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Abstract

A method for the sequential extraction and profiling by two-dimensional gel electrophoresis (2-DE) of Medicago sativa (alfalfa)
stem cell wall proteins is described. Protein extraction included freezing, grinding in a sodium acetate buffer, separation by filtration
of cell walls from cytosolic contents, and extensive washing. Cell wall proteins were then extracted sequentially with a solution
containing 200 mM CaCl, and 50 mM sodium acetate, followed by extraction with 3.0 M LiCl and 50 mM sodium acetate. Cell wall
proteins from both the CaCl, and LiCl fractions were profiled by 2-DE. Approximately 150 protein spots were extracted from these
two gels, digested with trypsin, and analyzed using nanoscale HPLC coupled to a hybrid quadrupole time-of-flight (Q-tof) tandem
mass spectrometer (LC/MS/MS). More than 100 proteins were identified and used in conjunction with the 2-DE profiles to generate
proteomic reference maps for cell walls of this important legume. Identified proteins include classical cell wall proteins as well as

proteins traditionally considered as non-secreted. Two unique extracellular proteins were also identified.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The plant cell wall is a dynamic structure composed
of polysaccharides, phenolic compounds, and proteins.
The cell wall is not only important for maintaining cell
shape and rigidity, but also responds to environmental
stress through release of putative signaling molecules
(Baluska, 2003). In plants, there are two types of cell
walls: the primary wall, formed at the cell plate during
division with properties facilitating cell growth and
elongation; and the secondary wall, produced at a later
time of development with properties important for me-
chanical strength and defense.

Although plant cell walls consist primarily of carbo-
hydrates and polyphenolics, proteins make up approxi-
mately 10% of the cell wall mass (Chivasa et al., 2002;
Borderies et al., 2003). These wall proteins are involved
in at least three categories of cell wall functions. Cell wall
enzymes help regulate growth and development (Darley
et al., 2001), structural proteins contribute to wall ar-
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chitecture (Cassab, 1998), and defense proteins aid in
responses to biotic and abiotic stresses (Qin et al., 2003;
Baluska, 2003).

To date, most proteomic studies of cell walls have been
performed with microorganisms (Pitarch et al., 2002) or
plant cell cultures (Borderies et al., 2003; Ndimba et al.,
2003; Chivasa et al., 2002; Blee et al., 2001; Robertson
et al., 1997). Cell cultures provide a convenient supply of
cell wall material; however, they contain primarily un-
differentiated cells and thus do not constitute a source of
secondary wall proteins. A few culture types can contain
both primary and secondary cell walls (zinnia, Norway
spruce, transgenic tobacco) and of these, transgenic to-
bacco has been used for proteomic studies, but the
identified proteins were limited to a few easily extractable
proteins isolated from intact (live) cells (Blee et al., 2001).
Few tissues from differentiated plants have been utilized
for cell wall protein studies. Examples include whole
seedlings of cucumber, pea, and soybean (McQueen-
Mason et al., 1992; Melan and Cosgrove, 1988; Kleis-San
Francisco and Tierney, 1990), tomato fruits (Rose et al.,
2000), soybean seed coats (Cassab et al., 1985), and
spruce xylem (McDougall, 2000). The cell walls of young
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plants consist only of primary wall material and fruits
generally posses primary walls with little lignification. In
fact, fruit ripening involves cell wall disassembly rather
than wall synthesis (Qin et al., 2003). Although seed coats
(Western et al., 2001) and spruce xylem do contain sec-
ondary walls, work on these tissues has predominantly
consisted of isolation and characterization of single
proteins or protein classes rather than obtaining an
overall view of the protein population.

At least three problems are inherent in the isolation
of cell wall proteins from mature, lignifying plant tissue.
First, separating cell wall proteins from soluble or
membrane-associated proteins is challenging. Isolation
of subcellular fractions enhances the ability to identify
low abundance proteins and yields knowledge of protein
localization (Canovas et al., 2004); however, ensuring
fraction purity is difficult. Second, cell wall proteins are
known to be glycosylated, and some cell wall proteins
are very basic (Borderies et al., 2003). Isoelectric fo-
cusing of proteins with these characteristics is often
problematic. Third, during the extraction of proteins
from the walls of mature plant tissues, other materials
such as polysaccharides and polyphenolics are coex-
tracted. High concentrations of these materials result in
streaking and background staining on 2-DE gels, mak-
ing analyses of the proteins separated by 2-DE difficult
or impossible.

