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Current tools used to assess the safety of food and feed derived from modern biotechnology
emphasize the investigation of possible unintended effects caused directly by the expression of
transgenes or indirectly by pleiotropy. These tools include extensive multisite and multiyear agronomic
evaluations, compositional analyses, animal nutrition, and classical toxicology evaluations. Because
analytical technologies are rapidly developing, proteome analysis based on two-dimensional gel
electrophoresis (2DE) was investigated as a complementary tool to the existing technologies. A 2DE
method was established for the qualitative and quantitative analysis of the seed proteome of
Arabidopsis thaliana with the following validation parameters examined: (1) source and scope of
variation; (2) repeatability; (3) sensitivity; and (4) linearity of the method. The 2DE method resolves
proteins with isoelectric points between 4 and 9 and molecular masses (MM) of 6—120 kDa and is
sensitive enough to detect protein levels in the low nanogram range. The separation of the proteins
was demonstrated to be very reliable with relative position variations of 1.7 and 1.1% for the p/and
MM directions, respectively. The mean coefficient of variation of 254 matched spot qualities was
found to be 24.8% for the gel-to-gel and 26% for the overall variability. A linear relationship (R 2 >
0.9) between protein amount and spot volume was demonstrated over a 100-fold range for the majority
of selected proteins. Therefore, this method could be used to interrogate proteome alterations such
as a novel protein, fusion protein, or any other change that affects molecular mass, isoelectric point,
and/or quantity of a protein.

KEYWORDS: Proteomics; two-dimensional gel electrophoresis; validation; unintended effect; seed
proteome; Arabidopsis

INTRODUCTION phenotypic characteristics are very sensitive indices of alterations
Profiling techniques such as transcriptomics, proteomics, and N Metabolism and potential genetic pleiotropy and, hence, robust
metabolomics are discussed as complementary tools for theindicators of equivalencetf. Compositional studies are based
safety assessment of genetically modified (GM) craps2j. on an anaIyS|s. of key macro- and micronutrients, antinutrients,
Currently, the core of the safety assessment is the comparisor@nd known toxins and allergens. Feed performance studies with
of the GM crop with a traditional counterpart using well- apidly growing animal species such as broiler chicks are also
established methods. This comparative approach is known asextremely sensitive bioassays to detect changes in the level of
the concept of substantial equivalen& énd aims to address ~ Nutrients or antinutrientsl(5, 6). Over 50 “biotech” crops have
any effects (intended and unintended) as a result of the geneticdoeen determined to be as safe and nutritious as their conventional
modification. The comparison between GM and non-GM crops counterparts 1). Worldwide, there has been no verifiable
usually comprises agronomic/phenotypic characteristics, feedunintended toxic or nutritionally harmful effects resulting from

performance studies, and crop composition. Agronomic and the cultivation and consumption of products from GM crops
(7, 8) after 10 years of consumption.

;’\CAOfreSpondCing author (e-mail m.ruebelt@gmail.com). Currently, research is being conducted to test the hypothesis
 Toehmca Univeraity of Munich, that profiling technigues can add useful information to the safety
* Federal Research Centre for Nutrition and Food. assessment proces8—14). Profiling technologies allow the

10.1021/jf0523566 CCC: $33.50  © 2006 American Chemical Society
Published on Web 02/16/2006



Assessing Analytical Validation J. Agric. Food Chem., Vol. 54, No. 6, 2006 2155

simultaneous measurement and comparison of thousands of plant This paper reports a proteomics method based on 2DE
components without prior knowledge of their identity. Three developed and optimized for the qualitative and quantitative
main cell constituent groups are targeted: RNAs, metabolites, analysis of the seed proteomeArfabidopsis thaliana. Method
and proteins. The combination of these nontargeted approachewalidation is a prerequisite to the application of 2DE-based
is considered to facilitate a more comprehensive approach thanproteomics to GM safety assessment. Therefore, the following
the targeted methods and, thus, provide additional opportunitiesvalidation parameters were examined: (1) source and scope of
to identify unintended effects. In this context it should be noted variation inherent to the developed proteomics approach; (2)
that the occurrence of unintended effects is not unique to the precision or repeatability; (3) sensitivity; and (4) linearity of
application of recombinant DNA techniques. It is an inherent the method.

