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Tolerance of anoxia in maize root tips is greatly improved when
seedlings are pretreated with 2 to 4 h of hypoxia. We describe the
patterns of protein synthesis during hypoxic acclimation and an-
oxia. We quantified the incorporation of [**SImethionine into total
protein and 262 individual proteins under different oxygen tensions.
Proteins synthesized most rapidly under normoxic conditions con-
tinued to account for most of the proteins synthesized during hy-
poxic acclimation, while the production of a very few proteins was
selectively enhanced. When acclimated root tips were placed under
anoxia, protein synthesis was depressed and no “new” proteins
were detected. We present evidence that protein synthesis during
acclimation, but not during subsequent anoxia, is crucial for accli-
mation. The complex and quantitative changes in protein synthesis
during acclimation necessitate identification of large numbers of
individual proteins. We show that mass spectrometry can be effec-
tively used to identify plant proteins arrayed by two-dimensional gel
electrophoresis. Of the 48 protein spots analyzed, 46 were identi-
fied by matching to the protein database. We describe the expres-
sion of proteins involved in a wide range of cellular functions,
including previously reported anaerobic proteins, and discuss their
possible roles in adaptation of plants to low-oxygen stress.

Plants cannot survive the prolonged oxygen deficit
brought about by flooding. However, the ability of plant
tissues such as maize root tips to survive anoxic stress can
be increased by hypoxic pretreatment (2—4 kPa partial pres-
sure) (for review, see Drew, 1997). Sachs et al. (1980) re-
ported that after 1 h of anaerobic treatment, the synthesis of
most aerobic, soluble proteins in maize seedling primary
roots was curtailed, whereas a set of 20 anaerobic proteins
was selectively synthesized after 2 h, and after 5 h com-
prised more than 70% of all soluble proteins synthesized.
Most of the anaerobic proteins identified are enzymes in-
volved in sugar metabolism and fermentation, and their
synthesis is regulated at both the transcriptional and post-

! This work was supported by the U.S. Department of Agricul-
ture National Research Initiative-Competitive Grants Program
(grant no. 98351006146 to ].K.M.R.) and by the National Institutes
of Health NCRR (grant no. RR 01614 to A.L.B.).

* Corresponding author; e-mail jkmr@ucracl.ucr.edu; fax 909—
787-3590.

295

transcriptional levels (Sachs et al., 1996; Drew, 1997; Fen-
noy et al., 1998).

Gene expression is also altered in hypoxically acclimated
maize tissues (Kelley and Freeling, 1982; Saglio et al., 1999).
Hypoxic treatment increases transcript levels of alcohol
dehydrogenase 1 (adhl), alcohol dehydrogenase 2 (adh2),
pyruvate decarboxylase (pdcl), aldolase (ald1), Suc syn-
thase (susl), and enolase (enol) (Andrews et al.,, 1993,
1994a; Zeng et al., 1998). However, no common regulatory
pattern for the coordinated transcription of multiple mes-
sages was observed in the expression of these genes (for
review, see Drew, 1997). Ellis et al. (1999) have shown that
the inhibitor cycloheximide prevents hypoxic acclimation
in roots and shoots of Arabidopsis, indicating that protein
synthesis is important for the acclimation of plants to low-
oxygen stress. Furthermore, Xia and Saglio (1992) reported
that cycloheximide blocks the induction of a lactate efflux
mechanism under hypoxia, suggesting that protein synthe-
sis contributes to improved intracellular pH regulation in
hypoxically acclimated roots (Xia and Roberts, 1994, 1996).

The goal of this study was to clarify the role of protein
synthesis in the adaptation of maize root tips to low-
oxygen stress. We first describe the patterns of protein
synthesis in maize root tips prior to, during, and after
acclimation to low-oxygen stress. Second, we define when
protein synthesis is most critical for improved cytoplasmic
pH regulation and survival during anoxia. Third, we report
the results of mass spectrometry (MS), two-dimensional
isoelectric focusing (IEF) SDS-PAGE, and database
searches to identify 46 root tip proteins whose rates of
synthesis are altered during hypoxic acclimation.

MATERIALS AND METHODS
Plant Material

Maize (Zea mays L. inbred line B73) kernels were kindly
supplied by Pioneer Hi-Bred International (Johnston, IA).
Seeds were germinated in plastic trays lined with wet
paper towels for 36 h in the dark at 23°C. Seedlings were
placed into sterile glass tubes (length, 160 mm; i.d., 2 mm)
lined with wicks (width, approximately 1 mm; length, 170
mm) made from chromatography paper (3MM, Whatman,
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Clifton, NJ) saturated with 0.1 mm CaSO,. Transplanted
seedlings were placed upright in a water-saturated cham-
ber and allowed to grow under constant room light for
approximately 72 h at 23°C, after which the seedling roots
were typically 100 to 120 mm long.

Gas Treatment, Cycloheximide Treatment, and
Growth Experiments

Fifteen to 40 germinated seedlings (average root length,
110 mm) were placed into a 75-mm (i.d.) glass funnel with
a 10-mL disposable chromatography column (Bio-Rad,
Hercules, CA) attached. The roots were submerged in 0.1
mm CaSO, sparged with either 3% (v/v) O, balanced with
N, (hypoxia), 99.999% (v/v) N, (anoxia), or 100% (v/v) O,
(normoxia), depending on the treatment. The gases used in
the experiments were first saturated with moisture in a gas
washer bottle filled with water. During hypoxic or anoxic
treatments, funnels were sealed with rubber stoppers to
prevent the entry of O, from air. To assess the survival of
root tips after anoxia, intact seedlings were transferred to a
funnel attached to a 110-mL chromatography column
(Econo-Column, Bio-Rad) filled with sterile 0.1 mm CaSO,
and bubbled with 100% (v/v) O,. The seedling roots were
allowed to grow under normoxic conditions for 26 h. The
length of the primary root was measured using a ruler at
the beginning and end of the recovery phase. The viability
of the root tips was assessed by scoring the number of
non-flaccid root tips. It has been demonstrated that the O,
concentration in air-saturated water falls below the critical
O, pressure (the lowest value of the partial O, pressure that
saturates respiration) of submerged maize root tips (Saglio
et al., 1984). Consequently, for all normoxic treatments
used, including the recovery phase, the CaSO, medium
was sparged with 100% (v/v) O, to prevent O, deficit.

In experiments involving cycloheximide (Sigma-Aldrich,
St. Louis), the protein translation inhibitor was added to
the CaSO, 1 h before a given gas treatment to allow drug
uptake by the root tip tissue and to block protein synthesis.
Cycloheximide was washed off with distilled water at the
end of the treatments, then seedlings were subjected to 13 h
of anoxia, followed by 26 h of normoxic recovery. Viability
and root elongation rate were assessed at the end of the
recovery period. While cycloheximide inhibited protein
synthesis effectively, the range of dosages applied was
non-lethal for normoxic seedling root tips. In a control
experiment, seedling roots were treated with up to 50 um
cycloheximide and normoxia for 18 h; at the end of this
period, cycloheximide was washed off and the seedlings
were incubated under normoxic conditions for an addi-
tional 26-h period. All root tips remained viable at the end
of this experiment (data not shown).

In Vivo Labeling, Protein Extraction, and
Scintillation Spectroscopy

Fifteen intact seedlings were labeled in a funnel attached
to a small disposable column (see above) with roots
immersed in 2 mL of 138 wCi/mL (0.117 um) [**S]Met (Du-
Pont/NEN, Wilmington, DE) in 0.1 mm CaSO, bubbled
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with appropriate gas. At the end of the labeling period,
roots were dipped in ice-cold, sterile water three times, and
5-mm pieces of root apices were cut on an aluminum block
over dry ice. The excised root tips were homogenized as
described previously (Damerval et al., 1986; Webster et al.,
1991b). Undissolved material was removed by a brief cen-
trifugation (5-10 s) at 14,000g. The protein concentration
was determined using the protein assay (Bio-Rad), and
incorporation of [**S]Met into protein was quantified
(Webster et al., 1991b).

Two-Dimensional PAGE and Densitometry

Two-dimensional IEF-SDS-PAGE was essentially as de-
scribed by O’Farrell (1975) with some modifications (Web-
ster et al., 1991b). Root tip proteins (100 ug per sample)
were fractionated by two-dimensional IEF-SDS-PAGE.
Gels were either stained with Rapid Coomassie (Research
Products International, Mount Prospect, IL) or were silver-
stained (Blum et al., 1987) and incubated in Fluoro-Hance
(Research Products International) for 30 min. Dried gels
were then exposed to X-Omat film (Kodak, Rochester, NY)
at —80°C for 95 h.

Fluorographs were scanned (ScanJet 4c/T, Hewlett-
Packard, Palo Alto, CA). The scanner output response was
linearized by calibration using a reflection density guide
(Kodak; Kendrick et al., 1994). Scanned images were saved
as tagged image format files, and individual spot intensi-
ties were determined using an image analysis program
(ImageQuant, Molecular Dynamics, Sunnyvale, CA). Back-
ground was subtracted from each spot by the following
approach. An arbitrary rectangular region 4 mm? in size
was chosen from a part of the gel where there was no
visible protein spots; densitometric volume (intensity X
spot area) of this region was divided by its area to give the
average background volume/area, and this value was mul-
tiplied by the area of a spot that was then subtracted from
the reported densitometric volume given by ImageQuant
to obtain the normalized volume. The normalized volume
was used in all subsequent quantitative gel analyses of
individual proteins.

Western-Blot Analyses

Western transfer and immunodetection were carried out
as previously described (Webster et al., 1991a) using rabbit
polyclonal antisera raised against the following proteins:
recombinant elF-4A, wheat eEF-2 (a gift from Karen
Browning, University of Texas, Austin), and maize ADH (a
gift from Julia Bailey-Serres, University of California, Riv-
erside; Fennoy and Bailey-Serres, 1995). Binding of primary
antibody was visualized using horseradish peroxidase-
conjugated goat anti-rabbit IgG (Bio-Rad) and metal-
enhanced diaminobenzidine tetrahydrochloride substrate
(Immunopure kit from Pierce Chemical, Rockford, IL).

Estimation of Cytoplasmic pH and Metabolite
Analysis by *'P-NMR

NMR spectroscopy of root tips of intact maize seedlings
was done essentially as described in Xia and Roberts
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(1996). Intact seedlings were first treated in glass funnels,
as described above. Prior to anoxia, seedlings were trans-
ferred into a sealed NMR sample tube, and spectra were
obtained at 202.5 MHz on a spectrometer (model GN 500,
General Electric, Fairfield, CT). Gases equilibrated with 0.1
mM CaSO, were used for perfusion with a constant gas
stream through the sample tube during the experiment.
Cytoplasmic pH was estimated from the chemical shifts of
cytoplasmic Pi (Roberts, 1986).

Protein Identification by MS

Individual or pooled gel spots (2-3 spots) from separate
Coomassie Blue-stained or silver-stained two-dimensional
gels (100 ug protein/gel) were subjected to tryptic diges-
tion using a modified procedure of Rosenfeld et al. (1992).
Gel spots containing proteins were excised from gels using
a scalpel in a laminar flow hood. The excised gel spots were
stored in 100 uL of HPLC-grade water at 4°C until subse-
quent analyses. The spots were then minced and washed
with 25 mm NH,HCO; in 50% (v/v) acetonitrile. The gel
pieces were allowed to dry and then rehydrated in 25 mm
NH,HCO; with 0.5 to 1.0 ug of trypsin at 37°C overnight.
After digestion, the digestion solution was separated from
the gel slices, and the gel slices were washed with HPLC-
grade water once and with 50% (v/v) acetonitrile, 5% (v/v)
trifluoroacetic acid three times at room temperature to
extract the peptides further. Pooled extracts (including the
digestion solution and both the aqueous and organic
washes) were concentrated using a Speed-Vac (Savant In-
struments, Holbrook, NY). In some cases, samples were
further fractionated by reversed phase HPLC on a micro-
bore C,4 column (1.0 mm X 15 cm; Vydac, The Separations
Group, Hesperia, CA). HPLC fractions were collected and
concentrated.