In this report, a 2-DE proteomic investigation of cell
wall proteins isolated from mature stem tissue of alfalfa
(Medicago sativa L) is described. Alfalfa is the world’s
primary forage legume, and the chemical and physical
properties of its cell walls impact important agronomic
traits such as forage digestibility and lodging. Further-
more, alfalfa is a target species for genetic modification
of the lignin pathway to improve digestibility (Guo
et al., 2001a,b). In this report, an extraction method is
described that provides a population of cell wall proteins
from alfalfa stems that appear to be free of contami-
nating proteins. These preparations exhibit only slight
background staining in 2-D gels and, although not
highly concentrated, the protein quantities were suffi-
cient for identification by mass spectrometry. The
identified proteins included both classical cell wall pro-
teins and proteins that have traditionally been consid-
ered as non-secreted, but nevertheless have been
reported to be wall-associated by other researchers
(Chivasa et al., 2002; Karkonen et al., 2002; Pitarch
et al., 2002; Voigt and Frank, 2003). Because the num-
ber and function of plant cell wall proteins are still a
topic of investigation, this work represents a significant
extension of our knowledge of cell wall-related proteins.
The identified proteins also provide a proteomics
reference map and basis for future comparisons to the
cell wall proteomes of immature stem tissue and
stems from transgenic plants with modified lignin
biosynthesis.

2. Results and discussion
2.1. Cell wall protein extraction

The extraction of ionically bound proteins from pu-
rified cell walls is commonly achieved using concen-
trated salt buffers, especially those containing CaCl,
(Borderies et al., 2003; Robertson et al., 1997). Highly
concentrated lithium chloride has also been reported for
the extraction of glycoproteins (Voigt and Frank, 2003)
and tightly bound proteins from cell walls (Melan and
Cosgrove, 1988). In this report, an optimized sequential
extraction utilizing both CaCl, and LiCl buffers was
established for the extraction of cell wall proteins orig-
inating from mature stem tissue of M. sativa.

Purity is a significant concern when working with
sub-proteomes. To address this concern, a rigorous
purification regimen was employed. This began with
stringent washing of cell walls using large volumes and
numerous washes including a salt buffer wash, water
washes, an organic wash, and a final buffer wash. To
evaluate the effectiveness of the washing procedures,
aliquots from the initial homogenization buffer and each
sequential wash were analyzed by one-dimensional
SDS-PAGE (Fig. 1). Fig. 1 demonstrates that the ma-
jority of cytosolic proteins were extracted in the initial
homogenization buffer and that sequential washes were
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Fig. 1. One-dimensional SDS-PAGE analysis showing concentration
and complexity of the proteins removed from cell walls by the various
washes. Lane 1, crude extract in grinding buffer (20 pl); lane 2, 0.1 M
NaCl wash (100 pl); lane 3, 1st dH,O wash (200 pl); lane 4, acetone
wash (500 pl); lane 5, 2nd H,O wash (500 pl); lane 6, 10 mM NaAcet
wash (500 ul); lane 7, 0.2 M CaCl, extract (5 ul/25 pg); and lane 8, 3.0
M LiCl extract (13 pl/25 pg). The numbers in parentheses are the
volumes/amount of sample in each lane.
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efficient in removing residual proteins. The purified and
washed cell walls were then sequentially extracted with
CaCl, (lane 7) and LiCl (lane 8) yielding a dramatic
increase in protein compared to lane 6, supporting the
effectiveness of CaCl, and LiCl for removal of M. sativa
cell wall proteins from stem tissue.

The optimized method was used to extract cell wall
proteins from alfalfa stem cell wall. These extracts were
then profiled by 2-DE and silver stained to yield prote-
omic reference maps (Fig. 2). The observed protein
populations extracted using CaCl, and LiCl appeared to
be similar; however, there were lower concentrations of
some proteins observed in the LiCl 2-DE gel. This was
not surprising because of the sequential extraction pro-
tocol. There were, however, qualitative differences in the
profiles, which consisted of a group of protein spots
around 30 kDa from p/ 6 to 8, several protein doublets
at approximately 47-50 kDa, and a few higher molec-
ular weight proteins.

2.2. Protein identifications

To improve the value of the proteomic reference
maps, a large number of protein spots were excised,
digested in-gel with trypsin, analyzed by LC/MS/MS,
results queried, and proteins identified. Most of the
proteins spots chosen for identification were excised
from the CaCl, 2-DE gel because the majority of pro-
teins appeared on both gels and because the concen-
trations of nearly all those were greater on the CaCl, gel.
Selected protein spots that appeared more abundant in
the LiCl 2-DE gel or were not readily apparent on the
CaCl, gel were also excised, digested, analyzed, and
identified from the LiCl gel. Several of the proteins
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identified from the LiCl 2-DE gel were the same as
proteins identified from the CaCl, gel and served as
landmarks for 2-DE gel alignments. The protein iden-
tifications and data documenting the analytical rigor of
each of the identifications from both 2-DE gels are listed
in Table 1. Although the protein concentrations loaded
on the 2-DE gels were not high, and the gels were
stained with silver rather than Coomassie, the digests
yielded good quality MS data (Fig. 3; Table 1) for
protein identification.