and general phenomenon that occurs frequently in traditional

breeding. Due to the common practice of selecting favorable mMaTERIALS AND METHODS

and discarding unwanted lines in the course of breeding

programs, documented reports on unintended effects are rare Sample Preparation. Mature seeds (3840 mg) of A. thaliana
2, 4) ecotype Columbia, were ground in screw-cap tubes with a paint shaker-

. o like device (Monsanto Co., St. Louis, MO). The seed samples were
Proteins are of special interest for the safety assessmentyrecooled a-80°C for at least 2 h and then shaken for 45 s at 1500
because they may be involved in the synthesis of toxins or rpm. The sample tubes were placed on dry ice immediately after the
antinutrients or be a toxin (e.g., phytohemagglutinin), an grinding process. Extraction buffer [0.7 mL of 7 M urea, 2 M thiourea,

antinutrient (e.g., protease inhibitor), or an allergen. Proteomics 0.75% (w/v) CHAPS, 0.75% (v/v) Triton X-100, 100 mM DTT, 1%
aims to describe the proteome (protein expression) and its (v/v) carrier ampholytes stock, 20% (v/v) 2-propanol, protease inhibitor
changes under the influence of biological perturbations (e.g., cocktail Complete (Roche, Mannheim, Germany)] was added to each
disease or mutation) in a comprehensive and quantitative way!P€- The carrier ampholytes stock used in the preparation of all
(15). The proteome is the entire complement of the genome solutions was a 2:1:3 mixture of Ampholine 3:9.5 (GE Healthcare,

dth It of i . b | thesi dPiscataway, NJ), Pharmalyte-B (GE Healthcare), and Bio-Lyte-3L0
an € result of genetic expression, ribosomal synthesis, an (Bio-Rad, Hercules, CA). The samples were mixed on a Nutator

proteolytic degradation (16). Contrary to the genome, which is (Becton-Dickinson, Sparks, MD) fol h atroom temperature and
constant for an organism, the proteome of an organism is in sypjected to centrifugation at 16aer 5 min at room temperature
flux and depends on cell cycle, environmental influences, and to remove insoluble material. Finally, the supernatants were removed
tissue/cell type. Although there is no single, fixed proteome, with a syringe, and after an additional centrifugation step, they were
the proteome nevertheless remains a direct product of thestored in aliquots at-80 °C until analysis.

genome. Therefore, if a genetic modification affects the genome  Protein Quantification. Protein concentration was estimated using
(e.g., insertional mutation) or gene regulation (pleiotropic effect) the Bio-Rad Protein Assay based on the dye-binding method of
of a plant in a way that it changes metabolic pathways or Bradford (22). Bovine serum albumin (BSA) was used to generate the
produces a new protein (e.g., inserted gene product, fusionstandard curve. The samples and BSA were diluted in a solution

protein, or activation of a silent gene), the proteome could be COM&ININg 3 M urea and 3 M guanidin¢iCl to avoid protein
altered. precipitation.

o . . ) Repeatability. Equal amounts of seeds obtained from six individual

The overall objectives of this series of studiég (18) were A. thaliana plants (WT Col-0) were pooled to one seed pool. All
(1) to establish and validate a facile rapid method for partial Arabidopsis plants were grown side-by-side in the same growth
proteome analysis, (2) to investigate if nontargeted proteomic chamber. To assess the extract-to-extract and the gel-to-gel variability,
methods can add new or different useful information to the three protein extracts were prepared from the seed pool, and for each
safety assessment, and (3) to determine if these methods are ofxtract, 2DE was performed in triplicate.

general utility in the characterization of strains (e.g., ecotypes, Limit of Detection (LOD) and Linear Range. An Arabidopsisseed
variants, transgenics). extract was diluted to seven different protein levels spanning a 100-

