
PROTOCOLS FOR GENOMIC DNA ISOLATION WITH THE PROMEGA 
WIZARD GENOMIC DNA PURIFICATION KIT (CAT #A1120) 
 
 
Promega tested the purification of genomic DNA from fresh whole blood collected in 
EDTA, heparin and citrate anticoagulant tubes and detected no adverse effects upon 
subsequent manipulations of the DNA, including PCR. Anticoagulant blood samples may 
be stored at 2-8°C for up to two months, but DNA yield will be reduced with increasing 
length of storage. 
 
The protocol in Section III.A has been designed and tested for blood samples up to 3ml in 
volume. The protocol in Section III.B has been designed and tested for blood samples up 
to 10ml in volume. The yield of genomic DNA will vary depending on the quantity of 
white blood cells present. Frozen blood may be used in the following protocols, but yield 
may be lower than that obtained using fresh blood, and additional Cell Lysis Solution 
may be required. 
 
III.A. Isolating Genomic DNA from Whole Blood 
(300µl or 3ml Sample Volume) 
 
Materials to Be Supplied by the User 
. sterile 1.5ml microcentrifuge tubes (for 300µl blood samples) 
. sterile 15ml centrifuge tubes (for 3ml blood samples) 
. water bath, 37°C 
. isopropanol, room temperature 
. 70% ethanol, room temperature 
. water bath, 65°C (optional, for rapid DNA rehydration) 
 
1. For 300µl Sample Volume: Add 900µl of Cell Lysis Solution to a sterile 1.5ml 
microcentrifuge tube. For 3ml Sample Volume: Add 9.0ml of Cell Lysis Solution to a 
sterile 15ml centrifuge tube. 
 
Important: Blood must be collected in EDTA, heparin or citrate anticoagulant tubes to 
prevent clotting. 
 
2. Gently rock the tube of blood until thoroughly mixed; then transfer blood to the tube 
containing the Cell Lysis Solution. Invert the tube 5 to 6 times to mix. 
 
3. Incubate the mixture for 10 minutes at room temperature (invert 2 to 3 times once 
during the incubation) to lyse the red blood cells. Centrifuge at 13,000 to 16,000 × g for 
20 seconds at room temperature for 300µl sample. Centrifuge at 2,000 × g for 10 minutes 
at room temperature for 3ml sample. 
 
4. Remove and discard as much supernatant as possible without disturbing the visible 
white pellet. Approximately 10 to 20µl of residual liquid will remain in the 1.5ml tube 
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(300µl sample). Approximately 50 to100µl of residual liquid will remain in the 15ml tube 
(3ml sample). 
 
 If blood sample has been frozen, repeat Steps 1 to 4 until pellet is white. There may be 
some loss of DNA from frozen samples. 
 
Note: Some red blood cells or cell debris may be visible along with the white blood cells. 
If the pellet appears to contain only red blood cells, add an additional aliquot of Cell 
Lysis Solution after removing the supernatant above the cell pellet, and then repeat Steps 
3 & 4. 
 
5. Vortex the tube vigorously until the white blood cells are resuspended (10 to15 
seconds). 
 
 Completely resuspend the white blood cells to obtain efficient cell lysis. 
 
6. Add Nuclei Lysis Solution (300µl for 300µl sample volume; 3.0ml for 3ml sample 
volume) to the tube containing the resuspended cells. Pipet the solution 5 to 6 times to 
lyse the white blood cells. The solution should become very viscous. If clumps of cells 
are visible after mixing, incubate the solution at 37°C until the clumps are disrupted. If 
the clumps are still visible after 1 hour, add additional Nuclei Lysis Solution (100µl for 
300µl sample volume; 1.0ml for 3ml sample volume) and repeat the incubation. 
 
7. Optional: Add RNase Solution (1.5µl for 300µl sample volume; 15µl for 3ml sample 
volume) to the nuclear lysate and mix the sample by inverting the tube 2 to 5 times. 
Incubate the mixture at 37°C for 15 minutes, and then cool to room temperature. 
 
8. Add Protein Precipitation Solution (100µl for 300µl sample volume; 1.0ml for 3ml 
sample volume) to the nuclear lysate and vortex vigorously for 10 to 20 seconds. Small 
protein clumps may be visible after vortexing. 
 
Note: If additional Nuclei Lysis Solution was added in Step 6, add a total of 130µl 
Protein Precipitation Solution for 300µl sample volume and 1.3ml Protein Precipitation 
Solution for 3ml sample volume. 
 
9. Centrifuge at 13,000 to 16,000 × g for 3 minutes at room temperature for 300µl sample 
volume. Centrifuge at 2,000 × g for 10 minutes at room temperature for 3ml sample 
volume. A dark brown protein pellet should be visible.  
 