Tryptic peptide masses were measured by analyzing
one-twentieth of each concentrated sample after digestion
(or one-tenth of each HPLC fraction) using a matrix-
assisted laser desorption-ionization delayed extraction
reflectron time-of-flight (MALDI-DE-TOF) mass spec-
trometer equipped with a nitrogen laser (A = 337 nm)
(Voyager-DE STR, PE Biosystems, Framingham, MA).
Peptides were co-crystallized 1:1 (v/v) with matrices con-
sisting of saturated a-cyano-4-hydroxycinnamic acid pre-
pared in 50% (v/v) acetonitrile/1% (v/v) trifluoroacetic
acid. All MALDI spectra were either externally calibrated
using a standard peptide mixture or internally calibrated
using trypsin auto-proteolysis products. Mono-isotopic
masses from all spectra recorded for a given peptide are
reported. For several peptides that exhibited the highest
pseudo-molecular ion abundance on MALDI mass spectra,
partial amino acid sequence was determined using post-
source decay analysis.

Matching of experimental results (measured peptide
mass values) with theoretical digests and sequence infor-
mation obtained from various databases was performed
using two sequence database search programs, MS-Fit and

MS-Tag (Jimenez et al., 1998; Clauser et al., 1999). These
programs were developed by Karl Clauser and Peter Baker
of the National Institutes of Health (NTH)/National Science
Foundation Mass Spectrometry Facility, University of
California, San Francisco, and are available at http://pros-
pector.ucsf.edu/. MS-Fit allows the user to match the ob-
served tryptic peptide masses of an unknown protein to the
expected peptide masses of any protein for which amino
acid or nucleotide sequence information is available. Data-
base queries were carried out for mono-isotopic peptide
masses using the following parameters: peptide mass tol-
erance of £50 ppm (ppm = [experimental mass (in dal-
tons) — theoretical mass]/theoretical mass, expressed in
parts per million), equivalent to 0.1 D for a 2-kD peptide;
the maximum number of missed tryptic cleavages of 2 or 3;
and modifications including conversion of peptide
N-terminal GIn to pyro-Gln, oxidation of Met, acetylation
of the N terminus, and modification of Cys by acrylamide.

Database searches using MS-Tag to match post-source
decay (PSD) fragment ions (along with the mass of a pre-
cursor ion) used the following parameters: precursor ion
mass tolerance of £100 ppm (measured by MALDI-MS)
and PSD fragment ion mass tolerance of *1,500 ppm.
Databases searched included protein databases such as the
non-redundant NCBInr compiled by the National Center
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Figure 1. Effect of duration of hypoxic pretreatment on maize root tip
tolerance to 13 h of anoxia. Intact seedlings were pretreated under
hypoxia for various lengths of time, followed by 13 h of anoxia and
26 h of normoxia (see schematic, “Experimental plan”). Tolerance
was assessed using root growth and root tip viability assays. Growth
data are mean values *+ st (n = 10). Viability data are aggregates of
three independent experiments, from observations of a total of 30
seedlings for each point. Normoxic control seedlings of the same
developmental age were exposed to 100% (v/v) O, only.
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for Biotechnology Information, and the NIH, and ¢cDNA
databases such as dbEST, which is a division of GenBank
(NIH genetic sequence database), containing single-pass
cDNA sequences or expressed sequence tags.

RESULTS

Acclimation to Anoxic Stress Occurs within 2 to 4 h of
Hypoxic Pretreatment

Most previous studies on acclimation have used hypoxic
pretreatments lasting 16 h or more (e.g. Saglio et al., 1988;
Johnson et al., 1989; Germain et al., 1997; Ellis et al., 1999),
although Andrews et al. (1994b) reported that 6 h of hy-
poxic acclimation significantly improved anoxia tolerance.
To study protein synthesis during times most critical for
enhanced tolerance of anoxia, we determined the minimal
time required for acclimation in hypoxic root tips. Maize
seedlings were subjected to 13 h of anoxia, followed by 26 h
of recovery under oxygen. Enhanced tolerance of anoxia
(acclimation) was assessed primarily by recording survival
after the stress and recovery regime. Control (non-
acclimated) seedlings could not survive this regimen (Fig.
1, 0 h of hypoxia), whereas as little as 2 h of hypoxic
pretreatment led to 100% viability. Acclimation was further
assessed by measuring root elongation during the recovery
phase. Root elongation improved with increasing duration
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of hypoxic pretreatment to approximately 70% of normoxic
controls with a 4-h pretreatment. Longer hypoxic pretreat-
ments gave no additional improvement. Consequently, a
4-h hypoxic pretreatment was used for the experiments
described below.

Many Normoxic Proteins Are Synthesized during
Hypoxic Acclimation

We looked at changes in protein synthesis that occurred
during acclimation to low-oxygen stress. Root tips of intact
seedlings subjected to hypoxia were labeled with [>*°S]Met,
and proteins were extracted and separated by two-
dimensional IEF-SDS-PAGE (Fig. 2). At the individual pro-
tein level, we analyzed 262 proteins with M,s from 36,000
to 99,000 and pls from 6.88 to 5.70, where resolution was
best and most reproducible. This region of the gel con-
tained approximately 50% of the proteins having pls be-
tween 3 and 10 and M,s between 20,000 and 200,000, based
on the intensity of silver-stained proteins.

During 4 h of hypoxic acclimation, incorporation of
[*°S]Met into total, acid-precipitable protein was reduced
to 48% to 56% of that in normoxic root tips. Incorporation
of label into the 262 proteins resolved in Figure 2 was
likewise depressed during hypoxic acclimation, to 53% of
that in normoxic controls. Hypoxia depressed the synthesis
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Figure 2. Effects of low-O, treatments on patterns of protein synthesis in intact maize root tips. Data are fluorographs of root
tip proteins, labeled in vivo with [*°S]Met and separated by two-dimensional IEF-SDS-PAGE. Fifteen 6-d-old (post imbibi-
tion) seedlings were labeled with [>>S]Met during the last 4 h of each treatment. A, Normoxia, 8 h under 100% (v/v) O,. B,
Hypoxia, 4 h of O,, 4 h of 3% (v/v) O,. C, Hypoxia plus 4 h of anoxia, 4 h of O,, 4 h of 3% (v/v) O,, 4 h of N,. D, Hypoxia
plus 13 h of anoxia, 4 h of O,, 4 h of 3% (v/v) O,, 13 h of N,. E, 4 h of anoxia, 8 h of O,, 4 h of N, (non-acclimated). Root
tip proteins (100 ug per sample) were fractionated by two-dimensional IEF-SDS-PAGE, and labeled proteins were visualized
by fluorography using an exposure time of 95 h. Arrows in A and B point to proteins that were induced greater than 2-fold
by hypoxic treatment. ADH was identified by western blot and confirmed by MS.
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of most normoxic proteins, while the synthesis of seven
proteins, including ADH, was enhanced more than 2-fold
(Fig. 2, A and B, arrows). The patterns of protein synthesis
in normoxic and hypoxic root tips show clear differences,
but also many more similarities than the anaerobic re-
sponse of whole maize roots described by Sachs et al.
(1980), in which aerobic protein synthesis was halted. The
labeling of normoxic proteins during acclimation was not
due simply to run-off of normoxic protein synthesis during
the transition into hypoxia; a virtually identical pattern
was obtained when labeling was restricted to the last 30
min of the 4-h hypoxic acclimation (data not shown). The
complexity of the acclimation response required quantita-
tive analysis by densitometry.

The relative amounts of [*>S]Met incorporated into indi-
vidual proteins during normoxia and hypoxia is shown in
Figure 3, A and B. The proteins labeled during hypoxia
were also made in normoxia, with less than 10% of these
individual proteins being synthesized at a higher rate than
in the non-stressed condition (Fig. 3C). Remarkably, the
proteins most heavily labeled under normoxic conditions
remained the most heavily labeled under hypoxia. For
example, these proteins accounting for 20% or 40% of all

labeling during normoxia (see axis above Fig. 3A) still
accounted for 18% or 38%, respectively, of labeling during
hypoxia. The seven most induced proteins (Figs. 2A, 2B,
and 3B, arrows) accounted for only about 5% of label in the
262 proteins analyzed.

After Hypoxic Acclimation, Synthesis of Most Proteins Is
Further Reduced in Anoxia

When hypoxically acclimated seedlings were subjected
to 4 h of anoxia, incorporation of [**S]Met into total root tip
protein was reduced to 10% to 15% of that observed in
normoxia. At the level of individual proteins, the few la-
beled most relative to normoxia corresponded to proteins
whose synthesis was induced during hypoxia, and the
extent of labeling was comparable under hypoxia and an-
oxia (compare Fig. 3, C and D).

Prolonged anoxic treatment of acclimated root tips gave
a very different pattern of protein synthesis (Fig. 2D),
which was remarkably similar to the pattern of protein
synthesis observed in non-acclimated root tips early in
anoxia (Fig. 2E). Given the intolerance of anoxia in non-
acclimated root tips, this similarity in protein synthesis
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Figure 3. Relative incorporation of [**S]Met into individual proteins in maize root tips before, during, and after acclimation.
A and B, Relative densitometric intensities of 262 spots from normoxic or hypoxic root tips; spots are ranked from the most
to the least intense in the fluorograph of normoxic protein synthesis. The horizontal axis above A shows the percent of
radiolabel incorporated into spots to the left of each tick mark. Arrows in B indicate proteins that were induced >2-fold by
hypoxic treatment, and correspond to arrows in Figure 2. C, Ratio of hypoxic to normoxic protein synthesis. D, Ratio of
anoxic to normoxic protein synthesis in acclimated seedlings. Data for individual labeled proteins in C and D are arranged
in the same order as A. Numbered spots in C were identified by MS analysis and are keyed to Table I: T and 2, ADH; 3, PDC
(inconclusive); 4, actin; 5, GAPC3/4; 6 and 7, GAPC2; 8, GLUT; 9, ADH; 10, malate dehydrogenase precursor. Densities
shown are from the gels in Figure 2. Densitometric analysis of three independent replicate experiments with proteins from
normoxic and hypoxic root tips gave sb values of *£0.2 for spots of relative intensities between 1 and 4, and sb values of

+0.08 for spots of relative intensities between 0.2 and 0.4.
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patterns suggests that proteins made later in anoxia in ac-
climated root tips do not contribute to improved tolerance.

Anoxia Tolerance Is Blocked by Cycloheximide When
Added during Hypoxic Pretreatment But Not When Added
during Anoxia

The observation that no “novel” proteins were synthe-
sized under either hypoxia or anoxia within the scope of
this study led us to examine when protein synthesis is
required for acclimation. Protein synthesis in root tips of

Figure 4. Effect of cycloheximide (CHX), during
hypoxic pretreatment or subsequent anoxia, on
protein synthesis and tolerance. Root tips of in-
tact maize seedlings were treated with increas-
ing concentrations of cycloheximide for 1 h
prior to and during either 4 h of hypoxia (A and
C) or 13 h of anoxia (B and D) (see schematic,
“Experimental plan”). Protein synthesis was
measured by adding [**SIMet throughout hy-
poxia (A) and during either the first (A) or last (A)
4 h of anoxia (B). Data shown are means = sE. In
measurements of root survival (C and D), seed-
lings were treated sequentially with 4 h of nor-
moxia, 4 h of hypoxia, and 13 h of anoxia,
followed by a 26-h normoxic recovery period;
cycloheximide was added 1 h prior to and dur-

Nomoxia Hypoxia
4h 4h
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intact seedlings was inhibited with cycloheximide (Ker-
ridge, 1958; Lin and Key 1967) added during either the
hypoxic pretreatment or the subsequent anoxia.

The efficacy of cycloheximide was assessed from incor-
poration of [*®S]Met into total protein, and tolerance of
anoxia was assessed by scoring viability. Cycloheximide
substantially inhibited protein synthesis in both hypoxic
and anoxic root tips (Fig. 4, A and B). In the absence of
protein synthesis during hypoxia, seedlings did not sur-
vive subsequent anoxia (Fig. 4C). This result is consistent
with earlier studies of acclimation in roots and shoots of
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Figure 5. Effect of cycloheximide on cytoplasmic pH regulation
during anoxia in acclimated root tips. Seedlings were treated with 4 h
of normoxia followed by 4 h of hypoxia, then transferred to NMR
sample tubes and subjected to anoxia. Cycloheximide (10 um) was
added either 1 h prior to and during hypoxia (®) or 1 h before and
during anoxia (O). Cytoplasmic pH was estimated from the chemical
shift of the cytoplasmic *'Pi-NMR resonance (Roberts, 1986).