One hundred and thirty-nine protein digests were
analyzed by LC/MS/MS and 97 of them (112 proteins
because of multiple ids for some spots) were identified
with high confidence. Although the goal of this project
was not to generate a comprehensive listing of cell wall
proteins, this report represents a significant advance-
ment in the number of cell wall proteins characterized
from M. sativa. All protein identifications reported had
scores greater than or equal to two times the accepted
significance threshold (determined at the 95% confidence
level) calculated by Mascot. This criterion was chosen to
provide additional confidence in the protein identifica-
tions. Most protein identifications were based on mul-
tiple peptide matches; however, a few protein
identifications were based on a single peptide sequence
(#35 both ids, #62nd id, #67 both ids, and #89), but
their scores were still at least two times the significance
threshold. Occasionally, two or more co-migrating
proteins were identified in the same spot. Database
queries often yielded multiple isozymes in the search
results (#35, #76, #83, and #143), i.e., the first and
second most confident identifications were to different
isoforms of the same protein. It is probable that peptides
which would allow differentiation between isoforms

(b) LiCl Extracted Proteins
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Fig. 2. 2-DE proteome reference maps of M. sativa cell wall proteins sequentially extracted using 200 mM CaCl, (a) and 3.0 M LiCl (b). Numbers
indicate protein spots successfully identified by LC/MS/MS. The CaCl, gel contained 250 pg total protein and the LiCl gel 150 pg total protein.
Molecular mass markers in kDa are indicated on the left of each gel and the p/ calibration is noted at the top.



Table 1

Proteins identified in alfalfa stem cell walls

Spot # Gel MW Gel p/ Identification SS Accession # Score # Peptides % Coverage Theor MW Theor p/
CaCl, gel
6 48 6.4 Hypothetical protein precursor X T09642 91 4 8 40.7 7
7 48 6.5 Hypothetical protein precursor X T09642 90 3 12 40.7 7
8 48 6.9 GDSL-motif lipase/hydrolase protein ~ x NP_196949 281 5 14 43.6 8.5
Hypothetical protein precursor X T09642 156 4 13 40.7 7
9 48 8 GDSL-motif lipase/hydrolase protein ~ x NP_196949 235 6 14 43.6 8.5
Peroxidase 1B precursor X JC4780 212 4 14 38.2 7.5
10 43 54 Oxidoreductase, zinc-binding NP_173786 74 2 13 41 8.4
dehydrogenase family
11 42 5.5 Putative quinone oxidoreductase AAL06644 1204 36 72 27.7 5.2
Oxidoreductase, zinc-binding NP_173786 437 11 30 27.5 5.4
dehydrogenase family
12 42 5.6 Putative quinone oxidoreductase AAL06644 1221 33 74 27.7 5.2
13 42 6.2 Malate dehydrogenase T09286 961 29 53 35.8 8.6
19 30 5.5 Carboxymethylenebutenolidase related NP_180811 84 2 12 25.9 5.5
20 30 5 Ribose-5-phosphate isomerase AAL77589 444 14 45 29.9 5.5
21 30 5.1 Ribose-5-phosphate isomerase AAL77589 492 18 45 29.9 5.5
22 30 5.3 In2-1 protein AAG34872 276 6 23 25.7 5.8
23 30 5.3 In2-1 protein AAG34872 333 6 23 27 5.6
24 33 5.3 Glyoxalase I, putative NP_176896 382 12 27 38.8 6.6
25 24 5 Protease inhibitor X CAD29731 242 10 24 23 5.2
28 30 73 Expressed protein NP_567141 89 2 12 30.4 9.4
29 29 7.8 Germin-like protein X CAC34417 125 5 14 21.6 7.8
34 20 5.5 Superoxide dismutase (Cu-Zn) 065198 217 5 25 21.2 6.1
35 19 5.7 Superoxide dismutase (Cu-Zn) 065198 83 1 11 21.2 6.1
Superoxide dismutase (Cu-Zn) Q02610 58 1 23 15.2 5.5
36 13 4.3 Plastocyanin P16002 71 2 28 17 5
37 14 49 Profilin 1 P49231 149 5 33 14.1 49
38 14 5.1 Thioredoxin M-type 3 AAC49358 256 10 38 19.2 8.9
Profilin 1 P49231 173 4 33 14.1 4.9
39 16 5.3 Cytochrome B6-F complex iron-sulfur P26291 360 9 26 23.9 7.6
subunit chloroplast precursor
40 17 5.4 Translational inhibitor protein NP_188674 414 13 38 20 9
43 18 8 Oxygen-evolving complex 25.6 kD NP_191093 278 6 19 25.6 9.4
protein
44 18 9 Peroxiredoxin-related NP_189235 293 5 22 23.1 9.5
47 13 7.9 Expressed protein NP_566578 72 3 11 21 5.3
49 6 5.3 Rubisco small AAL15646 182 2 23 10.9 6.6
50 7 5.4 Thioredoxin H-type Q43636 388 13 41 12.8 5.8
51 14 6.2 Thioredoxin F-type P29450 211 4 19 20 9.1
52 17 5.8 Expressed protein NP_563841 140 4 15 19.4 5.2
53 15 6 Rubisco small 065194 229 6 30 15 8
54 14 6.7 Rubisco small 065194 227 4 24 18.4 8.8
56 7 5.4 Rubisco small 065194 182 4 12 19.8 8.7
57 7 5.4 Rubisco small 065194 209 7 30 15 8
58 21 6.6 Profucosidase X CAA09607 88 2 21 17 7
59 21 6.7 Profucosidase X CAA09607 98 2 21 17 7
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Table 1 (continued)