10. For 300µl sample volume, transfer the supernatant to a clean 1.5ml microcentrifuge 
tube containing 300µl of room temperature isopropanol. For 3ml sample volume, transfer 
the supernatant to a 15ml centrifuge tube containing 3ml room temperature isopropanol. 
 
Note: Some supernatant may remain in the original tube containing the protein pellet. 
Leave this residual liquid in the tube to avoid contaminating the DNA solution with the 
precipitated protein. 
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11. Gently mix the solution by inversion until the white thread-like strands of DNA form 
a visible mass. 
 
12. Centrifuge at 13,000 to 16,000 × g for 1 minute at room temperature for 300µl 
sample. Centrifuge at 2,000 × g for 1 minute at room temperature for 3ml sample. The 
DNA will be visible as a small white pellet. 
 
13. Decant the supernatant, and add one sample volume of room temperature 70% 
ethanol to the DNA. Gently invert the tube several times to wash the DNA pellet and the 
sides of the microcentrifuge tube. Centrifuge as in Step 12. 
 
14. Carefully aspirate the ethanol using either a drawn Pasteur pipette or a sequencing 
pipette tip. The DNA pellet is very loose at this point and care must be used to avoid 
aspirating the pellet into the pipette. Invert the tube on clean absorbent paper and air-dry 
the pellet for 10 to 15 minutes. 
 
15. Add DNA Rehydration Solution (100µl for 300µl sample volume; 250µl for 3ml 
sample volume) to the tube and rehydrate the DNA by incubating at 65°C for 1 hour. 
Periodically mix the solution by gently tapping the tube. Alternatively, rehydrate the 
DNA by incubating the solution overnight at room temperature or at 4°C. 
 
16. Store the DNA at 2-8°C. 
 
 
III.B. Isolating Genomic DNA from Whole Blood (10ml Sample Volume) 
 
Materials to Be Supplied by the User 
. sterile 50ml centrifuge tubes 
. water bath, 37°C 
. isopropanol, room temperature 
. 70% ethanol, room temperature 
. water bath, 65°C (optional; for rapid DNA rehydration) 
 
1. For 10ml whole blood samples: Add 30ml of Cell Lysis Solution to a sterile 50ml 
centrifuge tube. 
 
Important: Blood must be collected in EDTA, heparin or citrate anticoagulant tubes to 
prevent clotting. 
 
2. Gently rock the tube of blood until thoroughly mixed; then transfer 10ml of blood to 
the tube containing the Cell Lysis Solution. Invert the tube 5 to 6 times to mix. 
 
3. Incubate the mixture for 10 minutes at room temperature (invert 2 to 3 times once 
during the incubation) to lyse the red blood cells. Centrifuge at 2,000 × g for 10 minutes 
at room temperature. 
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4. Remove and discard as much supernatant as possible without disturbing the visible 
white pellet. Approximately 1 to 4ml of residual liquid will remain. If blood sample has 
been frozen, add an additional 30ml of Cell Lysis Solution, invert 5 to 6 times to mix, and 
repeat Steps 3 & 4 until pellet is nearly white. There may be some loss of DNA in frozen 
samples. 
 
Note: Some red blood cells or cell debris may be visible along with the white blood cells. 
If the pellet appears to contain only red blood cells, add an additional aliquot of Cell 
Lysis Solution after removing the supernatant above the cell pellet, and then repeat Steps 
3 & 4. 
 
5. Vortex the tube vigorously until the white blood cells are resuspended (10 to 15 
seconds).  
 
Completely resuspend the white blood cells to obtain efficient cell lysis. 
 
6. Add 10ml of Nuclei Lysis Solution to the tube containing the resuspended cells. Pipet 
the solution 5 to 6 times to lyse the white blood cells. The solution should become very 
viscous. If clumps of cells are visible after mixing, incubate the solution at 37°C until the 
clumps are disrupted. If the clumps are still visible after 1 hour, add 3ml of additional 
Nuclei Lysis Solution and repeat the incubation. 
 
7. Optional: Add RNase A, to a final concentration of 20µg/ml, to the nuclear lysate and 
mix the sample by inverting the tube 2 to 5 times. Incubate the mixture at 37°C for 15 
minutes, and then cool to room temperature. 
 
8. Add 3.3ml of Protein Precipitation Solution to the nuclear lysate and vortex vigorously 
for 10 to 20 seconds. Small protein clumps may be visible after vortexing. 
 
Note: If additional Nuclei Lysis Solution was added in Step 6, add 4ml of Protein 
Precipitation Solution (instead of 3.3ml). 
 
9. Centrifuge at 2,000 × g for 10 minutes at room temperature. A dark brown protein 
pellet should be visible.  
 
10. Transfer the supernatant to a 50ml centrifuge tube containing 10ml of room 
temperature isopropanol. 
 
Note: Some supernatant may remain in the original tube containing the protein pellet. 
Leave the residual liquid in the tube to avoid contaminating the DNA solution with the 
precipitated protein. 
 