. . . fold range of total protein load (2.5, 5, 10, 25, 60, 125, and 250f
Various methods are available for the qualitative and quan- total protein) plus one control dilution (15@) of total protein). Two

titative comparison of plant proteomes (reviewed, e.g., in refs gyiernal protein standards [BSA arllactoglobulin (3-LG)] were
19and20). So far, two-dimensional gel electrophoresis (2DE) spiked into dilutions 17 to span a 200-fold range (BSA1B00 ng;
combined with mass spectrometry (MS) is still the most widely s-LG, 4—820 ng). No standard was added to a control dilution. Soybean
used approach to compare plant proteomes to identify differ- trypsin inhibitor (STI; p 4.5, MM 21.5 kDa) was added to each dilution
entially expressed protein2X). Proteins are separated in the atthe same protein level (150 ng for each gel) as normalization standard.
first dimension as polypeptides according to their isoelectric Three replicates were performed for each dilution.

point (pl) and in the second dimension according to their Two-Dimensional Gel Electrophoresis. Protein extracts were
molecular mass. Specific proteins can be subsequently se-diluted in rehydration buffer containing 7 M urea, 2 M thiourea, 0.75%

; s _ ; _ (w/v) CHAPS, 0.75% (v/v) Triton X-100, 100 mM DTT, 0.3% (v/v)
i?]l'éen;%anrgl:?egltslgecjr:\yemsél\t/lesr/al\t?;’]:ri': tsgr;];:?;:selgltjiﬁggl carrier ampholytes stock, 10% (v/v) 2-propanol, 12.5% (v/v) water-

dificati f . h h horvlati saturated isobutanol, protease inhibitor cocktail Complete (Roche), and
modification (PTM) of proteins, such as phosphorylation, a trace of bromophenol blue. Thirteen centimeter long immobilized

geranylation, glycosylation, proteolytic cleavage, translational py gradient gel strips (IPG) with nonlinear pH-30 gradients (GE
induction, alternative splicing, or any other modification that Healthcare) were cut 0.5 cm on both sides to fit in the isoelectrofocusing
affects the molecular mass or isoelectric point. (IEF) unit. The gel strips were rehydrated for-223 h at room
Although 2DE-based proteomics is a powerful tool, it faces temperature using 230L of diluted sample (2.5250 ug of total
some challenges for deployment in a safety assessment: (i)prot_eln) in customized rehydratlon trays. The |IEF was carried out using
absence of standardized protocols: (i) lack of validation data a Bio-Rad PROTEAN IEF cell with a controlled cell temperature of

or reference data, which could be used to evaluate the ower20 °C and with a maximum current of 50A/strip. The running
! P conditions were as follows: from 0 to 500 V in 3 h, from 500 to 4000

and limitations of a method; and (iii) relative quantitative data \;j, ¢, and a final phase of 4000 V to a total of 35000 Vh. After IEF
versus absolute data achieved with targeted methods such agas completed, the strips were stored-&0 °C until required for the
ELISA. Proteome analysis is also limited by the static examina- second dimension. Prior to applying the focused IPG strips to the second
tion of dynamic physiological processes. dimension, the IPG strips were equilibrated first for 10 min in 50 mM
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Figure 1. (A) Filtered 2DE image of the 125 ug total protein loading. External protein standards and subset member spots are labeled. External protein
standards were soybean trypsin inhibitor (STI), bovine serum albumin (BSA), and S-lactoglobulin (5-LG). (B) Enlargements of region b of the A. thaliana
seed 2DE pattern of all nine 2DE gels of the repeatability study. The displayed portions encompass pH 4.7-5.5 and MM 21-42 kDa.

Tris-HCI (pH 8.8), 6 M urea, 30% (w/v) glycerol, 2.3% (w/v) SDS,
1% (w/v) DTT, and bromophenol blue and then for another 10 min in
the same solution except DTT was replaced with 4% (w/v) iodoaceta-
mide. The equilibrated IPG strips were then applied t18% Tris-

HCI linear gradient Criterion gels and sealed witk Tris/glycine/
SDS running buffer (Bio-Rad) with 0.9% (w/v) low-melt agarose and
a trace of bromophenol blue. The gels were run for the first 15 min at
130 V and then at 180 V until the tracking dye reached the bottom of
the gel. Twelve Criterion gels were run at the same time in one Bio-
Rad Criterion Dodeca cell for increased reproducibility.