Spot # Gel MW Gel p/ Identification SS Accession # Score # Peptides % Coverage Theor MW Theor p/
124 6 7.4 Thioredoxin M-type 3 NP_179159 167 6 18 19.2 9.2
125 57 5.1 Glycosyl hydrolase family 17 X NP_195174 166 4 7 37.8 5.7
127 66 6.2 NADP-dependent malic enzyme P51615 124 5 8 65.3 6
128 66 6.4 NADP-dependent malic enzyme P51615 83 3 7 65.3 6
129 58 7.5 Leucine-rich repeat protein family X NP_175397 163 3 8 54.4 8.1
130 24 4.5 Protease inhibitor X CAD29731 112 3 13 23 5.2
132 21 5 Protease inhibitor X CAD29731 79 3 13 23 5.2
133 22 5 Protease inhibitor X CAD29731 135 5 13 23 5.2
135 52 7.2 B-Galactosidase X CAC44501 82 3 12 21.1 8.4
138 28 7 NtPRp27 X BAA81904 194 7 16 25.4 7
140 20 6.2 Acid phosphatase X T07086 143 6 13 29.9 6.6
141 32 6 Acid phosphatase X T07086 295 11 17 29.9 6.6
142 36 4.7 Glucan-endo-1,3-B-glucosidase X CAAI10167 81 2 10 36.2 6.2
143 36 4.5 Glucan-endo-1,3-B-glucosidase X CAAI10167 161 3 13 36.2 6.2
Glucan-endo-1,3-B-glucosidase X T05957 153 4 25 22.6 4.8

LiCl gel

91 47 5.7 Peroxidase pxdC precursor X T09665 125 3 5 37.9 5.8

93 59 4.3 Calreticulin precursor X P93508 398 8 15 48.4 44

95 21 4 Calmodulin P04353 55 3 23 14.1 4.2
107 53 8.2 Leucine-rich repeat protein family X NP_175397 298 6 11 54.4 8.1
108 30 5.8 Acid phosphatase X T07086 287 11 17 29.9 6.6
109 30 6.3 Malate dehydrogenase AADS56659 327 7 18 35.9 7.8
110 30 6.5 Acid phosphatase X T07086 154 6 13 29.9 6.6
111 30 6.6 Acid phosphatase X T07086 75 4 8 29.9 6.6
115 30 6.8 Acid phosphatase X T07086 92 3 10 29.9 6.6
117 30 7.4 Acid phosphatase X T07086 78 2 11 12.3 6.4
119 36 6.7 Endochitinase precursor X P36907 216 10 17 34.3 6.2
120 80 8.3 Subtilisin-like proteinase X T07171 108 3 5 82.7 8.3

Spot numbers correspond with the numbers on gel images (Fig. 2). Gel molecular weight was calculated using HT Analyzer and pl was estimated using information supplied by BioRad on the
composition of their nonlinear gels. SS refers to the presence of a signal sequence directed for an extracellular location as predicted by SignalP. Identifications and accession numbers are from NCBI.
The score, number of matched peptides, and percent coverage are taken directly from the Mascot Daemon report. Theoretical MW and p/ are either taken from the Mascot Daemon report or
calculated in Protein Calculator from the NCBI sequence.

VILT

0TLI=60LI ($00T) §9 Lupstuay201dyd | v 12 uosipyy 'S°g



B.S. Watson et al. | Phytochemistry 65 (2004) 1709-1720

Probability Based Mowse Score

1715

(a)
Score is -10*Log(P), where P is the probability that the observed match is a random event.
Indrndual 1ons scores > 29 indicate identity or extensive homology (p<0.05)
w45
4
£ 40
W 35
4 30
¥
2 20
15
10
5
o . = =
0 200 400 600 800 1000
Probability Based Mowse Score
Peptide Summary Report
Switch to Proten Summary Report
To create a bookmark for this report, nght chck this hnk: Peptide Summary Report (All samples i file)
SelectAll SelectNone I Search Selected ™ Error tolerant Archive Report
1. gi|80205737 Mass: 35832 Total score: 961 Peptides matched: 25
(TC51485_Mr) [343.1773.48.1076] similar to pir||T09286 mwalate dehydrogenase (EC 1.1.1.37) precursor
+TOF MS: Experiment 1, 27 427 to 28.250 min from platetwell13 wiff ke
=3 £70043327081567420-004, 10=4.02760861777245000 &+001 (b)
3302 £10.3268
2000
2600
2 659.8272
=
2 2000
s
Z 4500 852.0472
Z
2
£ 1000
5004 4402302 08,8327
o diad L Lol duui a | [P YT "
400 450 500 S50 800 650 700 750 800 850 Q00  ©50 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500
miz, amu
+TOF Product (810.3) Experiment 2, 28.310 min from plateTwall13.witf it
a=3.57004332708157420e-004, 10=4,02760851777845800 £+001 (c)
233,156
1337 & thp b b 21 ¥ 3] b ¥lo
1200 F & \ T T L o R
1000
&2
S s
18,
S a1.1545._ 31e.jee1
£ o0 203.0473 |
5 959.5375
= 400
372.0453 702 3009
20| 07 d 208 bros 501.$505
5 CaD1
ad 1012 "'2 [27q 1oz 802 poz5 11o8k030
fiL i Skl — ik L - . v r , )
200 300 400 500 800 700 200 900 1000 1100 1200 1300 1400 1600
miz, amu