Arabidopsis using cycloheximide (Ellis et al., 1999). How-
ever, we also found that when cycloheximide was added
during anoxia, survival was not affected (Fig. 4D), indicat-
ing that the residual protein synthesis in anoxia does not
play a critical role in acclimation. The inhibition of root
elongation by cycloheximide (Fig. 4D) reflects the depen-
dence of plant growth on protein synthesis (e.g. Black et al.,
1967; Coartney et al., 1967), and is not an indicator of
viability.

Inhibition of Protein Synthesis during Hypoxic Acclimation
Compromises Cytoplasmic pH Regulation under Anoxia

Cytoplasmic acidosis during anoxia is an important de-
terminant of anoxia tolerance (Roberts et al., 1984; Drew,
1997), and we have shown that acclimation of maize root
tips to low-oxygen stress is accompanied by a dramatic
improvement in cytoplasmic pH regulation (Xia and Rob-
erts, 1994, 1996). In light of the results presented above, we
postulated that protein synthesis during acclimation con-
tributes to improved cytoplasmic pH regulation. We tested
this hypothesis by determining the effect of cycloheximide
added during hypoxic acclimation on cytoplasmic pH reg-
ulation during subsequent anoxia using *'P-NMR. Roots so
treated exhibited poor cytoplasmic pH regulation under
anoxia; cytoplasmic pH fell from 7.5 to 6.5 within 2 h of the
onset of anoxic stress (Fig. 5), a pattern of cytoplasmic
acidosis characteristic of non-acclimated root tips (Xia and
Roberts, 1994, 1996). In contrast, when cycloheximide was
added to acclimated roots during subsequent anoxia, root
tips exhibited good cytoplasmic pH regulation, maintain-
ing a nearly neutral pH (Fig. 5), similar to regulation in
acclimated root tips not exposed to cycloheximide (Xia and
Roberts, 1994, 1996).

3IP-NMR spectra of root tips recorded after these differ-
ent cycloheximide treatments and a normoxic recovery
period confirmed that prevention of cytoplasmic acidosis
correlates with tolerance of anoxia. Root tips of acclimated
seedlings treated with 10 um cycloheximide during anoxia
retained metabolites such as sugar phosphates and nucle-
otides and gave distinct cytoplasmic and vacuolar Pi sig-
nals, indicating maintenance of the pH gradient between
cytoplasm and vacuole (compare Fig. 6, A and B). These
spectroscopic signatures are characteristic of living root
tips (Roberts and Testa, 1988), and confirm the viability
measurements in Figure 4. In contrast, roots that had been
exposed to 10 um cycloheximide during hypoxic pretreat-
ment lost essentially all of these spectroscopic signatures
(Fig. 6C). These results indicate that hypoxic protein syn-
thesis during acclimation is required for improved cyto-
plasmic pH regulation during anoxia, which is crucial for
anoxia tolerance.

Identification of Maize Root Tip Proteins Synthesized
during Hypoxic Acclimation

Having defined the time period when protein synthesis

was critical for acclimation to low-oxygen stress, we fo-
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Figure 6. Effect of cycloheximide on *'P metabolites in root tips of
intact seedlings following anoxia. Maize seedlings were treated for
4 h under normoxia and 4 h of hypoxia in funnels, and then trans-
ferred to the NMR sample tubes. Spectra were recorded following
13 h of anoxia and approximately 24 h of normoxic recovery. A, No
cycloheximide (control). B, Cycloheximide (10 um) added during the
final hour of hypoxia and throughout anoxia, and then removed after
anoxia. C, Cycloheximide (10 um) added 1 h prior to and during
hypoxia, and then removed after hypoxia.
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cussed on identifying which proteins contribute to the
adaptive response. The complexity of the pattern of protein
synthesis during acclimation (Figs. 2B and 3) required an
approach capable of identifying large numbers of proteins
with a high rate of success. Previous studies of plant stress
responses at the protein level have either described pat-
terns of synthesis of large arrays of proteins on two-
dimensional gels, where few if any were identified, or have
focused on one or a few known proteins. Neither approach
is capable of unraveling complex physiological responses,
in which the expression of many genes combines to give
improved plant performance. In the present study, we
tested a new and promising strategy using MS to analyze
tryptic digests of proteins following the methods of
Clauser et al. (1995) and Qiu et al. (1998).

Forty-eight of the 262 protein spots resolved by two-
dimensional IEF-SDS-PAGE (shown in Fig. 7) were excised
from gels, digested with trypsin, and analyzed by MALDI-
MS. These spots were chosen because they were well re-
solved when visualized with Coomassie or silver staining,
and included proteins with a range of M,s, pls, and rates of
synthesis under hypoxia. Mass spectra such as those shown
in Figure 8A were obtained from each spot with sufficient
signal to search databases using ProteinProspector (see
“Materials and Methods”). The identities of 46 protein
spots and the matching sequences for each peptide mass
are listed in Table I, ranked in order of their relative rates
of synthesis under hypoxia versus normoxia. In two cases,
tryptic fragments derived from a single protein spot were
matched to two different proteins, indicating comigration

6.85 5.75
| | kDa
. v 2
e M==Q7 4

- ———
-

Figure 7. Maize root tip proteins analyzed by MS. Figure is a fluoro-
graph of proteins labeled in vivo during normoxia, and separated by
two-dimensional IEF-SDS-PAGE (see Fig. 2A). Proteins are ranked
and numbered according to the ratio of [**S|Met incorporation under
hypoxia relative to normoxia, with 1 being the highest. Results of the
MS analysis are presented in Table I using the same numbering
scheme.
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(spots 11 and 48). Here, spectral peaks attributed to one
protein were subtracted prior to a second database search
(Jensen et al., 1997). Additional sequence information for
selected peptides (Table I, bold, underlined) was obtained
by post-source decay for 20 proteins (see Fig. 8B for a
typical PSD spectrum) (Qiu et al., 1998).

Most of the root tip proteins identified are soluble met-
abolic enzymes. These included three anaerobic proteins:
ADH1 (Sachs et al., 1980) (spots 1, 2, 9, and 16), ENO1
(enolase 1; Lal et al., 1998) (spots 12 and 15), and GAPC
(Russell and Sachs, 1991) (spots 5-7 and 13). All three
proteins showed comparable or increased synthesis during
hypoxic acclimation relative to normoxia (Table I). A fourth
protein whose synthesis was significantly induced during
hypoxic acclimation (Table I, spot 3) was tentatively iden-
tified as pyruvate decarboxylase (PDC), which is also an
anaerobic protein (Kelley, 1989; Kelley et al., 1991; Peschke
and Sachs, 1993). This assignment was based on matches of
four mass peaks to rice PDC sequences, three of which also
matched maize PDC1, and on the pI and M, of spot 3,
which are comparable to the predicted values for PDC1
(Table I). However, as complete sequences for other maize
PDC genes are not available, and two major peptide masses
could not be assigned, this identification is inconclusive. In
addition to these anaerobic proteins, two abundant pro-
teins, actin (spot 4) and B-p-glucosidase (GLU1) (spot 8),
were also synthesized at high rates during both normoxia
and hypoxia (Fig. 3 and Table I).

Proteins with crucial roles in both cytoplasmic and or-
ganellar translation (eIF-4A, spot 36; eEF-2, spots 34 and 46;
and mitochondrial elongation factor Tu, spot 45) were also
identified. The synthesis of these factors was substantially
repressed by hypoxia (Table I), which may contribute to
the overall reduction in protein synthesis during low-
oxygen stress. In addition, we identified proteins involved
in oxidative phosphorylation (subunits of the F1-ATPase,
spots 11 and 48), protein folding (mitochondrial chapero-
nin 60, spot 41), intracellular trafficking (Golgi-associated
protein se-wap41, spots 42 and 47), and heat stress (HSP 70,
spot 31).

For 20 proteins, identities were assigned by matching to
homologous sequences from other species. In cases in
which homologies from more than one species were
matched, only the match that gave the highest MOWSE
score (Pappin et al.,, 1995) is listed (Table I). With the
exception of malate dehydrogenase, maize sequences for
these proteins were either absent from the databases or
incomplete. For example, spots 25, 26, 35, and 43 were
identified as homologous to Met synthase from plants
other than maize. Three of these spots also had one or two
masses that matched a partial maize Met synthase se-
quence (GenBank accession no. AF093539), but these lim-
ited matches gave much lower MOWSE scores.

Multiple isoforms of many proteins were identified.
These were not due to allelic variation, because we used the
inbred maize line B73. Rather, they may have resulted from
post-translational modifications and/or expression of ge-
netically distinct isoforms. For example, phosphorylated
proteins are readily separated on two-dimensional gels,
due to an acidic pI shift. This phenomenon may account for
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Figure 8. A, MALDI-DE-TOF peptide mass fingerprint spectrum of a peptide mixture from in-gel tryptic digestion of protein
spot 41. Masses labeled on the spectrum are the largest in each isotope cluster. Only the mono-isotopic masses were used
for database searches. B, MALDI-TOF-PSD spectrum of a peptide with mass at m/z 1,389.72 from the tryptic digestion of spot
41. PSD spectrum was acquired by selecting the specific peptide from the tryptic mixture by precursor ion gating. Fragment
ion masses from this spectrum were used as the fragment ion tag for spot 41 in an MS-Tag database search. The partial amino
acid sequence deduced from the fragment ion masses and the mono-isotopic mass of the precursor ion are shown above the
spectrum. Peptide backbone cleavage ions associated with charge retention at the N terminus are labeled b, while those with
C-terminal charge retention are labeled y (for nomenclature of fragment ions, see Biemann, 1990). T, Trypsin autolytic
products. | = 86.04, Y = 136.04, IT-H,O = 196.78, PYF = 408.11.

several of the isoform pairs we identified (Fig. 7); e.g. Met
synthase (spots 35, 43, and 25, 26), EF-2 (34, 46), ENO1 (12,
15), and GAPC3/4 (5, 13). More definitive was our identi-
fication of genetically distinct isoforms. Even small varia-
tions in primary amino acid sequence can give substantial
differences in the number of unique peptide masses gen-
erated from each isoform. GAPC2 differs from GAPC1 by
only 2.7% in primary sequence (Manjunath and Sachs,
1997), but 50% of the matched peptides were unique to
GAPC2 (spots 6 and 7).

Conversely, we were unable to distinguish GAPC3 from
GAPC4 because these isozymes differ by only two amino
acids (0.6%) (Manjunath and Sachs, 1997), and none of the
nine matches were unique to either isozyme (spots 5 and
13). These nine matches covered 32% of the protein se-
quence of GAPC3/4. We were also able to identify and
distinguish ENOI1 (spots 12, 15) and ENO2 (spot 39), which
differ by 10.5% in sequence (Lal et al., 1998). ENO1 was
preferentially synthesized during hypoxia (Table I). Simi-
larly, observed peptides in spots 1, 2, 9, and 16 were
identified as ADHI1, since most peptide masses matched
were unique to ADH1. Maize ADH1 and ADH2 share 87%
sequence homology at the amino acid level (Dennis et al.,
1985). Finally, for spot 8, two of the peptide masses mea-
sured could only be matched to GLU1 but not GLU2,
indicating that GLU1 was the isozyme observed. A primary

sequence homology of 88% is shared between GLU1 and
GLU2 (Esen and Shahid, 1992; Bandaranayake and Esen,
1996).

These results demonstrate that MS can be used success-
fully to identify plant proteins arrayed by two-dimensional
IEF-SDS-PAGE and to study complex patterns of gene
expression at the protein level.

DISCUSSION

Low-oxygen stress has been shown to trigger many basic
cellular responses in plants. These include early events,
within 1 min to tens of minutes, of changes in free cytosolic
calcium (Subbaiah et al., 1994), pH, metabolism (for review,
see Xia and Roberts, 1996), and translation (for review, see
Vayda and Webster, 1998). Changes in gene expression at
the levels of transcription and translation have generally
been studied in plants stressed for several hours (for re-
view, see Sachs et al., 1996; Drew, 1997; Vayda and Web-
ster, 1998). Tolerance of low-oxygen stress varies with
plant species, age, cell type, and acclimation conditions,
and the root tip is particularly sensitive (Drew, 1997).