Protein Staining. Colloidal Coomassie Brilliant Blue (CBB) protein
staining was performed according to the method of Neuhoff e28). (
Upon completion of electrophoresis, the gels were incubated in fixative
(30% methanol, 7% acetic acid) for 1 h. The fixative solution was
discarded and replaced with CBB staining solution. The CBB staining
solution was prepared fresh by mixing 4 parts of 0.1% (w/v) CBB
G-250 in 2% (w/v) phosphoric acid, and 11% w/v ammonium sulfate
with 1 part of methanol. The gels were incubated in this solution for

to remove non-expression-related variations in spot intensity, so the
raw quantity of each spot in a gel was divided by the total quantity of
all the spots in that gel that have been included in the standard. Data
were exported to Excel and from there to JMP for statistical analysis.
All statistical analyses were performed with the statistical software
package JMP v. 5 (SAS Institute Inc., Cary, NC).

RESULTS AND DISCUSSION

A proteomics method based on 2DE was developed and
optimized for the qualitative and quantitative analysis of the
seed proteome dh. thaliana. The objective was not to further
develop and refine proteomics techniques but to set up a robust
and reproducible method suitable for routine comparative
analysis. Key elements of the developed method include (1)
one-step protein extraction, (2) use of commercially available
midsize gels (8« 13 cm) for the first and second dimensions,

3 days. All incubation steps were performed at room temperature on and (3) colloidal Coomassie Blue staining. Because com-
an orbital rotator. Imaging of the stained proteins was performed at a mercially prepared gels are utilized, the impact from laboratory-

scan resolution of 36.3«x 36.3 um using the GS-800 Calibrated
Densitometer (Bio-Rad Laboratories).

Image Analysis.The scanned images of the 2DE gels were processed

and analyzed with PDQuest 2-DE Gel Analysis software version 7.1

specific variation in gel-casting parameters on the result are
minimized. The midsize gel format permits high-throughput
analysis as the first and second dimensions can be accomplished

(Bio-Rad Laboratories). The images were cropped and oriented usingon the same day and multiple ,99',5 (12 per unit) can b,e run at
the image editing controls of the program. All images were processed the Same time. Furthermore, midsize gels are more suitable for
with the following software settings for spot detection and background foutine analysis as they are more durable and do not tear as
subtraction: sensitivity, 40; size scale, 3; min peak, 400; power mean, €asily as large-format (DALT) gels.
3 x 3; floater, 97; speckles filter. These spot detection parameters were  2DE Pattern Repeatability. The impact of the extraction
chosen as they allowed the detection of the majority of protein spots procedure and 2DE on the repeatability (precision) of the spot
323;’&&?;:;%3;’;]002: SSD;;ngt’;”"g; C:))’tSX di?gzctkgg“giztﬁfgg]ﬁvv‘cgg‘I‘otrogra rEattern was investigated by comparing the qualitative (spot
were manually verified. False-positive spots (e.g., artifacts and multiple resence/absence) and quantitative (spot q.uantlty) variability of
the spot patterns among extracts and replicate gels. The 2DE

spots in a cluster) were manually removed; false-negative spots . . -
(obviously missed spots with OB LOD) were added to the images. ~ Patterns of nine replicate gels were very similar (repeatable) as

A spot was considered to be reproducibly present/absent when it wasdemonstrated in the displayed enlargements of a randomly
present/absent in all three replicate gels of one extraction. To comparepicked region of thérabidopsisseed 2DE patterriHgure 1B).
spots across gels, a match set was created from the images of the gels An average of 539 distinct spots was discerned in each of
in an experiment. A standard gel (Master) was generated out of the the nine gels. The gel-to-gel standard deviations (SD)
image with the greatest number of spots. Spots reproducibly present(45_129) were much larger than the extract-to-extract standard
in a match set member but not present in the image with the most deviation of 20 Table 1). The large difference between gel-

spots were manually added to the standard gel. The automated matchin
tool of the PDQuest software package (Bio-Rad Laboratories) was usedqo'gel spot number SD and extract-to-extract spot number SD