Fig. 3. LC/MS/MS data obtained from spot 13 on an ABI Qstar Pulsar hybrid quadrupole time-of-flight (Q-tof) mass spectrometer. (a) Database
query results. All three significant identifications are to malate dehydrogenase; (b) Representative TOF-MS spectrum of eluted peptides; and
(c) Representative product ion spectrum of m/z 610.3 and its sequence generated through de novo sequencing.

were not sequenced; however, the high similarity in the
multiple isoforms lends validity to the identification. In
addition, the same protein was often identified from
multiple spots, suggesting that various post-transla-
tionally modified forms of that protein are present on
the gel.

2.3. Identification and classification of classical and
hypothetical cell wall proteins

Classical cell wall proteins contain a secretion signal
sequence which is recognized by predictive software
such as SignalP, and a known or predicted function in
the extracellular matrix. A large number of classical cell

wall proteins were identified in the alfalfa stem cell wall
extracts that validate the reported purification and ex-
traction method. Classical cell wall proteins identified
include wall modifying proteins, proteins involved in
defense, lignin biosynthetic proteins, possible extracel-
lular signaling proteins, and proteins with unknown
functions. More specifically, identified proteins involved
in cell wall modification included carbohydrate modi-
fying proteins such as profucosidase, glucosidases, a
protein from the glycosyl hydrolase family, and pectin
acetylesterases. Protein and lipid modifying proteins
found in the walls of alfalfa stems include nucellin, an
aspartyl protease like protein (#85 hypothetical, see
below), a calreticulin precursor, and GDSL-motif lipase/
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hydrolase. This protein is a proline-rich protein and thus
could also function in the cell wall as a structural
protein.

Several defense proteins were identified in this study.
These include protease inhibitors, endochitinase,
NtPRp27, a disease resistance leucine-rich repeat (LRR)
protein, and a subtilisin-like proteinase. There were also
several proteins containing a secretion signal which
show sequence similarity to identified proteins, but
which have no known function. These include another
protein from the LRR protein family, germin-like pro-
teins, and hypothetical proteins.

The tissue used in this study was from mature alfalfa
stems and contained lignified walls (Guo et al., 2001a).
Numerous class 1ll secretory peroxidases implicated in
both defense and lignin biosynthesis (Hatfield and Ver-
merris, 2001; Anterola and Lewis, 2002) were identified
(#9 2nd id, #69 2nd id, #83 both ids, #84, #87, and
#91), however, no laccases or dirigent proteins were
identified. It is possible that these proteins are not as
abundant as peroxidases and thus were not visualized on
the 2-DE and/or not excised for identification. Alter-
natively they could also be more difficult to extract from
lignified tissue.

There have been several recent reports on the pres-
ence of phosphorylated proteins in the apoplast and cell
walls of plants (Baluska, 2003). These proteins are
proposed participants in extracellular signaling events.
An extracellular acid phosphatase was identified in this
report and could also be involved in signal mediation.

Six proteins were identified as hypothetical, suggest-
ing they correspond to known proteins with no known
function. Two of these are predicted by SignalP to be
secreted. One of the two, #85, is predicted by PSI-
Blast (http://www.ncbi.nlm.nih.gov/BLAST/producttable.
shtml) to be similar to aspartyl proteases (E-value
7e —39) that function in post-translational modification,
protein turnover, or as chaperonins. In addition, two
recent articles (Xia et al., 2004; Suzuki et al., 2004) de-
scribe an extracellular aspartic protease involved in re-
sistance to Pseudomonas syringae in Arabidopsis. 1t is
likely that this aspartic protease-like protein plays a role
in signal transduction. The other protein, identified in
spots #6, #7, and #8, is a unique protein (similar to
DUF642, E-value le—158) of unknown function. This
family features a conserved region found in a number of
uncharacterized plant proteins. Of the other four hy-
pothetical proteins, two are predicted to be in the
chloroplast (#28 and #75) by TargetP and two (#47 and
#52) contain no signal peptide. Protein spot #28 is
similar to a ribosome recycling factor protein (E-value
5e—52) with a predicted function in translation, ribo-
somal structure, and biogenesis. Protein spot #75 shows
similarity to a cyclophilin (peptidyl prolyl cis—trans
isomerase with an E-value of 9¢ —18) that functions in
post-translational modification, protein turnover, or as

a chaperonin. Protein spot #47 has no putative con-
served domains and protein spot #52 is unique (similar
to DUF538, E-value of 2e —31). This family consists of
several plant proteins of unknown function.