11. Gently mix the solution by inversion until the white thread-like strands of DNA form 
a visible mass. 
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12. Centrifuge at 2,000 × g for 1 minute at room temperature. The DNA will be visible as 
a small white pellet. 
 
13. Decant the supernatant and add 10ml of room temperature 70% ethanol to the DNA. 
Gently invert the tube several times to wash the DNA pellet and the sides of the 
centrifuge tube. Centrifuge as in Step 12. 
 
14. Carefully aspirate the ethanol. The DNA pellet is very loose at this point and care 
must be used to avoid aspirating the pellet into the pipette. Air dry the pellet for 10 to 15 
minutes. 
 
15. Add 800µl of DNA Rehydration Solution to the tube, and rehydrate the DNA by 
incubating at 65°C for 1 hour. Periodically mix the solution by gently tapping the tube. 
Alternatively, rehydrate the DNA by incubating the solution overnight at room 
temperature or at 4°C. 
 
16. Store the DNA at 2-8°C. 
 
 
III.C. Isolating Genomic DNA from Whole Blood (96-well plate) 
 
This protocol can be scaled to 20µl, 30µl or 40µl of blood. Table 2 outlines the various 
solution volumes used in each step. Fifty-microliter preps generally yield genomic DNA 
in the range of 0.2 to 0.7µg, depending upon the number of leukocytes in the blood 
sample. 
 
Table 2. Volumes of Reagents Required for Various Starting Amounts of Blood. 
 
Sample Cell Lysis 

Solution 
(RBC lysis) 

Nucleic 
Lysis 
Solution 

Protein 
Precipitation 
Solution 

Isopropanol DNA 
Rehydration 
Solution 

20 µL 60 µL 20 µL 6.7 µL 20 µL 10 µL 
30 µL 90 µL 30 µL 10 µL 30 µL 15 µL  
40 µL 120 µL 40 µL 13.3 µL 40 µL 20 µL  
50 µL 150 µL 50 µL 16.5 µL 50 µL 25 µL 
 
 
Materials to Be Supplied by the User 
. V-bottom 96-well plate(s) able to hold 300µl volume/well (Costar® Cat.# 3896) 
. isopropanol, room temperature 
. 70% ethanol, room temperature 
. 96-well plate sealers (Costar® Cat.# 3095) (optional; for use with human blood) 
 
1. Add 150µl Cell Lysis Solution to each well. 
 
Important: Blood must be collected in EDTA, heparin or citrate anticoagulant tubes. 

This protocol was taken from the technical manual of the Wizard Genomic DNA Purification Kit, www.promega.com 
and modified on July 13th, 2005.  



2. Add 50µl of fresh blood to each well and pipet 2 to 3 times to mix. 
 
3. Leave the plate at room temperature for 10 minutes, pipetting the solution twice during 
the incubation to help lyse the red blood cells. 
 
4. Centrifuge at 800 × g for 5 minutes in a tabletop centrifuge to concentrate the cells. 
 
5. Carefully remove and discard as much of the supernatant as possible with a 
micropipette tip, leaving a small pellet of white cells and some red blood cells. The use of 
an extended pipette tip, such as a gel loading tip, is recommended. Tilting the 96-well 
plate 50 to 80° (depending on the amount of liquid present per well) allows more 
thorough removal of liquid from the well. 
 
6. Add 50µl of Nuclei Lysis Solution to each well and pipet 5 to 6 times to resuspend the 
pellet and lyse the white blood cells. The solution should become more viscous. As an aid 
in DNA pellet visualization, 2µl per well of a carrier (e.g., Polyacryl Carrier [Molecular 
Research Center, Inc., Cat.# PC152]) can be added at this step. DNA yields are generally 
equivalent with or without carrier use. 
 
7. Add 16.5µl of Protein Precipitation Solution per well and pipet 5 to 6 times to mix. 
 
8. Centrifuge at 1,400 × g for 10 minutes at room temperature. A brown protein pellet 
should be visible.  
 
9. DNA Precipitation/Rehydration in 96-Well Plate:  
  
a. Carefully transfer the supernatants to clean wells containing 50µl per well of room 
temperature isopropanol and mix by pipetting. 

 
Note: Some of supernatant may remain in the original well containing the protein pellet. 
Leave this residual liquid in the well to avoid contaminating the DNA solution with the 
precipitated protein. As in Step 5, tilting the plate will facilitate removal of liquid from 
the well. Using an extended pipette tip in this step does not allow easy sample mixing 
with isopropanol. 
 
b. Centrifuge at 1,400 × g for 10 minutes. Carefully remove the isopropanol with a 
micropipette tip. 
 
c. Add 100µl of room temperature 70% ethanol per well. 
 
d. Centrifuge at 1,400 × g for 10 minutes at room temperature. 
 
e. Carefully aspirate the ethanol using either a drawn Pasteur pipette or a sequencing 
pipette tip. Care must be taken to avoid aspirating the DNA pellet. Place the tray at a 30 
to 45° angle and air-dry for 10 to 15 minutes. 
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f. Add 25µl of DNA Rehydration Solution to each well. Allow the DNA to rehydrate 
overnight at room temperature or at 4°C. 
 
g. Store the DNA at 2-8°C. 
 