to match spots across the gels. A few landmarks were manually definedSUg9est that the variation in spot number was primarily affected
to improve the automated matching results. All spots matched by the bY the 2DE method itself rather than by the sample preparation.
software program were manually verified. The spots were quantified Upon visual examination of the 2DE images, focusing problems
by 2D Gaussian modeling. Spot quantities of all gels were normalized (streaking), edge effects (pattern distortion), and, in particular,
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Table 1. Results of Spot Detection and Matching in the Repeatability Table 2. Results of the Quantitative Repeatability Study
Study
type of variation N spots mean CV (%) median CV (%)
no. of spots reproducible spots in gel-to-gel 3x3 254 248+185 19.6
extract gell gel2 gel3 av  SD? replicategels  all gels overall 9 254 262+152 22.1
1 434 650 466 517 117 379 350
2 493 578 559 543 45 419 350 . S
3 483 706 482 557 129 403 350 The degree of spot quantity variation inherent to the 2DE
extract-to-extract 539 20 400 £20 process was assessed using only spots matched to all nine gels
and with average spot optical densities (OD) above the limit of
. — o
Standard deviation. quantitation [LOQ= ODpackgroundt 10 X SDhackground(24)]. A

total of 254 spots (73% of spots present in all nine gels) met
faint spots on the LOD are the main reasons for the spot numberthese requirements. To accurately compare spot quantities
variation. Kamo et al.46) and Gallardo et al27) were able  between gels, method-related variations in spot quantity were
to resolve 984 and 1272 spots, respectively, from mature compensated by normalization. The mean coefficient of variation
Arabidopsisseed on DALT 2DE gels. On the basis of DNA  (CV = SD/meanx 100) is a quantitative index for variation of
sequence data, a total of 25498 proteins is predicted for quantities among matched spots and was computed for gel-to-
Arabidopsis(28). Taking into account post-transcriptional and gel variation and overall variation. The mean CVs of the
post-translational regulation such as alternative splicing, phos- matched spot quantities for the gel-to-gel and for the overall
phorylation, glycosylation, a much higher number of proteins variability are given inTable 2.
can be expected. Most likely, not all proteins will be expressed  gjjjar quantitative variations were reported in the literature

and accumulated in seeds and be present in mature seed% Mahon et al. 85) (mean CV of 32%). Norbeck et aB
However, this indicates that the 2DE is limited to a subset of (r)rllean CV of '13(%)( Blomberg et a%(()) (mean CVs :(gf
the protein population. 20—28%), Molloy et al. 86) (mean CVs of 18726.4%), and

Stringent criteria for the presence and absence of a spot are;p, o et al 84) [mean CV of 35.7+ 20.8% = 3)]. The small
necessary to avoid false positives (artifacts) or negatives. In thedifference. of only 1.4% betwéen tHe gel-to-gél CV and the

present study, a spot was considered to be reproducibly presenbvera" CV indicates that the extract-to-extract variation due to

or absent when the spot was present or absent in all threeseed grinding and protein extraction has only a minor impact

reﬂ'fﬁte gelstlf)ft.a samp Iff (extfract)i T.O gp Tgpalre thte .posm?n on the quantitative repeatability of the 2DE method. The major
and the quantitative variation ot Spots, individual protein Spots .. iipytion to analytical variation results from the 2DE

were matched between all replicate gels. Whereas the number, : o :
of detected spots ranged from 434 to 706, the number of procedure itself. Critical steps of the multistep 2DE method are

reproducible spots for the extracts ranged from 379 to 419 the application of the sample (in-gel rehydration), the transfer

- of the proteins from the IPG strip (first dimension) into the
(average= 400.i 20). Threg hunglred and fifty of these spots SDS-PAGE gel, the two electrophoretic focusing steps, and the
were reproducibly present in all nine gels of the three extracts.