In this study we first defined the minimum time period
required for acclimation in the root tip as being within the
first 4 h of hypoxia (Fig. 1). Experiments with the inhibitor
cycloheximide support a model for acclimation in which

(Continued on p. 315.)
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Table I. Summary of data for 48 maize seedling root tip proteins from 48 two-dimensional PAGE gel spots

Spot
S VALDI Diffference Proteén Identified Theoretical/Observed Intepnsity
ot rom . ecies i
Npo. Mass?® Calculated Peptide Sequences Matched" (GenBank ’j\ccession No.) Rat|o~
Mass % of Sequence Covered MJ/KD pl Hypoxu;
Normoxic
D D od
1 901.49 0.44 (KYGQTPVEFPR(I) ADH 1 40.9/42 6.43/6.64 505.6
995.54 —0.01 (K)INPQAPLDK(V) Z. mays
1,083.62 0.00 (R)IIGVDLNPSR(F) (X04049)
1,186.60 0.00 (K)YGTFEGNYKPR(T) 42%
1,258.60 0.00 (KYTHPMNFLNER(T) Consistent with
1,274.59 —0.01 (K)THPMet-oxNFLNER(T) Western-blot result
1,325.57 —0.01 (K)SAESNMet-oxCDLLR(I)
1,340.65 —0.02 (R)IKFGCTEFVNPK(D)
1,421.73 —0.01 (R)TDLPNVVELYMK(K)
1,437.72 —0.01 (R)TDLPNVVELYMet-oxK(K)
1,502.80 0.00 (K)FITHSVPFAEINK(A)
1,874.01 0.00 (KYGSTVAVFGLGAVGLAAAEGAR(I)
2,209.01 —0.06 (KYDHNKPVQEVLAEMTNGGVDR(S)
2,877.41 —0.07 (KAAVAWEAGKPLSIEEVEVAPPQAMEVR(V)
2,893.41 -0.07 (KYAAVAWEAGKPLSIEEVEVAPPQAMet-oxEVR(V)
1,004.54, 1,212.66, 1,290.60, 2,010.00¢
2 901.49 0.00 (KYGQTPVEFPR(I) ADH 1 40.9/41 6.43/6.64 349.5
995.53 -0.02 (K)INPQAPLDK(V) Z. mays
1,083.61 —0.01 (R)IIGVDLNPSR(F) (X04049)
1,186.60 0.00 (KYGTFFGNYKPR(T) 53%
1,212.61 0.04 (K)FGCTEFVNPK(D) Consistent with
1,258.60 0.00 (KYTHPMNFLNER(T) Western-blot result
1,274.59 —0.01 (K)THPMet-oxNFLNER(T)
1,309.58 —0.01 (K)SAESNMCDLLR(I)
1,325.57 —0.01 (K)SAESNMet-oxCDLLR(I)
1,340.66 —0.01 (R)IKFGCTEFVNPK(D)
1,421.74 0.01 (R)TDLPNVVELYMK(K)
1,437.73 0.00 (R)TDLPNVVELYMet-oxK(K)
1,502.79 —0.01 (K)FITHSVPFAEINK(A)
1,874.01 0.00 (KYGSTVAVFGLGAVGLAAAEGAR(I)
2,144.01 —0.04 (KJILFTSLCHTDVYFWEAK(G)
2,209.00 —0.07 (K)YDHNKPVQEVLAEMTNGGVDR(S)
2,356.26 —0.01 (K)VCVLSCGISTGLGASINVAKPPK(G)
2,877.44 —0.04 (KYAAVAWEAGKPLSIEEVEVAPPQAMEVR(V)
2,893.47 —0.01 (KAAVAWEAGKPLSIEEVEVAPPQAMet-oxEVR(V)
1,004.53, 1290.60, 1,783.87, 2,010.02
3 989.52 0.01 (K)ELLEWGSR(V) Homologous to PDC2 64.3/64 5.90/6.18 316.9
1,237.67 0.04 (R)VSAANSRPPNPQ(—) O. sativa
1,876.03 0.02 (R)JILHHTIGLPDFSQELR(C) (U38199)
2,613.42 0.07 (R)ESKPVYLSISCNLPGLPHPTFSR(D) 9%
881.28, 1,188.65, 1,589.85, 1,742.96, 2,051.09, 2,308.82, Inconclusive search
2,820.40 result
4 976.46 0.01 (—)AGFAGDDAPR(A) Actin 37.2/43.5 5.28/5.7 195.5
1,198.72 0.01 (R)AVFPSIVGRPR(H) Z. mays
1,515.77 0.02 (KIWHHTFYNELR(V) (U60511)
1,747.93 0.04 (K)SYELPDGQVITIGAER(F) 28%
1,954.10 0.03 (R)VAPEEHPVLLTEAPLNPK(A)
3,151.72 0.08 (R)ITTGIVLDSGDGVSHTVPIYEGYALPHAILR(L)
873.03, 891.00, 945.57, 1,066.10, 1,132.55, 1,443.71,
1,459.71,1,531.77
5 951.48 0.01 (K)EVAVFGCR(N) GAPC3/4 36.4/35.5 7.02/6.75 132.4
1,133.54 0.00 (K)YYDTVHGQWK(H) Z. mays
1,305.67 0.02 (KYDAPMFVVGVNEK(E) (U45856, U45857)
1,321.66 0.01 (K)YDAPMet-oxFVVGVNEK(E) 32%
1,434.78 0.02 (R)AASFNIIPSSTGAAK(A)
1,498.87 0.02 (R)VPTVDVSVVDLTVR(L)
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Table I. Continued
Spot
oot MALDI Diffference Prote;n Idgntified Theoretical/Observed  Intensity
o rom ) ecies i
I\Fl)o. Mass Calculated Peptide Sequences Matched (GenBank Ij\ccession No.) Rat[o'
Mass % of Sequence Covered M,/kD pl HYPOX‘_C
Normoxic
1,775.84 0.03 (K)LVSWYDNEWGYSTR(V)
2,033.11 0.03 (K)FGIVEGLMet-oxTTVHAITATQK(T)
2,200.05 0.00 (K)GILGYVEEDLVSTDFQGDSR(S)
1,104.63, 1,306.67, 1,319.68
6 1,133.55 0.01 (K)YYDTVHGQWK(H) GAPC2 36.5/37 6.40/6.85 113.6
1,198.67 0.01 (K)AGIALNDHFIK(L) Z. mays
1,420.70 0.02 (KYDAPMFVVGVNEDK(Y) (U45858)
1,434.77 0.01 (RYAASFNIIPSSTGAAK(A) 35%
1,436.74 0.07 (K)DAPMet-oxFVVGVNEDK(Y)
1,677.03 0.06 (K)TLLFGEKPVTVFGIR(N)
1,788.86 0.06 (K)LVSWYDNEWGYSNR(V)
2,191.03 0.04 (K)YGIMGYVEEDLVSTDFTGDSR(S)
2,207.01 0.03 (K)GIMet-oxGYVEEDLVSTDFTGDSR(S)
2,609.49 0.11 (K)VIHDNFGIEGLMTTVHAITATQK(T)
834.46, 888.52, 1,350.77, 1,422.71, 1,663.02, 1,798.89,
1,804.86, 1,912.02, 1,968.95, 2,625.51
7 714.44 —0.01 (R)VVDLIR(H) GAPC2 36.5/37 6.40/6.65 109.7
1,133.56 0.02 (KYYDTVHGQWK(H) Z. mays
1,198.71 0.05 (K)AGIALNDHFIK(L) (U45858)
1,498.93 0.08 (R)VPTVDVSVVDLTVR(I) 26%
1,677.09 0.12 (K)TLLFGEKPVTVFGIR(N)
1,788.88 0.08 (K)LVSWYDNEWGYSNR(V)
2,191.07 0.08 (KYGIMGYVEEDLVSTDFTGDSR(S)
2,207.05 0.07 (K)GIMet-oxGYVEEDLVSTDFTGDSR(S)
1,663.05, 1,800.91
8 807.41 —0.03 (RILDYIQR(H) GLU1 64.2/60 6.23/6.12 104.4
892.45 —0.02 (R)FSISWPR(I) Z. mays
972.41 0.02 (KEMGMDAYR(F) (U44773)
972.41 —0.02 (R)YIGDYPFSMR(S) 12%
984.50 —0.02 (R)YGIVYVDR(N)
988.39 0.00 (K)Emet-oxGMDAYR(F)
988.39 —0.03 (R)YGDYPFSMet-oxR(S)
1,078.57 0.00 (RIGLAFDVMGR(V)
1,094.53 —0.04 (R)IGLAFDVMet-oxGR(V)
1,126.54 —0.04 (R)VPYGTSFLDK(Q)
1,830.94 —0.01 (R)ISWDINLGWFLEPVVR(G)
750.03, 819.06, 1,014.12, 1,030.09, 1,066.06, 1,111.55,
1,148.53, 1,446.69, 1,927.98
9 901.49 0.00 (KYGQTPVFPR(I) ADH1 40.9/43 6.43/6.54 97.8
1,083.63 0.01 (R)INIGVDLNPSR(F) Z. mays
1,186.62 0.02 (K)YGTFFGNYKPR(T) (X04049)
1,212.59 0.01 (K)FGCTEFVNPK(D) 27%
1,258.62 0.02 (KYTHPMNFLNER(T)
1,274.62 0.02 (K)THPMet-oxNFLNER(T)
1,309.61 0.02 (K)SSAESNMCDLLR(1)
1,325.60 0.02 (K)SAESNMet-oxCDLLR(I)
1,340.69 0.02 (RIKFGCTEFVNPK(D)
1,421.76 0.03 (RITDLPNVVELYMK(K)
1,437.75 0.02 (R TDLPNVVELYMet-oxK(K)
1,502.83 0.03 (K)FITHSVPFAEINK(A)
1,874.05 0.03 (K)YGSTVAVFGLGAVGLAAAEGAR(I)
1,378.67
10 1,219.72 0.01 (RILFGVTTLDVVR(A) Homologous to MDH 35.9/35.5 8.80/6.43 97.4
1,318.70 0.00 (RIDDLFNINAGIVK(S) precursor
1,809.10 0.03 (K)VAILGAAGGIGQPLSLLMK(L) M. sativa
1,825.10 0.04 (K)VAILGAAGGIGQPLSLLMet-oxK(L) (AF020271)
1,347.82, 1,861.96, 2,316.21, 2,656.37 12%