Note: Small volumes of DNA can be easily collected at the bottom of a V-well by briefly 
centrifuging the 96-well plate before use. 
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1. IMPORTANCE OF BRASSICA GENOMICS

The genus Brassica is one of the core genera in the tribe Bras-
sicaceae and includes a number of crops with wide adaptation
under a variety of agroclimatic conditions. Economically,
Brassica species are important sources of vegetable oil, fresh,
preserved vegetables, and condiments. B. napus, B. rapa, B.
juncea, and B. carinata provide about 12% of the worldwide
edible vegetable oil supply [1]. The B. rapa and B. oleracea
subspecies represent many of the vegetables in our daily diet.
In particular, B. rapa ssp. pekinensis (Chinese cabbage), on
which this article focuses, is one of the most widely used veg-
etable crops in northeast Asia. Moreover, Brassica species are
important sources of dietary fiber, vitamin C, and anticancer
compounds [2].

The genetic relationships among the different diploid
and amphidiploid Brassica species are described by the U’s
triangle [3]. Of the six widely cultivated species of Brassica,
B. rapa (AA, 2n = 20), B. nigra (BB, 2n = 16), and B. oleracea

(CC, 2n = 18) are monogenomic diploids. The remaining
three species, B. juncea (AABB, 2n = 36), B. napus (AACC,
2n = 38), and B. carinata (BBCC, 2n = 34) exhibit stable
diploid genetics, but are allotetraploids, which have evolved
via hybridization between differing monogenomic diploids
[3]. The diploid Brassica genomes range from 1.1 pg/2C
(529 Mbp/1C) for B. rapa to 1.4 pg/2C (696 Mbp/1C) for
B. oleracea (see Figure 1) [4]. The genomes of the allote-
traploids range from 2.2 pg/2C (1,068 Mbp/1C) for B. juncea
to 2.6 pg/2C (1,284 Mbp/1C) for B. carinata (see Figure 1).

The genus Brassica is characterized by morphological di-
versity with regard to inflorescences, leaves, stems, roots, and
terminal or apical buds [5]. For example, such morpholog-
ical diversity can be easily observed in subspecies of B. oler-
acea: the enlarged inflorescences of cauliflower (B. oleracea
ssp. botrytis) and broccoli (B. oleracea ssp. italica); the en-
larged stems of kohlrabi (B. oleracea ssp. gongylodes) and
marrowstem kale (B. oleracea ssp. medullosa); and the many
axillary buds of Brussels sprout (B. oleracea ssp. gemmifera)
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B. rapa
(AA, n = 10)
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Figure 1: Genetic relationship of the different diploid and amphidiploid Brassica species. 1C, 1C nuclear DNA content (pg); GS, genome
size (Mbp) [3, 4].

[5]. The morphological diversity in Brassica species may be
linked to genomic changes associated with polyploidization
[6]. The polyploidization in Brassica species has brought
about triplication of genomic segments and subsequent re-
arrangements such as inversions, insertions, deletions, and
substitutions [7–16], and these genetic variations may cause
novel phenotypic variations for traits among these species
[5, 6]. Thus, Brassica genomics will provide us with an un-
derstanding of the rapid phenotypic evolution of polyploid
plants. Additionally, it will help us to understand genomic
changes and how they shape the allotetrapolyploid Brassica
species. For example, a study has been done looking at rapid
genomic changes and the effect of nuclear-cytoplasm inter-
action in synthetic allotetrapolyploid species [17].

Because of the high economic value of Brassica species
throughout the world and their potential to be models for
the study of polyploidization, genome sequencing projects
for Brassica species, especially B. rapa and B. oleracea, have
recently been initiated (http://www.brassica.info) [18–20].
In particular, B. rapa ssp. pekinensis inbred line Chiffu-401-
42, discussed in this article, has been selected for Brassica-A
genome sequencing in the Brassica rapa Genome Sequencing
Project (BrGSP) (http://www.brassica.info), a component
of the consortium of the Multinational Brassica Genome
Project, with the goal of completely sequencing this genome
through a BAC-by-BAC approach. The BrGSP consortium
has developed genomic resources for this purpose and is pro-
ceeding with whole-genome sequencing.