X . . staining procedure. The median CVs of spot quantities were
Spots reproducibly present in one extract were also present in : . h
A . lower than their corresponding mean CVs with 19.6% (vs 24.8%
at least one of the replicate gels of the other extract; therefore, o 0
the spot patterns of the three extracts did not show any mean CV) _an(_j_22.1A> (vs .262%) mean (.:V) for gel-to-gel and
reproducible qualitative difference overall variability, respectively. This indicates that the mean
" . N - ... CV value is affected by the presence of some spots with very
The position of a spot in the gel is another critical qualitative S
. . . . .~ poor reproducibility. The CV values ranged from 5.6 to 120%
parameter of 2DE and is determined by the isoelectric point

) : . Figure 2). Over 67% of all spots were found to have CVs
and molecular mass of the protein. DNA mutations (point or ( o 0 0
frameshift mutations) or protein activation changes (post- below 30%, and over 93% of the spots had CVs below 50%.

translational modifications) may lead to changes (shifts) in the Only 7% (18) of the 254 spots analyzed exhibited a CV of

0 ) , )
isoelectric point or molecular mass of a protein. To detect such gr_?r?tg{/ than 5(5)0/3/ Crlloser dv;ﬁu?lthlnspectlcin of the ﬁ18 tsgo;s
protein changes or modifications, the detection of small spot Wi S over o showed that these spols were allected by

position variations is desirable. To estimate the spot position backgroupd, hqnzontal and vertical strgaklng, edge effggts,
variation in the optimized 2DE method, the degree of position and/or neighboring spot_s and, thus were, inaccurately quantlf_led.
variation was calculated for the 350 spots matched between a”AIthough PDQues_t pr_owdes a boundary tool to manually d_efl_ne
nine gels of the three seed extracts. The average gel-to-gelSPOt contours, which |mproves.the accuracy of spotqqantltatlon
position standard deviatiomN(= 9) was found to be 1.2 0.4 (data not shown), this tool is rather time-consuming and,
mm for thex-position (isoelectric point) and 08 0.2 mm for therefore, restricted to a few protein spots of _speC|aI interest.
the y-position (molecular mass). By taking into account the The extent of a spot CV and the number of replicates determine
dimension of the midsize 2DE gels (110 mmxiposition and the sensitivity to detect differences in quantity for this spot. On
80 mm iny-position), the relative positional variations are 1.7 the basis of the overall averaged variance of all 254 spots of
and 1.1% for the pand MM directions, respectively. This the data set, three replicates allow the assessment of the majority
demonstrates the highly repeatable nature of the 2DE spot(72%) of spots for a 2-fold change in spot quantity with 90%
position and is consistent with published da2®-34). It is power anda. = 0.05.

important to note that the small variation in spot position did ~ The 2DE analysis software package PDQuest assigns a spot
not occur independently from surrounding spots. Spot position quality value to each spot ranging from 0 (very bad) to 100
variation appeared in conjunction with the position variation (very good) that is calculated on the basis of shape (Gaussian
of neighboring spots as a result of gel distortion. Therefore, an fit), horizontal streaking, vertical streaking, overlapping, and
accurate matching of spots and the detection of subtle changedinear range of scanner. The spot quality and the CV value are
in isoelectric point and molecular mass are possible by consider-good indicators for ambiguous spot quantification. To obtain a
ing the spot positions of neighboring spots. high-quality data set and to avoid overestimation of differences,
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Figure 2. Distribution of the overall spot quantity coefficients of variation for the 254 spots detected in all nine gels and with mean spot quantities above

the LOQ.

120

1104

100

90 .
Z 804 =
J 704 = " = e]
£ . = £
£ 60+ . L. S
£ 50+ . = et "1 £
SR T Tt P 5

304 *. G wrat T e, e, -

204 BT SR LR

0] et e B

0 T T T T T T T T 1

0 10 20 30 40 50 60 70 80 90 100 110
Mean(X (mm)) Mean(Y (mm})

Figure 3. Correlation between spot quantity CV and spot position in the 2DE gel: (A) in x-position [acidic pH (10 mm = p/ 4.5) to basic pH (100 mm
= p/ 7.8)]; (B) in y-position [low MM (5 mm = 6 kDa) to high MM (60 mm = 86 kDa)]. Calculations of CV and x- and y-position values represent
averages from all nine gels (all three extracts). Each graph indicates the best-fit line (or the least-squares regression line).