Inconclusive search result
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Table I. Continued
Spot
S MALD Diffference Proteén Identified Theoretical/Observed Intensity
ot rom . ecies i
I\FJJO. Mass Calculated Peptide Sequences Matched (GenBank ’,)A\ccession No.) Ratlol
Mass % of Sequence Covered MJ/KD pl HYPOX{C
Normoxic
11 866.39 —0.01 (R)IEGNDLYR(E) F1-ATPase, B-subunit 59/55 6.01/5.63 94.5
1,134.63 0.01 (K)TNHFLPIHR(E) Z. mays
1,173.66 0.00 (K)VVDLLAPYQR(G) (M36087)
1,390.69 0.00 (KYAHGGFSVFAGVGER(T) 32%
1,399.77 0.00 (R)VGLTGLTVAEHFR(D)
1,492.79 0.03 (R)EMet-oxIESGVIKLDDK(Q)
1,723.93 0.01 (R)ILVLEVAQHLGENMet-oxVR(T)
1,864.95 0.01 (RIDAEGQDVLLFIDNIFR(F)
2,044.06 0.04 (R)pyroGIulSELGIYPAVDPLDSTSR(M)
2,061.07 0.02 (R)QISELGIYPAVDPLDSTSR(M)
2,186.11 —0.04 (R)IPSAVGYQPTLATDLGGLQER(I)
2,589.36 0.03 (KITDEFTGAGAIGQVCQVIGAVVDVR(F)
1% 702.41 —0.01 (K)SVIEVR(N) Homologous to UDP-Glu 51.6/55 5.20/5.63
790.46 0.00 (K)VANFLAR(F) pyrophosphorylase
839.51 0.00 (K)AIGINVPR(S) H. vulgare
1,052.54 0.00 (K)GGTLISYEGR(V) (X91347)
1,312.76 0.00 (K)VLQLETAAGAAIR(F) 13%
2,197.98 —0.05 (K)YSNSNIEIHTFNQSQYPR(I)
965.543, 1,274.63, 1,520.79,
1,661.82, 2,438.33
12 675.32 0.00 (K)TGAPCR(S) ENOT1 48.1/52 5.20/5.83 94.4
675.32 —0.02 (R)APVEPY(—) Z. mays
719.38 —0.01 (K)ISGDSLK(D) (X55981)
748.38 0.02 (R)pyro-GlulFDSR(G) 63%
765.42 0.03 (R)QIFDSR(G)
806.48 0.03 (K)YYNQLLR()
900.45 0.00 (K)TYDLNFK(E)
946.52 —0.02 (K)TCNALLLK(V)
978.52 0.02 (K)FRAPVEPY(—)
992.53 0.00 (K)ARQIFDSR(G)
1,071.52 0.00 (RIAGWGVMASHR(S)
1,087.53 0.02 (RIAGWGVMet-oxASHR(S)
1,143.57 0.00 (K)DKTYDLNFK(E)
1,189.62 0.02 (KIMGVEVYHNLK(S)
1,205.60 0.00 (K)Met-oxGVEVYHNLK(S)
1,513.89 0.01 (K)LGANAILAVSLAVCK(A)
1,535.80 0.04 (R)IEEELGDAAVYAGAK(F)
1,551.89 0.03 (K)IPLYQHIANLAGNK(T)
1,565.94 0.04 (KJAVSNVNNIIGPAIVGK(D)
1,601.94 0.09 (K)VNQIGSVTESIEAVR(M)
1,639.99 0.09 (K)VQIVGDDLLVTNPTR(V)
1,679.99 0.03 (K)KIPLYQHIANLAGNK(T)
1,714.88 0.04 (K)VVIGMet-oxDVAASEFFGEK(D)
1,791.03 0.10 (RIGAVPSGASTGIYEALELR(D)
1,835.95 0.07 (R)IGNPTVEVDVGLSDGSYAR(G)
1,903.00 0.07 (K)LAMet-oxQEFMet-oxILPTGASSFK(E)
2,106.21 0.10 (K)EAMet-oxKMGVEVYHNLKSIIK(K)
2,268.13 0.01 (R)ISGETEDTFIADLSVGLSTGQIK(T)
2,324.10 0.06 (K)YYGQDATNVGDEGGFAPNIQENK(E)
794.41,1,103.5, 1,604.89, 1,773.86
13 951.48 0.00 (K)EVAVFGCR(N) GAPC3/4 36.4/35.5 7.02/6.8 90.8
1,133.55 0.01 (K)YDTVHGQWHK(H) Z. mays
1,305.67 0.02 (K)DAPMFVVGVNEK(E) (U45856, U45857)
1,321.66 0.01 (K)DAPMet-oxFVVGVNEK(E) 32%
1,434.77 0.01 (R)AASENIIPSSTGAAK(A)
1,498.87 0.02 (R)VPTVDVSVVDLTVR(L)
1,775.83 0.03 (KILVSWYDNEWGYSTR(V)
2,033.09 0.02 (K)FGIVEGLMet-oxTTVHAITATQK(T)
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Table I. Continued
Spot
Sot MALD Diffference Prote;n ldgntified Theoretical/Observed Intensity
0 rom . ecies i
Npo. Mass Calculated Peptide Sequences Matched (GenBanke\ccession No.) Rat|o‘
Mass % of Sequence Covered M,/KD pl Hypox@
Normoxic
2,200.02 —0.02 (K)GILGYVEEDLVSTDFQGDSR(S)
1,045.57, 1,104.61, 1,149.54, 1,173.82,
1,319.68, 1,987.10
14 910.50 —0.01 (R'VHILTDGR(D) 2,3-Bisphosphoglycerate- 60.6/65 5.29/5.76 87.0
1,087.56 0.01 (K)YGVDAQIASGGGR(M) independent phosphoglycerate mutase
1,188.65 0.02 (R)YLVSPPEIDR(T) Z. mays
1,304.63 0.01 (K)'YDGDGFENYIK(E) (M80912)
1,475.67 0.03 (KJALEYADFDNFDR(V) 23%
1,557.78 0.05 (—)AcetN-GSSGFSWTLPDHPK(L)
1,589.80 —0.01 (K)RGWDAQVLGEAPYK(F)
2,434.32 0.08 (RIDVLDGSSIGFVETLENDLLELR(A)
2,629.60 0.08 (R)IQILTSHTLQPVPVAIGGPGLH-
PGVK(F)
841.06, 1,482.72, 2,312.20, 2,807.41
15 675.33 0.01 (KYTGAPCR(S) ENOT1 48.1/52 5.20/5.68 85.6
675.33 0.00 (R)APVEPY(—) Z. mays
748.36 0.00 (R)pyro-GlulFDSR(G) (X55981)
765.39 0.00 (R)YQIFDSR(G) 60%
806.45 0.00 (K)YYNQLLR(I)
959.55 0.00 (—=)Ac-AVTITWVK(A)
978.51 0.01 (K)FRAPVEPY(—)
1,071.52 0.00 (RIAGWGVMASHR(S)
1,087.52 0.01 (RIAGWGVMet-oxASHR(S)
1,551.85 —0.01 (K)IPLYQHIANLAGNK(T)
1,601.85 0.00 (K)VNQIGSVTESIEAVR(M)
1,639.90 0.00 (KVQIVGDDLLVTNPTR(V)
1,679.98 0.02 (K)KIPLYQHIANLAGNK(T)
1,698.88 0.04 (K)VVIGMDVAASEFFGEK(D)
1,714.84 0.01 (K)VVIGMet-oxDVAASEFFGEK(D)
1,790.93 0.00 (RYGAVPSGASTGIYEALELR(D)
1,835.89 0.01 (RIGNPTVEVDVGLSDGSYAR(G)
1,886.97 0.03 (K)LAMQEFMet-oxILPTGASSFK(E)
1,902.94 0.01 (K)LAMet-oxQEFMet-oxILPTGASSFK(E)
2,106.16 0.05 (K)EAMet-oxKMGVEVYHNLKSIIK(K)
2,268.08 —0.05 (R)ISGETEDTFIADLSVGLSTGQIK(T)
2,324.05 0.01 (K)YYGQDATNVGDEGGFAPNIQENK(E)
2,968.39 0.09 (K)SFVSEYPIESIEDPFDQDDWSTYAK(L)
16 901.49 0.00 (K)YGQTPVEPR(I) ADHI1 40.9/42 6.43/6.54 67.3
1,083.62 0.00 (RYNGVDLNPSR(F) Z. mays
1,186.60 0.00 (KYGTFFGNYKPR(T) (X04049)
1,258.60 0.00 (K)THPMNFLNER(T) 37%
1,274.59 —0.01 (K)THPMet-oxNFLNER(T)
1,309.59 0.00 (K)SAESNMCDLLR()
1,325.57 —0.02 (K)SAESNMet-oxCDLLR(I)
1,340.67 0.01 (R)IKFGCTEFVNPK(D)
1,421.73 —0.01 (R)TDLPNVVELYMK(K)
1,437.73 0.00 (R)TDLPNVVELYMet-oxK(K)
1,502.79 —0.01 (K)FITHSVPFAEINK(A)
1,874.00 —0.02 (KYGSTVAVFGLGAVGLAAAEGAR(I)
2,144.02 —0.04 (K)ILFTSLCHTDVYFWEAK(G)
2,208.96 -0.10 (KYDHNKPVQEVLAEMTNGGVDR(S)
1,987.08, 1,993.98, 2,010.02
17 845.53 0.01 (K)SLLIPFR(E) Glu dehydrogenase 44.0/41 6.09/6.42 65.6
888.41 0.01 (R)SHSCDLR(M) Z. mays
1,065.56 0.01 (RIMGAFTLGVNR(V) (D49475)
1,081.54 0.00 (R)IMet-oxGAFTLGVNR(V) 40%
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Table I. Continued

Spot
oot MALD! Diffference Prote;n [d'entified Theoretical/Observed lnter;sity
0 rom ) ecies i
I\Fl)o. Mass Calculated Peptide Sequences Matched (GenBank Fj\c:cession No.) Ratlo'

