO binding protein subunits (groEL-related chloro-
plast chaperonin 60), were also prevalent (Table 2).59-61 Fur-
thermore, RuBisCO was previously observed to form a complex
with four other enzymes of the Calvin cycle.62,63 Interestingly,
two of those enzymes were also observed in this investigation,
phosphoglycerate kinase (PGK) and glyceraldehyde-3-phos-
phate dehydrogenase (GPDH). Surprisingly, both forms of
GPDH were observed and were the major proteins in bands
24 and 26, representing approximately 4% of the total protein.
GPDH was also identified as a component of bands 23, 25, and
27. Thus one possible explanation for the presence of RuBisCO,
PGK, and GPDH (three soluble, stromal enzymes) in 30k × g
Triton-insoluble fractions is the isolation of an assembly of
Calvin cycle enzymes plus associated chaperonins.

Conclusions

Proteomic analysis of a membrane-depleted, high-density
fraction from purified pea chloroplasts resulted in the identi-
fication of 179 different proteins, almost 97% of which are
known or predicted plastid proteins. This chloroplast fraction
was biochemically distinct from envelope and thylakoid mem-
branes since only 23% and 9%, respectively, of the 179 proteins
were in common with previous proteome investigations of
these fractions. Assignment of abundant protein bands as
sulfite reductase (plastome condensing protein) and DNA
gyrase confirmed nucleoids were a major component of this
fraction. In addition to nucleoids, large multi-subunit com-
plexes were also present in this fraction including ribosomes,
ACCase, and PDC. The first three enzymes of the Calvin cycle,
RuBisCO activase and RuBisCO binding proteins were surpris-
ingly abundant and, if associated, could explain sedimentation
in Triton-insoluble 30k × g fractions. Indeed, these data support
the previous proposal of a large, multi-enzyme assembly to
facilitate metabolite channeling of reductive pentose phosphate
pathway intermediates.63 Despite rigorous de-lipidation with
Triton X-100 detergent, sixteen envelope membrane proteins
were also identified suggesting domains of this membrane
system are recalcitrant to Triton extraction. Surprisingly, 32
proteins were classified as unknown or hypothetical proteins,
most matching to Arabidopsis ORFs. Because this was the first
proteomic analysis of a membrane-depleted, high-density
chloroplast subfraction the high number of unknown and
hypothetical proteins is not surprising. Since only the hetero-
meric ACCase was known to be localized to this chloro-
plast fraction, this investigation demonstrates the utility of
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Table 2. Proteins Identified from Triton-Insoluble Pea Chloroplast Fraction Associated with Macromolecular Structuresa

GI no.
predicted

mass
Mascot/

XTandem score
matched
peptides

ChloroP
(score)

TargetP
(class) Predotar plant protein

Multi-enzyme complexes
acetyl-CoA carboxylase complex

7619891 91,369 2141 80 Y (0.569) C (1) P acetyl-CoA carboxylase alpha subunit
1703061 67,702 636 27 C (PE) P acetyl-CoA carboxylase carboxyl transferase subunit beta
3219361 58,808 -96.3 14 Y (0.558) C (2) G biotin carboxylase precursor
3334130 27,754 81 3 Y (0.569) C (4) C (0.97) G biotin carboxyl carrier protein of ACCase

pyruvate dehydrogenase complex
15223294 47,600 319 13 Y (0.573) C (1) A pyruvate dehydrogenase E1 alpha subunit
15220670 44,245 130 6 Y (0.579) C (1) A pyruvate dehydrogenase E1 beta subunit
15230922 50,106 184 9 Y (0.592) C (1) A dihydrolipoamide S-acetyltransferase
21464567 60,757 -58.1 8 Y (0.589) C (1) A putative dihydrolipoamide dehydrogenase

ATP synthetase complex
114522 54,649 300 6 C (PE) P ATP synthase alpha chain
114560 53,147 699 25 C (PE) P ATP synthase beta chain
114640 41,841 293 11 Y (0.578) C (1) P ATP synthase gamma chain