Certain classical cell wall proteins, often identified in
other types of cell wall preparations (Blee et al., 2001;
Borderies et al., 2003; Gao et al., 1999; Ndimba et al.,
2003; Robertson et al., 1997), were not observed in this
study. These include arabinogalactan proteins (AGPs),
wall-associated kinases (WAKSs), expansins, and xylo-
glucan transferases (XETs). It is possible that these
proteins/classes of proteins were present in the CaCl,
and LiCl protein extracts, but were not chosen for di-
gestion or were of lower relative abundance and not
visualized via 2-DE. Conversely, they could have been
among the 30% of digested proteins for which we did
not obtain confident identifications. The proteins re-
ported in the previous studies were extracted either from
living/intact cells or through less stringent procedures
than the one employed here. In the current report, it is
likely that these proteins were removed in the extensive
washes. Extensins and other HRGPs are extensively
glycosylated at the Hyp residue (Minorsky, 2002). This
increases their solubility compared to other cell wall
proteins, making it likely that these proteins were lost
during the washes. Melan and Cosgrove (1988) also
reported that 3.0 M LiCl extracts of homogenized and
washed cell walls from pea epicotyls did not contain
expansin activity. Further, AGPs and WAKSs are often
associated with the plasma membrane, either through an
anchor sequence (AGPs) or by a transmembrane
domain (WAKs) (Baluska, 2003), which allow easier
extraction from the cell wall when compared to non-
membrane-associated proteins.

SignalP (Nielsen et al., 1997, 1999) was used to pre-
dict the presence of a secretory signal peptide and in
some cases TargetP (Emanuelsson et al., 2000) was used
to predict intracellular location. As a result of these
analyses, some of the proteins identified do not appear
to contain a secretory signal peptide (47%). However,
non-secreted or non-apoplastic proteins have also been
reported in the cell walls of cell cultures of Arabidopsis
thaliana (Chivasa et al.,, 2002) Norway spruce
(Karkonen et al.,, 2002), Chlamydomonas reinhardtii
(Voigt and Frank, 2003), and the yeast and hyphal
forms of Candida albicans (Pitarch et al., 2002).

Several of these non-classical cell wall proteins were
identified in M. sativa cell walls (Table 1). In this respect,
Karkonen et al. (2002) found a wall-bound malate de-
hydrogenase; Chivasa et al. (2002) identified a cyto-
chrome, peroxiredoxin, and enolase; and Pitarch et al.
(2002) identified a cell wall enolase. The enolase in the
cell wall of C. albicans (Pitarch et al., 2002) was so
tightly bound that it had to be extracted by SDS/DTT or
alternatively by NaOH, Quantazyme (a recombinant f3-
glycanase), and exochitinase in sequential extractions.
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This is in agreement with the identification of the
C. albicans enolase as a major glucan-associated cell wall
protein (Angiolella et al., 1996, 2002). Using immuno-
localization, enolase and peroxiredoxin were shown to
be secreted to the cell wall or extracellular space even
though they lack a signal peptide (Edwards et al., 1999;
Robertson et al., 2000). There are also reports of wall-
bound malate dehydrogenase (Gross, 1977; Li et al.,
1989; Mader and Schloss, 1979) which is thought to act
to regenerate NAD(P)H needed by cell wall peroxidases
for free radical generation associated with lignin poly-
merization. Though it is possible that the non-classical
wall proteins found here are a result of contamination,
the lack of discernible proteins in the washes (Fig. 1),
and the corroborative evidence provided by other
studies argues for their being true components of the
wall.

There is a potential for certain cytosolic proteins to
associate very tightly with the wall matrix such that
most buffers do not disrupt the interaction; however,
one report (Rose, 2003) indicates that detergents such as
SDS could disrupt the interaction and allow resolubili-
zation of the protein. The solubilization properties of
the buffers could account for some non-classical proteins
identified in other cell wall reports (Chivasa et al., 2002);
however, it is not the case here because the 2-DE reso-
lubilization buffer never came into contact with the cell
walls.