Mass % of Sequence Covered MJ/KD pl ﬁoifnog;icc
1,161.62 0.00 (KYTAVANIPYGGAK(G)
1,300.62 0.00 (KYDDGTLASYVGFR(V)
1,555.85 0.00 (R)YGVLFATEALLAEHGK(G)
1,760.86 0.01 (K)YGGIGCSPGDLSISELER(L)
2,214.15 —0.01 (K)FHGYSPAVVTGKPVDLGGSLGR(D)
2,226.10 0.01 (KYYHEAANHPTDPEADEILSK(K)
2,336.17 —0.03 (R)IFVIQGFGNVGSWAAQLISEAGGK(V)
2,412.13 0.00 (R)YHHEVDPDEVNALAQLMet-oxTWK(T)
970.54, 1,129.79, 1,262.66, 1,312.74,
1,655.83, 2,284.19
18 1,219.72 0.01 (RILFGVTTLDVVR(A) Homologous to MDH precursor 35.9/36.5 8.80/6.44 65.3
1,318.70 0.00 (R)YDDLFNINAGIVK(S) M. sativa
1,809.10 0.03 (K)VAILGAAGGIGQPLSLLMK(L) (AF020271)
1,825.10 0.04 (K)VAILGAAGGIGQPLSLLMet-oxK(L) 12%
1,347.82, 1,861.96, 2,316.21, 2,656.37 Inconclusive search result
19 873.48 0.00 (R)ALGQISER(L) Cytoplasmic MDH 35.6/36.5 5.93/6.14 60.8
877.45 —0.01 (KYNVTCLTR(L) Z. mays
877.45 —0.01 (R)IKEGMERK(D) (AFO07581)
974.54 0.01 (K)TSTGEKPVR(E) 39%
1,001.56 0.00 (RILNVQVSDVK(N)
1,017.52 0.00 (K)EFAPSIPEK(N)
1,346.75 0.01 (KMELVDAAFPLLK(G)
1,362.74 0.01 (K)Met-oxELVDAAFPLLK(G)
1,373.81 0.07 (K)YIVQGLPIDEFSR(K)
1,568.77 0.02 (K)SQASALEAHAAPNCK(V)
1,650.02 0.03 (K)VLVVANPANTNALILK(E)
1,693.83 0.03 (K)FSSALSAASSACDHIR(D)
1,821.93 0.03 (R)KFSSALSAASSACDHIR(D)
2,000.17 0.03 (R)VLVTGAAGQIGYALVPMIAR(G)
2,016.16 0.03 (R)VLVTGAAGQIGYALVPMet-oxIAR(G)
2,379.20 0.05 (RELVSDDEWLNGEFITTVQQR(G)
2,466.27 0.06 (KINVIIWGNHSSSQYPDVNHATVK(T)
2,619.38 0.05 (KYGVVATTDVVEACTGVNVAVMVGGFPR(K)
2,635.39 0.06 (KYGVVATTDVVEACTGVNVAVMet-
oxVGGFPR(K)
886.51, 1,277.71, 2,032.14
20 910.50 —0.01 (R)VHILTDGR(D) 2,3-Bisphosphoglycerate- 60.6/64 5.29/5.83 57.2
915.39 —0.02 (RIMYVTMDR(Y) independent phosphoglycerate mutase
1,083.67 —0.01 (RILDQLQLLLK(G) Z. mays
1,087.55 0.00 (KYGVDAQIASGGGR(M) (M80912)
1,167.52 —0.01 (R)YENDWDVVK(R) 42%
1,188.64 0.01 (R)YLVSPPEIDR(T)
1,304.62 0.01 (K)I'YDGDGFNYIK(E)
1,323.68 0.05 (R)YENDWDVVKR(G)
1,387.66 0.00 (R)YAGMLQYDGELK(L)
1,403.65 —0.01 (R)YAGMet-oxLQYDGELK(L)
1,433.71 0.00 (RIGWDAQVLGEAPYK(F)
1,481.71 0.01 (KYFGHVTFFWNGNR(S)
1,557.74 0.01 (—)AcetN-GSSGFSWTLPDHPK(L)
1,589.83 0.02 (KJRGWDAQVLGEAPYK(F)
2,311.17 0.00 (K)ESFESGTLHLIGLLSDGGVHSR(L)
2,420.24 0.07 (RIMVMLAKALEYADNFDRVR(V)
2,434.25 0.02 (RIDVLDGSSIGFVETLENDLLELR(A)
2,629.54 0.02 (R)IQILTSHTLQPVPVAIGGPGLHPGVK(F)
2,721.27 0.04 (K AHGTAVGLPSDDDMGNSEVGHNALGAGR(I)
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Table I. Continued
Spot
oot MALDI Diffference Proteén Idgntified Theoretical/Observed Intensity
0l rom ) ecies i
I\Fl)o. Mass Calculated Peptide Sequences Matched (GenBank ’,)‘\ccession No.) Ratio
Mass % of Sequence Covered M,/kD pl H)’POXE'C
Normoxic
794.36, 1,101.55, 1,202.65, 1,277.71,
1,280.62, 1,458.68, 1,474.67,
1,742.96, 1,794.83, 1,837.08,
1,940.94, 2,230.15, 2,297.16,
2,339.20
21 993.48 0.03 (RIHAFGDQYR(A) Homologous to isocitrate dehydrogenase 46.7/44 6.06/6.42 57.2
1,510.78 -0.07 (RILVPGWTKPICIGR(H) (NADP™)
1,797.86 —0.02 (K)YGGETSTNSIASIFAWTR(G) N. tabacum
1,149.58, 1,378.57, 2,108.01 (X77944)
9%
Inconclusive search result
22 622.28 —0.01 (RINFEGR(V) Homologous to aconitase 98.2/90 5.79/6.34 54.6
778.42 0.00 (R)GTFANIR(I) Arabidopsis
914.58 0.01 (R)ILLESAIR(N) (AC007170)
945.42 0.01 (K)DFNSYGSR(R) 21%
1,009.53 0.02 (K)LSVFDAAMR(Y)
1,025.52 0.01 (K)LSVFDAAMet-oxR(Y)
1,073.52 0.01 (RIKDFNSYGSR(R)
1,090.64 0.01 (R)VDKLPYSIR(I)
1,279.57 —0.02 (RIDAMNKLGSDSNK(I)
1,292.68 0.02 (K)FYSLPALNDPR(V)
1,497.69 —0.03 (R)ISDETVAMIEAYLR(A)
1,513.71 —0.01 (R)ISDETVAMet-oxIEAYLR(A)
1,578.86 0.02 (R)ISNLVGMet-oxGIIPLCFK(S)
1,739.82 —0.02 (R)ATYESITKGNPMWNK(L)
1,821.00 0.09 (RIRGNDEIMARGTFANIR(I)
2,298.28 0.00 (K)INPLVPVDLVIDHSVQVDVAR(S)
2,453.28 0.03 (R)FDTEVELAYFNHGGILPYVIR(N)
713.36, 727.35, 734.41, 896.47,
1,115.59, 1,141.69, 1,202.61,
1,263.60, 1,306.59, 1,322.61,
1,381.70, 1,527.74, 1,723.84,
1,758.95, 1,804.97, 1,962.98,
2,015.10, 2,031.11, 2,254.07,
2,834.44
23 868.46 0.00 (RILFADFQK(R) Homologous to Asp aminotransferase 47.5/40 7.64/6.56 53.6
888.46 0.01 (R)EISHQFK(V) O. sativa
934.51 0.00 (K)VNVGVGAYR(D) (D67043)
954.44 0.00 (K)INmet-oxGLYGQR(A) 21%
1,300.60 0.01 (K)TFTYYHPESR(G)
1,388.75 0.01 (RIAAVQALSGTGACR(L)
1,950.93 —0.01 (RIFLEDGHQIGCAQSYAK(N)
2,234.91 —0.05 (KYHFPFFDMet-oxAYQGFASGDPER(D)
943.54, 1,257.61, 1,339.69, 1,440.69,
1,456.70, 1,472.73, 1,874.94
24 790.45 —-0.01 (K)VANFLAR(F) Homologous to UDP-Glu pyrophosphorylase 51.6/54 5.20/5.83 52.7
949.55 0.01 (K)AGFISLVSR(Y) H. vulgare
1,052.54 0.01 (KYGGTLISYEGR(V) (X91347)
1,300.72 —0.02 (K)SIPSIVELDSLK(V) 17%
1,312.78 0.02 (K)VLQLETAAGAAIR(F)
1,358.78 0.02 (R)IIVTEDFLPLPSK(G)
2,198.06 0.04 (K)YSNSNIEIHTFNQSQYPR(I)
1,139.72, 1,146.61, 1,271.66, 1,398.73,
1,655.96, 1,790.98, 1,965.06
25 734.46 0.00 (K)LLSVFR(E) Homologous to Met synthase 84.9/78 6.10/6.44 50.3
1,041.56 0.01 (—)AcetN-ASHIVGYPR(M) C. roseus
1,096.59 0.01 (K)YLFAGVVDGR(N) (X83499)
1,096.59 0.04 (K)KISEDDYVK(A) 12%
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Table I. Continued

Spot
S MALDI Diffference Prote;n Identified Theoretical/Observed Intepnsity
ot rom . ecies i
I\l?o. Mass Calculated Peptide Sequences Matched (GenBank P/)\ccession No.) Ratio
Mass % of Sequence Covered M,/kD pl Hypoxi;
Normoxic
1,130.58 0.00 (=)MASHIVGYPR(M)
1,130.58 0.01 (R)IPSTEEIADR(I)
1,658.83 0.00 (K)YYGAGIGPGVYDIHSPR(I)
1,991.02 0.02 (K)LQEELDIDVLVHGEPER(N)
2,296.33 0.10 (K)LVVSTSCSLLHTAVDLVNEPK(L)
1,199.61, 1,555.73, 1,813.93, 1,864.87,
2,282.20, 2,424.41
26 684.40 —0.01 (R)EGLPLR(K) Homologous to Met synthase 84.9 /79 6.10/6.4 48.5
734.45 —0.01 (K)LLSVFR(E) C. roseus
958.53 —0.02 (RYGAKTLDLIK(G) (X83499)
1,041.57 0.02 (—)AcetN-ASHIVGYPR(M) 21%
1,096.60 0.02 (K)YLFAGVVDGR(N)
1,096.60 0.04 (K)KISEDDYVK(A)
1,470.80 0.05 (—)AcetN-ASHIVGYPRMet-oxGPK(R)
1,470.80 0.03 (R)FETCYQIALAIK(D)
1,658.86 0.04 (K)YYGAGIGPGVYDIHSPR(I)
1,699.95 0.06 (—)MASHIVGYPRMGPKR(E)
1,807.02 —0.03 (KILTALKGVTGFGFDLVR(G)
1,807.02 0.06 (K)YGMet-oxLTGPVTILNWSFVR(N)
1,864.93 —0.06 (R)KYAEVKPALENMet-oxVSAAK(L)
1,991.06 0.05 (K)LQEELDIDVLVHGEPER(N)
2,296.31 0.09 (K)LVVSTSCSLLHTAVDLVNEPK(L)
1,583.79, 1,814.02, 1,994.03, 2,282.18
27 664.33 —-0.01 (K)FDQVR(V) 2,3-Bisphosphoglycerate- 60.6 /63 529 /6 48.2
734.40 —0.02 (RIFAQGAK(L) independent phosphoglycerate mutase
910.51 0.00 (R)VHILTDGR(D) Z. mays
931.41 0.01 (RIMYVTMet-0xDR(Y) M80912
947.39 —0.01 (R)Met-oxYVTMet-oxDR(Y) 16%
1,083.68 0.00  (RILDQLQLLLK(G)
1,188.65 0.02 (R)YLVSPPEIDR(T)
1,304.65 0.03 (K)YIYDGDGFNYIK(E)
1,403.69 0.03 (R)YAGMet-oxLQYDGELK(L)
1,433.74 0.03 (RIGWDAQVLGEAPYK(F)
1,481.74 0.03 (K)YFGHVTFFWNGNR(S)
855.04, 861.06, 864.48, 973.52, 1,030.11,
1,046.60, 1,066.08, 1,101.57, 1,202.64,
1,280.65, 1,326.65, 1,474.70, 1,743.00,
2,338.26, 2,420.33, 2,858.71
28 Not identified N.A./34 N.A./5.74 47.7
29 723.37 0.00 (RISGAYVAR(Q) Homologous to S-adenosyl Met 43.2 /46 5.74/6.05 46.9
873.51 0.00 (K)SIVASGLAR(R) synthetase
979.49 0.01 (KYTAAYGHFGR(D) O. sativa
995.53 0.01 (KYTQVTVEYR(N) (Z26867)
1,453.80 0.04 (R)IFEVIGGPHGDAGLTGR(K) 42%
1,609.76 —0.03 (K)TQVTVEYRNESGAR(V)
1,688.90 0.05 (RIDDPDFTWEVVKPLK(W)
1,937.05 0.01 (K)EHVIKPVIPEQYLDEK(T)
1,963.99 0.03 (KNDTYGGWGAHGGGAFSGK(D)
2,035.10 0.03 (K)ENFDFRPGMIIINLDLK(K)
2,417.35 0.09  (KVLVNIEQQSPDIAQGVHGHFTK(R)
2,649.44 0.11 (R)VHTVLISTQHDETVTNDEIAADLK(E)
2,649.44 0.13 (KYTAAYGHFGRDDPDFTWEVVKPLK(W)
832.31, 1,141.63, 1,414.72, 1,874.93,
2,206.08
30 1,074.63 0.02 (K)LAANAFLAQR(I) Homologous to UDP-GI dehydrogenase  52.9/53 5.74/6.3 46.6
1,353.66 0.02 (KYAADLTYWESAAR(M) G. max
1,632.78 0.00 (K)FLNASVGFGGSCFQK(D) (U53418)
1,784.93 0.05 (KYIFDNMQKPAFVFDGR(N) 10%
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Table I. Continued
Spot
oot MALD! Diffference Prote;n ]dfentified Theoretical/Observed Intensity
0 rom . ecies i
I\Fl)o. Mass Calculated Peptide Sequences Matched (GenBank F/)\ccession No.) Ratio
Mass % of Sequence Covered MJ/KD pl HYPOXi_C
Normoxic
1,800.90 0.03 (K)IFDNMet-oxQKPAFVFDGR(N) Inconclusive search result
908.49, 1,365.68, 1,386.69, 1,398.67,
1,739.95, 2,004.05, 3,050.56
31 1,228.63 0.00 (R)VEHANDQGNR(T) Heat shock protein 70 70.6 /72 5.22/5.66 44.3
1,278.62 —0.01 (RIMVNHFVQEFK(R) Z. mays
1,294.66 —0.03 (K)EIAEAYLGSTIK(N) (P11143)
1,294.66 0.04 (R)Met-oxVNHFVQEFK(R) 24%
1,313.63 0.01 (R)FEELNMDLEFR(K)
1,329.62 0.00 (R)FEELNMet-oxDLFR(K)
1,412.76 0.01 (K)SSVHDVVLVGGSTR(I)
1,473.70 0.02 (R)ITTPSYVGFTDTER(L)
1,659.91 0.02 (R)IQATKDAGVIAGLNVMet-oxR(l)
1,659.91 0.01 (RJIINEPTAAAIAYGLDK(K)
1,675.76 0.03 (KATAGDTHLGGEDFDNR(M)
1,680.86 0.03 (KYNAVVTVPAYFNDSQR(Q)
2,658.32 0.05 (K)EQVFSTYSDNQPGVLIQVYEGER(A)
1,197.69, 1,390.63, 1,426.78, 1,437.75,
1,487.72
32 993.46 0.01 (RIHAFGDQYR(A) Homologous to isocitrate dehydrogenase  46.7 /47 6.06/6.56 43.4
1,033.59 0.01 (RNILNGTVEFR(E) (NADP)
1,117.59 0.01 (K)YYFDLGLPHR(D) N. tabacum
1,170.54 0.02 (K)SEGGYVWACK(N) (X77944)
1,355.70 0.01 (K)TIEAEAAHGTVTR(H) 23%
1,510.88 0.02 (R)ILVPGWTKPICIGR(H)
1,797.90 0.02 (KYGGETSTNSIASIFAWTR(G)
2,122.02 0.02 (R)IDHYLNTEEFIDAVADELK(A)
855.06, 1,034.58, 1,319.78, 1,378.68,
1,484.72, 1,495.84, 1,607.82
33 1,219.73 0.02 (K)LFGVTTLDVVR(V) Homologous to MDH 35.7/35.5 9.18/6.64 39.9
1,347.81 0.01 (K)KLFGVTTLDVVR(V) B. napus
(X89451)
1,825.80 0.70 (K)VAILGAAGGIGQPLSLLMet-oxK(L) Homologous to MDH precursor 35.8/35.5 8.00/6.64
M. sativa
(AF020271)
1389.99 0.30 (K)RTQDGGTEVVQAK(A) Homologous to MDH 38.5/35.5 8.77/6.64
C. reinhardtii
(U40212)
1,318.71 0.01 (R)DDLENINAGIVK(T) Homologous to MDH glyoxysomal 37.3/35.5 6.99/6.64
precursor
G. max
(P37228)
34 744.39 0.00 (R)FFAFGR(V) Homologous to elongation factor 2 93.8 /90 5.93/6.63 39.4
744.39 0.02 (R)DDPKNR(S) B. vulgaris
890.52 0.01 (K)FSVSPVVR(V) (Z97178)
1,039.67 0.01 (R)IRPVLTVNK(M) 15%
1,119.50 —-0.01 (K)YEGALAEENMR(G) Consistent with Western-blot result
1,401.71 0.02  (R)GFVQFCYEPIK(Q)
1,424.63 —0.05 (R)ILWGENFFDPATK(K)
2,116.05 —0.01 (R)IGHVFEEMQRPGTPLYNIK(A)
2,132.01 —0.05 (R)GHVFEEMet-oxQRPGTPLYNIK(A)
2,257.08 —0.12 (K)STLTDSLVAAAGIIAQEVAGDVR(M)
2,674.26 —=0.12 (RITDGALVVVDCIEGVCVQTETVLR(Q)
2,931.34 —0.15 (RIKGNDYLINLIDSPGHVDFSSEVTAALR(I)