RuBisCO and Calvin cycle complexes
2506277 63,28 649 20 Y (0.562) C (1) P rubisco binding-protein beta subunit (60 kd chaperonin)
1710807 61,99 603 19 Y (0.559) C (2) P rubisco binding-protein alpha subunit (60 kd chaperonin)
3893097 54,206 956 60 C (PE) P ribulose 1,5-bisphosphate carboxylase, large subunit

120658 43,597 835 30 Y (0.564) C (2) P glyceraldehyde 3-phosphate dehydrogenase a
120663 48,580 93 29 Y (0.536) C (2) P glyceraldehyde 3-phosphate dehydrogenase b

3914605 48,217 361 11 Y (0.590) C (1) Md ribulose bisphosphate carboxylase/oxygenase activase
7434544 50,594 225 10 Y (0.583) C (1) St phosphoglycerate kinase precursor

Nucleoids, transcription, translation
133405 39,194 694 26 C (PE) P DNA-directed RNA polymerase alpha chain

11465946 121,156 522 18 C (PE) Nt putative RNA polymerase beta subunit
12658639 64,124 321 14 Y (0.587) C (1) G ferredoxin:sulfite reductase precursor

7488820 98,786 828 21 Y (0.580) C (1) P polyribonucleotide nucleotidyltransferase
7488796 69,741 918 37 N (0.463) O (3) C (0.50) P DNA-binding protein PD2

15228353 102,261 23 11 Y (0.589) C (1) A putative DNA gyrase subunit A
32129333 102,334 -24.1 6 Y (0.562) M (3) M (0.83) Oj putative DNA gyrase subunit
30681440 104,538 114 2 Y (0.589) C (1) A DNA gyrase subunit A -related
15228245 72,847 492 23 N (0.428) O (2) N A putative DNA gyrase subunit B
25084218 93,726 -4.7 3 Y (0.575) C (1) A putative helicase

7488180 52,637 258 10 Y (0.561) C (1) A probable RNA helicase
250009 48,159 241 6 Y (0.574) C (2) A DNA repair protein RecA

7488841 35,878 438 14 Y (0.502) C (5) M (0.58) P ribonuclease S5 homolog
3738333 35,142 -9.9 6 Y (0.583) C (2) A putative chloroplast initiation factor 3

122083 15,21 150 5 Y (0.547) C (3) Ea histone H3
26453355 43,941 -14.4 5 Y (0.597) C (1) Le mRNA binding protein precursor

3850621 42,158 -34.8 6 N (0.489) O (4) C (0.97) A putative RNA binding protein
7446357 32,131 396 13 Y (0.587) C (1) P RNA-binding protein
1076251 31,963 -9.9 3 Y (0.586) C (1) M RNA-binding protein

629557 33,937 82 4 Y (0.587) C (4) C (0.99) A RNA-binding protein RNP-D precursor
ribosome-associated

15229443 37,780 114 3 Y (0.568) C (1) A chloroplast ribosomal L1 - like protein
1350625 23,481 48 24 Y (0.568) C (1) P 50S ribosomal protein L1
3914666 30,506 80 3 Y (0.576) C (2) A 50S ribosomal protein L4, (R-protein L4)

400994 29,890 258 8 Y (0.531) C (1) P chloroplast 50S ribosomal protein L2
400986 27,867 454 19 Y (0.554) C (2) P 50S ribosomal protein L15

7440606 28,352 290 12 Y (0.531) C (1) Nt ribosomal protein L3 precursor, chloroplast
133913 27,167 302 13 C (PE) P chloroplast 30S ribosomal protein S2

13518426 23,366 100 3 C (PE) Lj 30S ribosomal protein S4
6015084 53,131 707 28 Y (0.595) C (1) P elongation factor tu (EF-TU)

133248 35,255 88 3 Y (0.552) C (3) Ns 31 kDa ribonucleoprotein
133247 25,330 97 4 Y (0.586) C (1) S 28 kDa ribonucleoprotein, chloroplast (28RNP)