2. CURRENT UNDERSTANDING OF THE GENOME
STRUCTURE OF B. RAPA

2.1. Karyotype of B. rapa

Karyotyping is the starting point for understanding the
genome structure of a species. Moreover, it provides insight

into genome evolution. Most of the karyotypic analyses in
B. rapa have been performed on mitotic metaphase chro-
mosomes [21–24]. However, the analyses are limited in what
they can reveal about the cytological structure of the genome
because of the low resolution of the technique. For exam-
ple, different measurements of chromosome lengths and
rDNA loci are obtained by this method. Recently, the high-
resolution karyotype for the B. rapa ssp. pekinensis inbred
line Chiffu was determined on pachytene chromosomes by
using 4′-6-diamino-2-phenylindole dihydrochloride (DAPI)
staining and fluorescence in situ hybridization (FISH) of
rDNAs and pericentromeric satellite repeats [25]. By DAPI
analysis, the mean lengths of ten pachytene chromosomes
ranged from 23.7 μm to 51.3 μm, with a total of 385.3 μm,
a total length which is 11.9- ∼ 17.5-fold longer than that of
the mitotic metaphase chromosomes reported by Lim et al.
[24] and Koo et al. [25]. In comparison, pachytene chromo-
some length of A. thaliana, Medicago truncatula, and tomato
was estimated to be about 7.4%, 15%, and 24% of the to-
tal pachytene chromosome length, respectively (reviewed in
Koo et al. [25]). In B. rapa, the pachytene karyotype con-
sists of two metacentric (chromosomes 1 and 6), five sub-
metacentric (chromosomes 3, 4, 5, 9, and 10), two subtelom-
eric (chromosomes 7 and 8), and one acrocentric chromo-
some (chromosome 2), with the corresponding centromeric
index ranges of 38.8–41.0%, 29.5–36.7%, 17.4–20.2%, and
9.38%, respectively [25]. In the chromosomal structure at
pachytene, the total length of pericentromeric heterochro-
matin regions was estimated to be 38.2 μm, which is approx-
imately 10% of the total chromosome length [25]. In con-
junction with chromosomal structure and characteristics, 5S
rDNA loci were located on pericentromeric regions of the
short arms of chromosomes 2 and 7 as well as the long arm
of chromosome 10, while 45S rDNA loci were located on the
short arms of chromosomes 1, 2, 4, and 5 as well as the long
arm of chromosome 7 [24, 25].
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Figure 2: An example of a comparative map of Arabidopsis and
Brassica. (a) Collinearity between genomic segments of the two
species and genome triplication of Brassica revealed by compara-
tive genetic mapping. (b) Synteny of genes in a triplicated genomic
region of Brassica.

2.2. Collinearity between genomic segments of
Arabidopsis and Brassica

Brassica species are closely related to A. thaliana, having di-
verged 17-18 million years ago (MYA) from their common
ancestor [16]. A. thaliana, which has been completely se-
quenced, has a rather small genome (about 146 Mb) with rel-
atively little repetitive DNA and a high gene density [26, 27].
Protein-coding regions of the genomes of Brassica species
show high sequence conservation with those of A. thaliana,
with nucleotide sequence similarity in exons between B. ol-
eracea and A. thaliana ranging from 75% to 90%, compared
to <70% for intronic regions [28]. This similarity allows the
identification of sets of candidate genes in Brassica species
and the studying of their genome structures through com-
parative genomics [29]. Comparative studies between Ara-
bidopsis and Brassica have revealed the presence of collinear
chromosome segments (see Figure 2). Comparative genetic
mapping between diploid Brassica species and A. thaliana

to identify homologous loci have revealed many conserved
blocks in their genomes [7, 8, 14, 30]. Comparative physi-
cal mapping between Arabidopsis and Brassica further cor-
roborated the findings. A set of six bacterial artificial chro-
mosomes (BACs), representing a 431-kb contiguous region
of Arabidopsis chromosome 2, was mapped on chromo-
somes and DNA fibers of B. rapa [31]. Moreover, studies
on a 222-kb gene-rich region of A. thaliana chromosome
4 and its homologous counterparts in B. rapa or B. oler-
acea revealed the collinearity of genes in homologous seg-
ments [9, 11, 13]. This finding was supported by sequence
analysis of specific homologous genomic segments [15, 16].
However, many structural rearrangements differentiate the
Brassica and Arabidopsis chromosomes (see Figure 2). Com-
parative genetic mapping between B. nigra and A. thaliana
species revealed that the average length of conserved seg-
ments between the two species was estimated at about 8 cM,
which corresponds to ∼90 rearrangements since the diver-
gence of the two species [7]. In addition, it was found
that gene contents in their homologous genomic segments
were also variable with interstitial gene losses and insertions
[9, 11, 13, 15, 16].