865.45, 955.53, 1,484.73, 1,797.91,
2,357.15




312 Chang et al. Plant Physiol. Vol. 122, 2000
Table I. Continued
Spot
S MALDI Diffference Protegn Idgntified Theoretical/Observed Intensity
ot rom . ecies i
I\l?o. Mass Calculated Peptide Sequences Matched (GenBank I{j\ccession No.) Rat]o‘
Mass % of Sequence Covered MJ/KD pl NHOYrFr’;);(;iCC
35 629.29 —-0.01 (RINDQPR(F) Homologous to Met synthase 84.9/77 6.10/6.17 36.8
684.40 0.00 (R)EGLPLR(K) C. roseus
734.46 0.00 (K)LLSVEFR(E) (X83499)
812.50 0.00 (R)EGLPLRK(A) 23%
1,021.56 0.01 (KYSWLAFAAQK(V)
1,041.58 0.04 (—)AcetN-ASHIVGYPR(M)
1,096.62 0.04 (K)YLFAGVVDGR(N)
1,470.79 0.04 (—)AcetN-ASHIVGYPRMet-oxGPK(R)
1,470.79 0.02 (R)FETCYQIALAIK(D)
1,658.90 0.07 (K)YGAGIGPGVYDIHSPR(I)
1,791.02 0.05 (KYGMLTGPVTILNWSFVR(N)
1,807.02 —0.03 (KILTALKGVTGFGFDLVR(G)
1,807.02 0.06 (K)YGMet-oxLTGPVTILNWSFVR(N)
1,848.94 0.06 (KYAEHAFYLDWAVHSEFR(I)
1,848.94 —0.05 (R)IKYAEVKPALENMVSAAK(L)
1,977.05 0.07 (RIKAEHAFYLDWAVHSER(l)
1,991.07 0.06 (K)LQEELDIDVLVHGEPER(N)
2,310.37 0.07 (K)LNLPVLPTTTIGSFPQTLELR(R)
2,438.49 0.09 (K)KLNLPVLPTTTIGSFPQTLELR(R)
1,100.5817, 1,293.66, 1,326.64, 1,517.86,
1,555.76, 1,745.03, 1,830.03, 1,957.08,
2,087.98, 2,103.98, 2,124.11, 2,178.13,
2,268.19
36 796.40 —-0.01 (R)VFDMet-oxLR(R) Translational initiation factor 4A 47.0/49 5.38/5.75 35.7
976.58 0.02 (KYGVAINFVTR(D) Z. mays
1,053.59 0.02  (R)pyroGIuSLRPDNIK(M) (U73459)
1,104.67 0.01 (R)IKGVAINFVTR(D) 56%
1,114.70 0.01 (R)VLITTDLLAR(G) Consistent with Western-blot result
1,156.62 0.03 (K)VHACVGGTSVR(E)
1,366.61 0.01 (—)AcetN-AGMet-oxAPEGSQFDAK(H)
1,461.89 0.04 (R)JILASGVHVVVGTPGR(V)
1,553.79 0.06  (K)pyroGluFYVNVDKEDWK(L)
1,570.79 0.03 (K)YQFYVNVDKEDWK(L)
1,579.87 0.03 (KYDQIYDIFQLLPSK(I)
1,587.76 0.05 (K)Met-oxFVLDEADEMet-oxLSR(G)
1,800.82 0.07 (RIDHTVSATHGDMet-oxDQNTR(D)
1,827.99 0.05 (R)GIYAYGFEKPSAIQQR(G)
2,059.15 0.06 (K)YIQVGVFSATMPPEALEITR(K)
2,075.12 0.03 (K)IQVGVFSATMet-oxPPEALEITR(K)
2,911.53 0.04 (R)GIDVQQVSLVINYDLPTQPENYLHR(I)
1,563.87, 2,239.10, 2,807.32
37 Not identified N.A./62 N.A./6.2 35.4
38 910.49 —0.02 (R)VHILTDGR(D) 2,3-Bisphosphoglycerate- 60.6/63 5.29/5.91 34.6
1,083.67 0.00 (R)ILDQLQLLLK(G) independent phosphoglycerate mutase
1,188.64 0.01 (R)YLVSPPEIDR(T) Z. mays
1,304.62 0.00 (K)YDGDGFNYIK(E) (M80912)
1,403.65 0.00 (R)YAGMet-oxLQYDGELK(L) 15%
1,433.69 —0.01 (RIGWDAQVLGEAPYK(F)
1,589.84 0.03 (KJRGWDAQVLGEAPYK(F)
2,420.27 0.10 (RIMVMLAKALEYADFDNFDRVR(V)
861.07, 1,030.11, 1,066.07, 1,101.58,
1,165.57, 1,280.64, 1,320.60, 1,365.65,
1,475.67, 1,482.71
39 765.38 —0.01 (R)QIFDSR(G) ENO2 48.1/53 5.71/6.03 34.5
806.45 0.00 (K)YNQLLR(I) Z. mays
1,533.87 0.05 (R)IEEELGAIAVYAGAK(F) (U17973)
1,551.87 0.01 (RIPLYQHIANLAGNK(Q) 36%
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Table I. Continued
Spot
S MALDI Diffference Prote;n ldgntified Theoretical/Observed  Intensity
ot rom . ecies i
er)o. Mass  Calculated Peptide Sequences Matched (GenBankrf)\ccession No.) Ratlo.
Mass % of Sequence Covered M,/kD pl HYPOX{C
Normoxic
1,573.90 0.06 (K)VNQIGSVTESIEAVK(M)
1,790.99 0.06 (R)IAAVPSGASTGVYEALELR(D)
1,984.97 0.06 (RYGNPTVEVDVFCSDGTFAR(A)
2,252.16 0.03 (R)ISGETEDTFIADLAVGLSTGQIK(T)
2,557.41 0.13 (KMTEEIGEQVQIVGDDLLVTNPTR(V)
2,573.38 0.10 (K)Met-oxTEEIGEQVQIVGDDLLVTNPTR(V)
2,986.53 0.15 (K)SFVSEYPIVSIEDPFDQDDWVHYAK(M)
742.18, 877.05, 893.02, 1,658.89, 1,716.91,
1,830.03, 2,268.2, 2,384.06, 2,807.44
40 993.46 0.00  (R)HAFGDQYR(A) Homologous to isocitrate 46 6.56 31.8
1,007.59 0.03  (K)WPLYLSTK(N) dehydrogenase
1,033.60 0.02 (RNILNGTVFR(E) (NADP™)
1,117.59 0.01 (K)YFDLGLPHR(D) N. tabacum
1,147.52 —0.02 (K)YCATITPDEAR(V) (X77944)
1,170.51 —0.01 (KYSEGGYVWACK(N) 27%
1,355.71 0.02 (K)TIEAEAAHGTVTR(H)
1,510.89 0.03 (R)ILVPGWTKPICIGR(H)
1,797.93 0.05 (K)YGGETSTNSIASIFAWTR(G)
2,122.05 0.06 (R)IDHYLNTEEFIDAVADELK(A)
729.43, 1,151.61, 1,319.77, 1,378.70,
1,484.72, 1,495.86, 1,607.84, 1,710.74
41 633.32 0.00  (K)SIEER(A) Mitochondrial chaperonin 60 60.9 /61 5.67/5.73 29.4
678.36 0.01 (K)FGVEAR(A) Z. mays
847.41 0.00 (K)YAPGFGENR(K) (L21006)
939.46 0.00 (K)AIFTEGCK(S) 35%
975.53 0.03 (KYAPGFGENRK(A)
1,064.55 0.01 (K)LQTANFDQK(D)
1,196.75 0.01 (KIGVQIQNALK(T)
1,251.58 —0.01 (K)SVAAGMet-oxNAMDLR(R)
1,267.60 0.02 (K)SVAAGMet-oxNAMet-oxDLR(R)
1,288.70 0.01 (RINVVIEQSFGAPK(V)
1,389.72 0.01 (R)YGYISPYFITNSK(A)
1,433.79 0.02 (R)GISMet-oxAVDAVVTNLK(S)
1,549.81 0.02  (K)ELDKLQTANFDQK()
1,608.85 0.01 (K)CELEDPLILIHDKK(V)
1,736.95 0.03 (K)YCELDDPLILIHEKK(I)
1,906.08 0.04 (K)TPVHTIASNAGVEGAVVVGK(L)
2,093.05 0.03 (RYMISTSEEIAQVGTISANGER(E)
2,109.05 0.04 (R)Met-oxISTSEEIAQVGTISANGER(E)
2,521.45 0.03 (K)YQRPLLIVAEDVESEALGTLINK(L)
925.50, 1,586.74, 1,679.84, 2,046.87,
2,125.05
42 839.44 0.00  (R)GYPFSLR(E) Golgi associated protein se-wap41 41.2/38.5 5.75/6.06 26.5
989.55 0.01 (K)YASNPFVNLK(K) Z. mays
1,152.65 0.05 (K)LGTIDPYFVK(L) (U89897)
1,152.65 0.02 (K)LGTIDPYFVK(L) 44%
1,244.66 0.02 (K)YCYIYLSGQVKI(E)
1,283.74 0.02 (K)DELDIVIPTIR(N)
1,501.73 0.03 (K)VPEGFDYELYNR(N)
1,636.83 0.07 (K)YIYTIDDDCFVAK(D)
2,124.11 0.08 (R)DLIGPAMet-oxYFGLMGDGQPIGR(Y)
2,140.08 0.06 (R)DLIGPAMet-oxYFGLMet-
oxGDGQPIGR(Y)
2,292.15 0.02 (K)NLLSPSTPFFENTLYDPYR(E)
2,292.15 —0.05 (K)GIFWQEDIIPFFQNVTIPK(D)
3,019.74 0.09 (—)Acet-AGTVTVPGSSTPSTPLLKDELDIVIPTIR(N)
2,077.79, 3,057.74
43 734.45 —0.01 (K)LLSVFR(E) Homologous to 84.9/77  6.10/6.14 24.5
1,021.56 0.01 (K)SWLAFAAQK(V) Met synthase
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Table I. Continued

Spot
oot MALDI Diffference Prote;n ldgntified Theoretical/Observed lnter;sity
0 rom . ecies i
I\Fl)o. Mass Calculated Peptide Sequences Matched (GenBank I[;\cv:ession No.) Ratlo'