a spot quality and CV threshold filter should be applied to Berggren et al.41) reported a linear range of 8-fold for colloidal
eliminate inaccurately quantified spots. CBB stain on 1D SDS-PAGE gels with various standard
To evaluate any potential correlation between variation in proteins, including BSA (36250 ng). Mahon et al. 35)
spot quantity and spot position, the average spot quantity CV determined the linear range by using 2DE and demonstrated a
from all spots above the LOQ was related to their spot position linear range of 20-fold (e.g., BSA, 400 ng to /). The
in the gel Figure 3). It is apparent that the degree of quantitative differences in reported sensitivity and linear ranges may be
variation was evenly distributed in the dimension of isoelectric explained by differences in gel size, gel thickness, and gel type,
points (Figure 3A). Unlike Norbeck and Blomber@1), who as well as differences in staining protocols or duration. It is
did not see a dependence of spot quantity CV and protein obvious that sensitivity and linear range are method-specific
position, a significant P< 0.001) correlation between spot parameters and, therefore, have to be determined individually
quantity CV and molecular mass was observEmjre 3B). for every developed method.
Higher molecular mass proteins showed larger quantitative To estimate the sensitivity of the developed 2DE method,
variation. It is known that the separation of high molecular mass the LOD was determined for two standard proteins. BSA and
proteins with IPG-2DE is difficult because of size exclusion [S-LG were chosen as external protein standards as they have
effects of the IPG gels37—39). This may explain why high  different molecular masses and are not presewtrabidopsis
molecular mass proteins are more susceptible to horizontalseeds. The two protein standards were spiked into seven
streaking, making an accurate quantification of those spots Arabidopsisseed extract dilutions in different amounts to span
difficult. a 200-fold range (BSA, 51000 ng;3-LG, 4—820 ng).Figure
Sensitivity and Linearity of ResponseThe LOD and range 1A shows the locations in the 2DE gel of the external proteins,
of linear response are important for determining the range of and Figure 4 shows the 2DE gel areas containing the two
proteins this method can evaluate. They are functions of the external protein standards for each dilution.
staining procedure. The published LODs for colloidal Coomassie  BSA separated into three protein sposgre 4) with the
Brilliant Blue G-250 (CBB G-250) staining vary tremendously same MM of 66.7 kDa andlpralues of 5.4, 5.5, and 5.6:LG
from <1 ng @23) to up to 100 ng40). Similar discrepancies  separated into two protein spot&idure 4) with the same MM
were found regarding published linear ranges of colloidal CBB. of 20.1 kDa and pvalues of 4.6 and 4.7. The automatic spot
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Figure 4. Bovine serum albumin (BSA) and f-lactoglobulin (3-LG) separated by 2DE. BSA appeared as two main spots (2 and 3) and one faint spot
(1) with p/ values of 5.4, 5.5, and 5.6 and a MM of 66.7 kDa. 3-LG appeared as two spots (1 and 2) with p/ values of 4.6 and 4.7 and a MM of 20.1
kDa. The absolute protein load of BSA and /5-LG is indicated below the corresponding image. The total Arabidopsis seed protein load was for dilution
(@) 2.5 ug, (b) 5 ug, (c) 10 ug, (d) 25 ug, (e) 60 ug, (f) 125 ug, (g) 250 ug, and (h) 150 ug. Images of a dilution series are displayed with the same
brightness and contrast settings.