It is possible that generally perceived cytosolic pro-
teins may also be ““‘moonlighting” proteins which per-
form more than one function in the cell (Pitarch et al.,
2002; Copley, 2003). For example, 14-3-3 proteins are
generally perceived as cytosolic or organelle-localized
proteins involved in transcriptional control or regula-
tion of ATP synthesis in plants. In C. reinhardtii, 14-3-3
proteins have reported cytoplasmic functions, but also
have been documented as constituents of the insoluble
glycoprotein framework of the cell wall and, in fact, are
thought to be involved in the covalent cross-linking of
Hyp-rich glycoproteins to the insoluble cell wall fraction
(Voigt and Frank, 2003). All six C. reinhardtii 14-3-3
sequences listed in NCBI are predicted by SignalP to be
non-secreted, including accession #P52908, the 14-3-3
protein from Voigt and Frank (2003). This may reflect
incomplete knowledge of gene-splicing variants, signal
peptides or alternative secretory pathways (Chivasa
et al., 2002; Pitarch et al., 2002).

Although many other researchers have reported non-
classical proteins localized to cell wall fractions, this is
not sufficient to unambiguously verify that the M. sativa
cell wall preparations are without contamination, as
suggested by the presence of Rubisco small subunit.
Even the lack of observable contaminants in the washes
as determined by SDS-PAGE (Fig. 1) is not sufficient to
guarantee the purity of the cell wall protein fraction.
Further work such as immunolocalization or use of gene

constructs expressing fluorescently labeled fusion pro-
teins is needed to clarify this issue.

3. Conclusions

A method for the sequential extraction of cell wall
proteins from mature stems of M. sativa has been de-
scribed. It has been used to generate 2-DE proteome
reference maps for this species. From these reference
maps, a large number of proteins were excised, digested,
analyzed by LC/MS/MS, and identified. Over 100
identified proteins are reported that further characterize
the cell wall proteome of this important forage legume.
Many of the identified proteins are verified cell wall
proteins as evidenced by the literature and signal peptide
sequences determined using the predictive software
SignalP. Additional, non-traditional cell wall proteins
were also identified. Although several of these may
represent contamination, others are suggestive of local-
ization of proteins traditionally supposed as cytosolic or
non-cell wall proteins. The alfalfa cell wall proteomic
reference maps provide initial information that will be
expanded upon during future proteomic studies of
plants modified in cell wall structure through targeted
manipulation of the lignin pathway.

4. Experimental
4.1. General experimental procedures

Nitex membranes (Tetko Industries, Briarcliff, NY)
were used for filtration. The protein samples were pro-
cessed with BioRad’s ReadyPrep 2-D Cleanup Kit.
Samples were focused using a BioRad (Hercules, CA)
Protean IEF Cell. Second dimension gels were run using
the Hoefer SE 600 (Amersham, Piscataway, NJ) system
and digitally imaged using a BioRad FluorS. Gel mo-
lecular weight was calculated using HT Analyzer soft-
ware (Genomic Solutions, Ann Arbor, MI) and p/ was
estimated using information supplied by BioRad on the
composition of their nonlinear gels. One dimensional
SDS-PAGE was performed using precast 12.5% Crite-
rion polyacrylamide gels (BioRad). Separation of pro-
tein digests was performed using a nano-HPLC system
(LC Packings, San Francisco, CA) consisting of an
autosampler (Famos), a precolumn switching device
(Switchos), an HPLC pump system (Ultimate), a C18
precolumn (0.3 mm i.d. x 1.0 mm, 100 A, PepMap CI18
from LC Packings) and a nano-analytical C18 column
(75 pmi.d. x 15 cm, 100 A, PepMap C18, LC Packings).
The nano-HPLC was coupled with an ABI QSTAR
Pulsar (Applied Biosystems, Foster City, CA) hybrid
quadrupole TOF MS equipped with a nano electrospray
source (Protana XYZ manipulator) for LC/MS/MS
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analysis. The nano electrospray was generated from a
PicoTip needle (10 um i.d., New Objectives, Woburn,
MA) at a voltage of 2400 V. The instrument m/z
response was calibrated with standards from the
manufacturer.

4.2. Plant material

Stem tissue from 4th to 6th internodes (lignifying
tissue) of branches with seven total internodes was col-
lected from greenhouse grown alfalfa plants (cv Regen
SY) and used as the source of cell wall proteins. The
stems were frozen in liquid N, and stored at —80 °C until
needed.

4.3. Isolation of cell wall proteins and protein quantifica-
tion

Seven to eight grams of frozen and thawed tissue was
ground with a mortar and pestle in ice-cold grinding
buffer (50 mM Na acetate, pH 5.5, 50 mM NacCl, and 30
mM ascorbic acid) with 100 mg PVPP according to the
method published at http://cellwall.genomicas.pur-
due.edu/techniques/index.html. The cell walls were iso-
lated by filtering through nylon mesh (47 pm?)
membranes and washing sequentially with grinding
buffer (100 ml total), 0.1 M NaCl (50 ml), dH,O (100
ml), acetone (250 ml), dH,O (100 ml), and 10 mM so-
dium acetate (50 ml) in 50 ml increments. Cell wall
proteins were extracted sequentially, twice with 6-8 ml
of 200 mM CaCl,, 50 mM sodium acetate (incubated on
ice for 30 min-1 h), followed by one extraction with 12—
14 ml of 3.0 M LiCl, 50 mM sodium acetate (incubated
on ice for 30 min—1 h). The CaCl, extracts were com-
bined and the supernatants were centrifuged at 950g to
remove any particulate matter. Proteins were concen-
trated and desalted (Amicon Ultra centrifugal filtration
devices) and processed using the 2D Cleanup Kit.
Samples were resuspended in 8§ M urea, 4% chaps, 20
mM DTT, and 0.2% biolytes. Protein concentrations
were determined using the Bradford method (Bradford,
1976) with BSA as the standard.