Mass % of Sequence Covered M,/kD pl NHO?“O:)‘(?C
1,041.56 0.02 (—)AcetN-ASHIVGYPR(M) C. roseus
1,096.59 0.01 (K)YLFAGVVDGR(N) (X83499)
1,096.59 0.04 (K)KISEDDYVK(A) 21%
1,658.86 0.03 (K)YGAGIGPGVYDIHSPR(I)
1,791.03 0.07 (KYGMLTGPVTILNWSFVR(N)
1,806.98 —0.06 (KILTALKGVTGFGFDLVR(G)
1,806.98 0.03 (K)YGMet-oxLTGPVTILNWSFVR(N)
1,848.91 0.03 (KYAEHAFYLDWAVHSEFR(I)
1,848.91 —0.08 (R)IKYAEVKPALENMVSAAK(L)
1,977.00 0.02 (R)IKAEHAFYLDWAVHSFR(I)
1,991.04 0.03 (K)LQEELDIDVLVHGEPER(N)
2,310.32 0.02 (K)LNLPVLPTTTIGSFPQTLELR(R)
2,438.42 0.02 (K)KLNLPVLPTTTIGSFPQTLELR(R)
1,100.57, 1,199.58, 1,293.66, 1,829.99, 2,087.92,
2,103.92, 2,124.06, 2,178.08, 2,230.20, 2,268.14
44 1,219.73 0.03 (K)LFGVTTLDVVR(V) Homologous to MDH 35.7/34.5 9.18/6.04 21.4
1,318.72 0.01 (R)DDLFNINAGIVK(N) B. napus
918.43, 1,807.91, 1,834.94, 2,656.38, 2,672.38 (X89451)
45 1,340.77 0.02 (K)KFEAEIYVLTK(D) Homologous to 49.4 /41 6.25/6.24 21.0
1,474.84 0.03 (RIQVGVPSLVCFLNK(V) mitochondrial elon-
1,603.87 0.04 (R)GITIATAHVEYETAK(R) gation factor Tu
1,632.84 0.04 (K)LMDAVDEYIPDPVR(V) Arabidopsis
1,648.84 0.05 (K)Lmet-oxDAVDEYIPDPVR(V) (AC004044)
1,759.98 0.05 (K)RGITIATAHVEYETAK(R) 15%
1,759.98 0.05 (R)GITIATAHVEYETAKR(H)
1,795.99 —0.01 (K)KILDNGQAGDNVGLLLR(G)
851.51, 1,561.82, 1,589.82, 1,691.95, 1,740.96,
1,877.94, 1,891.97, 2,101.09
46 744.39 0.00 (R)FFAFGR(V) Homologous to elonga- 93.8 /90  5.93/6.57 20.2
744.39 0.02 (R)DDPKNR(S) tion factor 2
890.52 0.01 (K)FSVSPVVR(V) B. vulgaris
1,039.69 0.03 (R)IRPVLTVNK(M) (Z97178)
1,304.03 —0.57 (K)EGALAEENMR(G) 13%
2,132.01 —0.05 (R)YGHVFEEMet-oxQRPGTPLYNIK(A) Consistent with Western-
2,257.13 —0.08 (K)STLTDSLVAAAGIIAQEVAGDVR(M) blot result
2,931.53 0.04 (RIKGNDYLINLIDSPGHVDFSSEVTAALR(I)
861.08, 890.52, 955.54, 1,039.69, 1,484.75,
1,797.99, 2,038.03
47 703.35 0.00 (K)ERNER(Y) Golgi associated protein 41/38.5 5.75/6.39 19.4
793.39 0.01 (R)IEGADFVR(G) se-wap41
826.41 0.00 (K)ASCISFK(D) Z. mays
839.45 0.01 (R)GYPFSLR(E) (U89897)
989.54 0.00 (K)YASNPFVNLK(K) 55%
1,021.44 —0.01 (R)ICFGYMet-oxVSK(K)
1,152.60 0.00 (R)YVDAVMet-oxTIPK(G)
1,180.64 0.01 (K)DINALEQHIK(N)
1,201.64 0.00 (K)TGLPYIWHSK(A)
1,239.61 0.03 (RINLDFLEMet-oxWR(A)
1,244.67 0.04 (K)YCYIYLSGQVK(E)
1,283.75 0.03 (K)DELDIVIPTIR(N)
1,501.75 —0.02 (K)CYIYLSGQVKEK(L)
1,636.82 0.06 (K)YIYTIDDDCFVAK(D)
1,775.87 0.08 (K)GTLFPMet-oxCGMet-oxNLAFDR(D)
2,124.11 0.08 (R)IDLIGPAMet-oxYFGLMGDGQPIGR(Y)
2,140.02 0.00 (R)DLIGPAMet-oxYFGLMet-oxGDGQPIGR(Y)
2,292.17 —0.04 (K)YGIFWQEDIIPFFQNVTIPK(D)
853.44, 1,335.70, 1,677.00, 2,020.19, 3,046.82
48 892.49 0.00 (K)LELAQYR(E) F1-ATPase, a-subunit 55.2/54.5 5.85/6.4 15.3
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Table I. Continued

Spot
S MALDI Diffference Prote;n Identified Theoretical/Observed Intepnsity
ot rom . ecies i
I\FJ)o. Mass Calculated Peptide Sequences Matched (GenBankrf)\ccession No.) Ratio
Mass % of Sequence Covered M,/kD pl HYPO)@C
Normoxic
972.56 0.01 (R)VVSVGDGIAR(V) Z. mays
1,026.60 0.01 (K)YAVDSLVPIGR(G) (P05494)
1,203.69 0.03 (R)AAELTTLLESR(M) 20%
1,300.74 —0.01 (K)TAIAIDTILNQK(Q)
1,537.76 0.02 (R)EAFPGDVFYLHSR(L)
1,721.86 —0.01 (K)pyro-GlulVVIYAAVNGFCDR(M)
1,738.86 —0.04 (K)QIVVIYAAVNGFCDR(M)
2,308.14 —0.02 (RIEVAAFAQFGSDLDAATQALLNR(G)
48¢ 789.42 —0.01 (R)VVGDPFR(K) RF2 59.4/54.5 6.69/6.4
870.55 —0.02 (K)HLELAAK(S) Putative aldehyde dehydrogenase
917.52 0.00 (R)VVGDPFRK(G) Z. mays
946.50 0.00 (K)TFPTLDPR(T) (U43082)
1,105.62 0.00 (K)FKDLNEVIK(R) 31%
1,386.69 —0.07 (RIAPAGAPPAAPSAPRR(T)
1,437.73 0.04 (R)YGVDGGATLVTGGDR(L)
1,671.98 0.04 (K)IAQEEIFGPVQSILK(F)
1,703.86 0.07  (KGVEQGPQIDDEQFNK(])
1,895.96 0.05 (RITGEVIAHVAEGDAEDINR(A)
1,961.99 0.06 (K)GFYIQPTIFSDVQDGMet-oxK(l)
2,556.40 0.13 (RIANASQYGLAAGVFTNSLDTANTLTR(A)

1,020.60, 1,062.61, 1,112.65, 1,214.71,

1,353.66, 1,365.70, 1,376.78, 1,398.70,

1,790.95, 2,004.05

* Monoisotopic mass. ” Sequences determined by PSD are in bold and underlined. Amino acids before and after a peptide sequence are in
parentheses. AcetN-, acet pyro-Glu, pyroglutamate. “Unassigned peaks. Major peaks in italics. ¢ Data obtained from densitometric analysis

of individual spots (see Fig. 3). ¢ Co-migrating protein.

(Continued from p. 303.)

protein synthesis during hypoxia is required for improved
cytoplasmic pH regulation (Xia and Saglio, 1992) (Fig. 5)
and survival (Ellis et al., 1999) (Fig. 4) during subsequent
anoxia. Our results also suggest that after hypoxic acclima-
tion, protein synthesis during anoxia is not required for
effective cytoplasmic pH regulation (Fig. 5) or anoxia tol-
erance (Fig. 4). We consequently conclude that, although
many different and complex patterns of protein synthesis
occur at different oxygen tensions and times (Fig. 2), those
changes in protein synthesis that occur during the first 4 h
of hypoxia are most critical for acclimation.

Fermentation of sugars plays a crucial role in plant sur-
vival under anoxia (Schwartz, 1969; Bouny and Saglio,
1996; Drew, 1997), and the expression of genes involved in
fermentation has been extensively studied at the mRNA
and protein levels (Sachs et al., 1996). Our results are
consistent with a model in which these enzymes play a role
in the root tip acclimation response, because the anaerobic
proteins ADH (Sachs et al., 1980), glyceraldehyde-3-P de-
hydrogenase (GAPC) (Russell and Sachs, 1991), and eno-
lase (Lal et al., 1998) are among the proteins preferentially
synthesized during hypoxic acclimation (Table I). How-
ever, there are several reasons to think that acclimation
requires more than just enhanced fermentation via in-
creased levels of enzymes.

First, acclimated maize root tips do not have a higher
initial rate of fermentation than non-acclimated root tips; it

is their ability to sustain fermentation under prolonged
anoxia that is enhanced (Bouny and Saglio, 1996). Second,
anaerobic proteins do not appear to be key regulatory
enzymes in glycolysis (Miernyk, 1990), so increasing the
amounts of these enzymes would not significantly enhance
flux. Third, some of the enzymes involved in fermentation
may also have other quite different biological functions (for
review, see Jeffery, 1999), which may also contribute to
plant survival under anoxia. For example, GAPC, in addi-
tion to catalyzing a reaction in glycolysis and gluconeogen-
esis, has been shown to exhibit protein kinase activity
(Duclos-Vallee et al., 1998), to bind RNA (Nagy and Rigby,
1995), and to enhance ribozyme (Sioud and Jespersen,
1996) and phosphotransferase (Engel et al., 1998) activities.
Elucidation of the multifaceted properties of the proteins
synthesized during hypoxic acclimation would help our
understanding of the mechanism of acclimation. Fourth,
during hypoxic acclimation many more proteins are syn-
thesized than contribute to fermentation, in contrast to the
anaerobic response (Sachs et al., 1996). Identification of the
anaerobic proteins among the large number of normoxic
proteins made during acclimation was only possible fol-
lowing detailed quantitative analysis of patterns of protein
synthesis. The induced proteins synthesized during accli-
mation comprise only a very small percentage of total
protein synthesis, and there is no basis to infer that this
small component contributes exclusively to anoxia toler-
ance. Finally, other cellular activities have been implicated
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in tolerance of low-oxygen stress, including pH regulation
(Fig. 7) (Xia and Roberts, 1996), signal transduction (Sub-
baiah et al., 1994), and post-anoxic oxidative stress resis-
tance (Crawford and Braendle, 1996). We observed that the
enzyme GLU1 is synthesized at high rates during acclima-
tion (Fig. 3 and Table I). This abundant protein has been
implicated in hormone metabolism (Brzobohaty et al., 1993)
and protection against pathogens (Cicek and Esen, 1998).

The complexity of the acclimation response described
here argues against a simple relationship between the level
of expression of any single gene and anoxia tolerance.
Rather, multiple suites of gene products may combine to
provide tolerance, and the understanding of this process
requires analysis of global patterns of gene expression. At
present, it is not possible to correlate increased or de-
creased rates of synthesis of particular proteins with their
importance in the adaptive response. Many processes, in-
cluding transcription, translation, post-translational modi-
fication, subcellular localization of gene products, and pro-
tein degradation, contribute to the control of gene function
by regulating levels and activities of the protein products
of genes. The complexity of these processes is indicated by
the lack of correlation between levels of specific mRNAs
and their corresponding protein (Andrews et al., 1994a;
Gygi et al, 1999). Our assignments of spots on two-
dimensional gels to specific proteins will be valuable in
future studies of these gene products. In addition to deter-
mination of the rates of synthesis or turnover of individual
proteins from radiolabeling studies, such as described
here, information on protein accumulation and post-
translational modifications (e.g. phosphorylation) can be
readily obtained using two-dimensional gels.

The combination of two-dimensional IEF-SDS-PAGE and
MS is a powerful approach to studying complex patterns of
gene expression at the level of proteins (Cantor and Little,
1998), and provides both higher sensitivity and higher
throughput than is possible with Edman degradation
(Guerreiro et al.,, 1997; Damerval and Le Guilloux, 1998;
Santoni et al., 1998; Kamatsu et al., 1999). Our results here
show that this approach can be successfully applied to gene
expression in plants: most proteins resolved on two-
dimensional gels gave high-quality mass spectra, and most
of these spectra allowed identification (Table I). Our con-
tinued work using this approach will be greatly aided by
ongoing plant genome sequencing efforts (Walbot, 1999).
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