Table 3. Linearity Test between Protein Amount and Staining Intensity for 20 Arabidopsis Seed Proteins

mol mass tested range linear range
spot p/ (kDa) (ug of total protein) (ug of total protein) R? P R 2 (log/log) P (log/log)
1 43 35 10-250 10-250 0.992 0.001 0.994 0.185
2 47 34 2.5-250 2.5-250 0.980 0.828
3 4.6 62 2.5-250 2.5-250 0.985 0.501
4 49 7 2.5-250 2.5-250 0.986 0.549
5 5.0 69 2.5-250 2.5-60 0.949 0.958
6 5.1 28 2.5-250 2.5-250 0.986 0.886
7 5.2 45 2.5-250 2.5-250 0.986 0.988
8 5.1 58 2.5-250 2.5-250 0.989 0.992
9 5.4 54 2.5-250 2.5-250 0.946 0.138
10 5.4 103 2.5-250 2.5-60 0.931 0.227
11 5.6 22 2.5-250 2.5-250 0.986 0.207
12 5.7 8 2.5-250 2.5-250 0.966 0.916
13 5.7 31 2.5-250 2.5-250 0.842 0.543 0.958 0.232
14 5.8 36 2.5-250 2.5-250 0.918 0.115
15 6.2 50 2.5-250 2.5-60 0.970 0.746
16 6.4 18 2.5-250 2.5-250 0.921 0.984
17 6.3 27 2.5-250 2.5-250 0.900 0.763
18 6.4 54 2.5-250 2.5-60 0.942 0.804
19 6.9 36 2.5-250 2.5-250 0.856 0.985 0.969 0.597
20 8.6 21 2.5-250 2.5-250 0.934 0.931

detection tool of PDQuest detected BSA spots 2 and 3 down to  The linear relationship between protein amount and staining
5 ng and spot 1 down to 80 ng BSA. Both spotgdfG were intensity was examined for each of the two spiked standard
automatically detected down to 66 ng/@G (dilution d). At proteins BSA angB-LG over a 200-fold range (BSA,-51000

a similar nanogram levels (e.g., 10 ng of BSA vs 8 n@-4fG) ng; f-LG, 4—820 ng). The normalized total spot quantity (sum
BSA spots 2 and 3 gave a stronger response than spots 1 andf individual spots for the spiked protein standards) was plotted
2 of g-LG (Figure 4). The discrepancy in staining intensity against protein load to evaluate the linear relationship between
between BSA an@-LG may result from the Coomassie Blue spot quantity and protein-loading amount. A linear relationship
predominately binding to basic and sulfur-containing amino was considered when the coefficient of determinati&f) (
acids of proteins42). In addition, BSA by weight has more between spot quantity and the protein-loading amountx@&9
basic amino acids and cysteines thai.G, and low-MM and the lack of fit was insignificanP(> 0.05). The linear ranges
spots have a higher diffusion coefficient than high-MM spots of BSA andS-LG were found to be 5250 ng (50-fold;R? =

(43), leading to wider spots with weak spot intensities. After 0.912) and 8820 ng (100 fold;R? = 0.981), respectively. A
image brightness and contrast had been adjusted for each imagénear relationship over the same range was also seen when the

section individually, all of the spots of BSA amtiLG were quantities of the individual spots were plotted against protein
clearly distinguishable from the background, even at the lowest amount (data not shown). BSA showed saturation effects at the
tested nanogram levels of 5 and 4 ng for BSA giG, two highest protein amounts (500 and 1000 ng), and these
respectively. concentrations were excluded from the calibration plot. Simi-

Taking into account that the protein amount of 5 ng for BSA larly, for -LG, the 4 ng spot was excluded from the linearity
is divided by three spots with ratios of approximately 8, 25, test; its average spot quantity was almost equal to the average
and 67% of total spot quantities (quantities of all three spots spot quantity of the 8 ng spot, and its coefficient of variation
summed)~1.3 ng of BSA protein was detectable automatically was 86%. The demonstrated linear range (up to 100-fold) of
with PDQuest and as little as 0.4 ng of BSA protein was visually loaded protein amount and spot quantity is better than the linear
detectable5-LG separated into two spots with approximate ranges published (up to 20-fold) for colloidal CBBS 41).
proportions of 43 and 57% of total spot amount; that is, down This might be because of the prolonged staining time of the
to 1.7 and 2.3 ng oB-LG were visually detectable by using staining protocol, which advances complete protein staining
2DE combined with colloidal CBB. If proteins present at levels throughout the entire cross section of the gel layer even in areas
of <1 ng are of interest, specific enrichment techniques can be of high protein density. A large linear range allows for maximal
applied before 2DE. protein quantitation and comparison.
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