2.3. Genome triplication of diploid Brassica species

Most of the comparative studies mentioned above demon-
strated that Brassica species contain extensively triplicated
counterparts of the corresponding homologous segments of
the A. thaliana genome (see Figure 2), thereby suggesting
that diploid Brassica species may have been derived from a
hexaploid ancestor: the genome which was similar to Ara-
bidopsis. Consistent with the nature of genome triplication,
Yang et al. [16] reported that paralogous subgenomes of
diploid Brassica species triplicated 13∼ 17 MYA, very soon
after the Arabidopsis and Brassica divergence that occurred
at 17∼ 18 MYA. In addition, it was reported that after the
Brassica genomes had triplicated, their subgenomes were re-
arranged by inversions, translocations [7, 12, 32], exten-
sive interspersed gene loss, as well as gene insertions oc-
curred relative to the inferred structure of the ancestral
genome (see Figure 2). Additionally, such genome tripli-
cation was extensively found across the tribe Brassicaceae
[12]. In comparison with the genome of A. thaliana, the
genome triplication in Brassica species has clearly led to an
increase in the genome size, resulting in a 3- to 5-fold infla-
tion.

Genome triplication events in Brassica species may also
have an effect on gene expression of multicopy genes, leading
to such phenomena as pseudogenization, subfunctionaliza-
tion, or neofunctionalization in species [33–38]. For exam-
ple, the MADS-box transcription factor family, whose mem-
bers control key aspects of plant vegetative and reproductive
development, shapes genetic systems by subfunctionalization
[37]. It appears that after polyploid formation, considerable
and sometimes very rapid changes in genome structure and
gene expression have occurred. Researchers have hypothe-
sized that genomic triplication in Brassica species permits
mutations in loci that are normally under tight selective con-
straints in Arabidopsis, and may thus result in the observed
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Table 1: Comparison of gene, TE, and SSR abundances in B. rapa and A. thaliana.

Contents B. rapa A. thaliana References

Genome size (Mb) 529 146 [4, 27]

Gene number 4300∼ 63000 26,207 [16, 39, 43]

TE abundance (%)(1) 13.8 6∼ 7 [39, 44]

SSR number ≈110,000 (one SSR/4.8 kb) ≈36,756 (one SSR/3.2 kb) [39, 45]
(1)

Coverage of TEs in the genome.

greater phenotypic plasticity in Brassica [5]. Studies on ex-
pression of duplicated genes in Brassica species will provide
insight into the role of polyploidization in the phenotypic di-
vergence of the plant genus.

2.4. Survey of the B. rapa genome revealed by
BAC-end sequence analysis

The B. rapa genome was surveyed via the analysis of its
12,017 HindIII BAC-end sequences (Table 1) [39]. Analyses
of BAC-end sequence or genome survey sequences assist in
understanding whole genome structure [39–41]. It was esti-
mated that the B. rapa genome might contain about 43000
genes (covering 16.8% of the genome), 1.6 times more than
the A. thaliana genome. Recently, Yang et al. [16] also esti-
mated the gene content of B. rapa to range from 49,000 to
63,000, based on predictions from microsynteny studies. It
has been suggested that chromosomal triplication events in
Brassica have led to an increase in gene number with subse-
quent gene loss [15, 16, 39, 42].

Transposable elements (TEs) with a predominance of
retrotransposons were estimated to occupy approximately
14% of the genome (covering approximately 74 Mb), 8.2
times greater than that observed previously in A. thaliana
[44]. Zhang and Wessler [44] reported that TEs in B. oleracea
constituted 20% of the genome, slightly more than what was
predicted for the B. rapa genome. Of the predicted TEs, LTR
retrotransposon families were the most abundant (69.9%),
followed by non-LTR retrotransposons (13.4%), DNA trans-
posons (11.4%), and other retrotransposons (5.3%). In par-
ticular, Ty1/copia-like and Ty3/gypsy-like retrotransposons
occupied 39.5% and 30.2% of LTR retrotransposon families,
respectively. The amplification of TEs in B. rapa, especially
retrotransposons, may have played a crucial role in both evo-
lution and genomic expansion.

Simple sequence repeats (SSRs) have been estimated to
occur with a frequency of approximately one per 4.8 kb
within the B. rapa genome, as compared to approximately
one per 3.2 kb within the A. thaliana genome [39]. Of SSRs
identified, trinucleotides were the most abundant repeat
type, constituting about 37% of all SSRs, a percentage similar
to those reported in other plant genomes [39, 45]. Compar-
ison of SSR densities in different genomic regions demon-
strated that SSR density was greatest immediately in 5′-
flanking regions of predicted genes [45]. SSRs were also pref-
erentially associated with gene-rich regions, with pericen-
tromeric heterochromatin SSRs mostly associated with retro-
transposons [45], suggesting that the distribution of SSRs in
the genome is nonrandom [39, 45].