Envelope membranes
20453114 112,121 -5.9 3 Y (0.569) C (1) A putative chloroplast inner envelope protein
15450593 78,413 -3.7 2 N (0.454) O(2) C (0.24) A putative acyl-CoA synthetase

729842 35,709 243 8 Y (0.575) C(2) P membrane-associated 30 kDa protein
6635349 21,664 162 3 N (0.474) C(5) N Ls 37 kDa chloroplast inner envelope membrane protein
7488813 110,523 1746 59 Y (0.574) C(2) P import intermediate-associated 100K protein precursor
7453538 64,498 -6.9 2 C (OM) P Toc64 chloroplast protein translocon

21616072 56,901 -11.2 4 Y (0.540) C (3) C (0.26) P Tic62 chloroplast import protein
3915035 45,221 138 7 Y (0.558) M (5) C (0.94) H acyl-ACP desaturase (stearoyl-ACP desaturase)
1076524 96,660 690 15 C (OM) P chloroplast outer envelope protein OEP86 precursor
1363492 88,728 653 18 C (OM) P outer envelope membrane protein OEP75 precursor
1172558 29,579 554 26 C (OM) P outer plastidial membrane protein porin

510190 34,193 370 12 C (OM) P chloroplast outer envelope protein 34

a Nonredundant proteins that could be classified as associated with multi-enyzme complexes, nucleoids (including transcription and translation), or envelope
membranes are listed. Assignments are based upon the literature, where possible, and tentative otherwise. It should be noted that many of the identified
proteins could be classified into multiple categories, for example, carboxyltransferase subunits to the acetyl-CoA carboxylase multi-enzyme complex are also
associated with envelope membranes.11 Genbank identification number, predicted mass, Mascot or XTandem (log(e)) score and number of identified tryptic
peptides are shown. Subcellular target prediction analyses with deduced sequences were performed using ChloroP and TargetP prediction algorithms. If
predictions from these two algorithms did not agree then a third algorithm (Predotar) was employed. Plastid targeting for the ChloroP algorithm was either
Yes (Y) or No (N) based upon a probability score (in parentheses). Abbreviations for TargetP and Predotar subcellular localization algorithms are: C, chloroplast;
O, other; M, mitochondria; N, neither plastid nor mitochondria. TargetP prediction class (1 through 5) for each protein is noted in parentheses. Plastid-
encoded (PE) and outer membrane (OM) proteins are noted. Abbreviations for plant sources are as follows: A, Arabidopsis thaliana; Ea, Encephalartos altensteinii;
G, Glycine max; H, Helianthus anuus; Ls, Lactuca sativa; Lj, Lotus japonicus; Le, Lycopersicon esculentum; Md, Malus domestica; M, Mesembryanthemum
crystallinum; Nt, Nicotiana tobacum; P, Pisum sativum; St, Solanum tuberosum; S, Spinacia oleracea.
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proteomics as a tool to rapidly dissect a protein fraction of
unknown composition. This investigation will provide a foun-
dation for future research on nucleoids and multi-enzyme
complexes in plastids.

Abbreviations: ACCase, acetyl-coenzyme A carboxylase; BC,
biotin carboxylase; BCCP, biotin carboxyl carrier protein; CBB,
Coomassie Brilliant Blue; DTT, dithiothreitol; ESI, electrospray
ionization; LC, liquid chromatography; MALDI-TOF, matrix-
assisted laser desorption ionization time-of-flight; MS, mass
spectrometry; SDS-PAGE, sodium dodecyl sulfate polyacryl-
amide gel electrophoresis; RuBisCO, ribulose-1,5-bisphosphate
carboxylase oxygenase; GPDH, glyceraldehyde-3-phosphate
dehydrogenase; PDH, pyruvate dehydrogenase; PDC, pyruvate
dehydrogenase complex; PGK, phosphoglycerate kinase.
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