4.4. Two-dimensional electrophoresis and staining

Nonlinear, immobilized pH gradient (IPG) strips (11
cm, 3-10NL, BioRad) were rehydrated overnight and
isoelectrically focused to 30,000 V h. After IEF and
equilibration (Asirvatham et al., 2002), the strips were
loaded onto second dimension gels of 12% polyacryl-
amide. The gels were fixed overnight and silver stained
according to Blum et al. (1987). Three replicate protein
preparations from separate biological samples were
isolated and electrophoresed with similar results.

For the 1D PAGE analyses, samples from each step
of the isolation procedure were precipitated with 10%

TCA/acetone and resuspended in SDS sample buffer.
Each gel sample was taken from the first 50 ml of the
specific wash step. The CaCl, and LiCl extracted sam-
ples were processed using the 2D Cleanup kit and re-
suspended in SDS sample buffer.

4.5. Protein digestions and identification by LCIMSIMS
analysis

Protein spots were excised and destained according to
Asirvatham et al. (2002) and Sumner et al. (2002), and
digested with trypsin according to Watson et al. (2003)
with minor alterations. The concentration of trypsin was
lowered to 8 ng/ul and the combined supernatants were
concentrated to 10-15 pl rather than being completely
dried. Separations of protein digests were performed
using a nano HPLC system. Samples (5 pl) were loaded
onto a CI8 precolumn for desalting and concentrating
at a flow rate of 50 pl/min in 5% acetonitrile containing
0.1% formic acid (solvent A). Peptides were then eluted
from the precolumn and separated on a nano analytical
C18 column at a flow rate of 200 nl/min using a linear
separation gradient. The gradient was increased from
5% to 40% solvent B (95% acetontrile containing 0.08%
formic acid) over 40 min, ramped to 95% B at 45 min,
held at 95% B for 5 min, returned to 5% at 55 min, and
held at 5% for 5 min to allow for column re-equilibra-
tion. The separated peptides were directly analyzed with
an ABI QSTAR Pulsar hybrid quadrupole time-of-flight
mass spectrometer (TOF-MS). TOF-MS and tandem
TOF/MS/MS data were acquired on the QSTAR using
an IDA (information dependent acquisition) feature in
the Analyst QS software and the following parameters:
selection of multiply charged precursor (charge state
from 2 to 5) for fragmentation with a threshold at 5 cps
(counts per second), precursor ion exclusion for 90 s and
6 amu, and CE (collision energy) dependent on the ions’
m/z values.

4.6. Database queries and protein identifications

The acquired mass spectral data were searched
against an in-house legume protein dataset using
MASCOT search engine (Creasy and Cottrell, 2002;
Perkins et al., 1999) with a mass tolerance of 150 ppm
and one allowed trypsin miscleavage. Search parameters
allowed for the variable oxidation of methionine and
carbamidomethylation of cysteines. The legume protein
dataset was generated at the Noble Foundation and
contained annotated protein sequences. These sequences
consisted of tentative consensus sequences or gene
indices originally obtained from TIGR (http://www.tigr.
org/tdb/tgi.shtml) and included: MtGI1.0530002 (Medi-
cago truncatula, 22,652 records), GmGI.052802 (soy-
bean, 32,081 records), and LjGI.053102 (Lotus japonica,
7686 records). The dataset also included M. truncatula
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chloroplast sequences (MtChl v.l1, 156 records) and
Arabidopsis mitochondrial proteins (AtMit v.1, 46 re-
cords) as these are underrepresented in the EST libraries
(Asirvatham et al., in preparation). The inclusive legume
protein dataset (62,651 records) was annotated using the
custom software EST Analyzer (Liangjiang Wang,
http://bioinfo.noble.org/). EST Analyzer is used to an-
alyze EST or cDNA sequences for functional annota-
tion, protein sequence derivation, and sequencing error
detection and correction. For a given sequence query,
EST Analyzer searches NCBI’s NR protein dataset to
identify a template for the query (the best hit of
BLASTX search), then uses the template to annotate
and translate the query sequence. Based on the align-
ment between the query sequence and template, frame-
shift errors are detected and corrected if possible. All
protein sequences possible were annotated, given pseudo
GI numbers, formatted similar to NCBInr to allow
queries by MASCOT, and compiled as a legume specific
protein dataset.
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