2.5. Structure of (peri)centromeres of B. rapa

The centromere is a dynamic and rapidly evolving structure
and consists largely of highly repetitive DNA sequences, es-
pecially tandem satellite repeats and retrotransposons [46,
47]. Centromeric repeats characterized in plant genomes are
composed of 155∼ 180-bp tandem repeat motifs, includ-
ing the 180-bp pAL1 satellite in A. thaliana [48–50], the
155∼ 165-bp CentO satellite in rice [51, 52], the 156-bp
CentC satellite in maize [53] and the 169-bp satellite in Med-
icago truncatula [54, 55]. Centromeric satellite repeats of
Brassica species, except for those of B. nigra, are represented
by the 176-bp CentBr [24, 25, 56–59]. The CentBr repeats in
the B. rapa genome belong to two classes which have 82% se-
quence similarity. The two classes are chromosome-specific,
with CentBr1 found on eight chromosomes (chromosomes
1, 3, and 5–10) and CentBr2 on two chromosomes (chromo-
somes 2 and 4) [24, 25, 39]. Such distribution of the CentBr
family may reflect the predominance of CentBr1 in the Bras-
sica genome [39]. The CentBr repeats have also undergone
rapid evolution within the B. rapa genome and have diverged
among the related species of Brassicaceae [39]. Recently, Lim
et al. [59] identified and characterized the major repeats
in centromeric and pericentromeric heterochromatin of B.
rapa. The region contains CentBr arrays, 238-bp degenerate
tandem repeat (TR238) arrays, rDNAs, centromere-specific
retrotransposons of Brassica (CRB), and pericentromere-
specific retrotransposons (PCRBr). In particular, CRB was a
major component of all centromeres in three diploid Bras-
sica species and their allotetraploid relatives, and PCRBr and
TR238 were A-genome-specific [59].

3. PROGRESS OF B. RAPA GENOME SEQUENCING

3.1. Genomic resources

The development of genomic resources is a prerequisite
to undertaking genome sequencing in any crop species.
Genomic resources, including reference mapping popula-
tions, DNA libraries, and DNA sequences have been devel-
oped for B. rapa ssp. pekinensis inbred line Chiffu-401-42
(Table 2). Two reference mapping populations were derived
from two B. rapa ssp. pekinensis inbred lines, Chiifu-401-
42 and Kenshin-402-43 (CK), and comprise 78 double hap-
loid (DH) lines (the CKDH population) and 201 recombi-
nant inbred (RI) lines (the CKRI population). These map-
ping populations have been used for construction of refer-
ence genetic maps for genome sequencing [20]. The bacte-
rial artificial chromosome (BAC) system, commonly used for
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Table 2: Genomic resources for whole-genome sequencing of B. rapa.

Genomic resources Source material Number

Mapping populations

DH line Chiffu-401-42 × Kenshin-402-43 78 lines (F2 generation)

RI line Chiffu-401-42 × Kenshin-402-43 201 lines (F8 generation)

BAC libraries

HindIII (KBrH) Chiffu-401-42 56592 clones (115 kb(1))

BamHI (KBrB) Chiffu-401-42 50688 clones (124 kb(1))

Sau3AI (KBrS) Chiffu-401-42 55296 clones (100 kb(1))

cDNA libraries

22 cDNA libraries Different tissues of Chiffu-401-42 and Jangwon including leaves,
roots, cotyledons, stems, seedlings, ovules, siliques, anthers

—

BAC-end sequences KBrH, KBrB, and KBrS clones 200017 sequences

ESTs 22 cDNA clones 129928 sequences

BAC shotgun sequences KBrH, KBrB, and KBrS clones on-going(2)

(1)Average insert size (kb).
(2)Of BACs sequenced, 511 BACs have been deposited in GenBank.

Table 3: Genetic linkage maps of B. rapa developed since 1990.

Mapping population Population type Population size No. of loci Type of markers
Total length of map
(average interval)

References

Michihili × Spring broccoli F2 95 280 RFLP 1850 cM (6.6 cM) [62]

Per (winter turnip rape)× R500
(spring yellow sarson)

F2 91 139 RFLP 1785 cM (13.5 cM) [63]

Per (winter turnip rape)× R500
(spring yellow sarson)

F6RI 87 144 RFLP 890 cM (6.0 cM) [64]

Developed from Chinese cabbage
F1 cultivar Jangwon

F2 134 545 RFLP, SSR 1287 cM (2.4 cM) [65]

G004 (CR(a) DH line)× A9709
(CS(b) DH line)(cultivars of
Chinese cabbage)

F2 94 262 RFLP, SSR,
RAPD

1005 cM (3.7 cM) [66]

Chiffu-401-42× Kenshin-402-43 DH 78 556
AFLP, SSR,
RADP, ESTP,
STS, CAPS

1182 cM (2.83 cM) [67]

developing large-insert DNA libraries, is an invaluable re-
source for structural and functional genomics. Three Chiffu
BAC libraries were constructed by using restriction enzymes:
HindIII, BamHI, and Sau3AI, and designated as KBrH,
KBrB, and KBrS. These libraries consist of 56592, 50688, and
55296 clones with an average insert size of 115 kb, 124 kb, and
100 kb, respectively. These BAC libraries cover approximately
36 genome equivalents, assuming that the genome size of
Chinese cabbage is 529 Mb. Using these BAC clones, the
BrGSP community has recently generated a total of 200017
BAC-end sequences. In combination with BAC fingerprint-
ing data, the BAC-end sequences will give insight into the
structure of the genome, be a resource for development of
genetic markers, and aid in finding the BAC clones that cor-
respond to the minimal tilling paths in genome sequencing
[19, 60, 61]. For functional genomics of B. rapa, 22 cDNA li-
braries from different tissues, including leaves, roots, cotyle-
dons, stems, seedlings, ovules, siliques, and anthers of Chiffu,
have been constructed, and a total of 128582 expressed se-
quence tags (ESTs) have been generated from these cDNA li-

braries (GenBank accession number CO749247∼CO750684
and EX015357∼EX142500). Currently, the ESTs have been
used for construction of B. rapa unigene set and gene expres-
sion microarray (http://www.brassica-rapa.org).

3.2. Genetic and physical mapping

Some genetic linkage maps of B. rapa, on which genetic
markers were distributed over ten linkage groups, have been
constructed since 1990 [62–67] (summarized in Table 3).
The distances of genetic linkage maps ranged from 890 cM
to 1850 cM. However, the genetic linkage maps may not pro-
vide direct and accurate genetic information for the Chiffu
genome sequencing because of genetic variation between
the mapping populations. For that reason, the BrGSP com-
munity has constructed the CK genetic linkage map. Us-
ing the 78 CKDH lines, a reference genetic linkage map
has been constructed [67]. The map consists of a total
of 556 markers, including 278 AFLPs, 235 SSRs, 25 RAPDs,
and 18 ESTPs/STS/CAPS markers. Ten linkage groups were
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Table 4: The correspondence between genetic linkage groups of B.
rapa ssp. pekinensis based on B. napus reference linkage maps.

Genetic
linkage map
of B. napus
[68]

Choi et al. [67] Kim et al. [65] Suwabe et al. [66]

A1 (N1) R1 R1 LG6

A2 (N2) R2 R2 LG8

A3 (N3) R3 R3 LG1

A4 (N4) R4 R4 LG10

A5 (N5) R5 R5 LG3

A6 (N6) R6 R6 LG2

A7 (N7) R7 R7 LG4

A8 (N8) R8 R8 LG7

A9 (N9) R9 R9 LG5

A10 (N10) R10 R10 LG9

Linkage group 1

cnu p100haeIII

Figure 3: An example of an alignment of linkage group 1 in the
reference genetic map to the corresponding chromosome 5 through
FISH using locus-specific BAC clones.

identified and designated as R1 to R10 via mapping with SSR
markers derived from the reference linkage map of B. napus
reported previously [68] (Table 4). The total length of the
linkage map was 1182 cM with an average interval of 2.83 cM
between adjacent loci. Recently, for high-resolution genetic
mapping, the community has set a goal of developing more
than 1,000 SSR markers derived from BAC-end sequences,
ESTs, and BACs. Moreover, based on the sequence-tagged site
(STS) markers, a CKRI genetic linkage map has been con-
structed to be complementary to the CKDH one. The link-
age groups in these genetic maps may not correspond to the
chromosomes assigned in the cytogenetic map. Therefore, it
is important to align the linkage groups on the genetic map
with chromosomes of the cytogenetic map. All ten linkage
groups of a reference genetic map of B. rapa are being as-
signed to the corresponding chromosomes through fluores-
cence in situ hybridization (FISH) using locus-specific BAC
clones as probes (see an example in Figure 3, unpublished
data).

The fingerprinted BAC map (so-called “physical map”)
makes it possible to select clones for sequencing that would
ensure comprehensive coverage of the genome and reduce
sequencing redundancy [69]. In addition, the clone-based

map also enables the identification of large segments of the
genome that are repeated, thereby simplifying the sequence
assembly. To construct a deep-coverage BAC physical map
of the B. rapa genome, all BAC clones from the three BAC
libraries were fingerprinted using restriction enzyme diges-
tion and SNaPshot [70] methodologies, and then BAC con-
tigs have been assembled by FingerPrinted Contigs (FPC)
software (http://www.agcol.arizona.edu/software/fpc/). This
data will be open to the Brassica rapa genome sequencing
consortium.

3.3. Approach to genome sequencing

Seed BACs for genome sequencing have been selected
through in silico allocation of B. rapa BAC-end sequences
onto counterpart locations of Arabidopsis chromosomes
[19]. Of 91000 BAC-end sequences, a total of 45232 showed
significant sequence similarity with unique Arabidopsis se-
quences, and 4317 BAC clones were allocated on Arabidop-
sis chromosomes by significant matching with both ends
within 30–500 kb intervals, which span 93 Mb of Arabidop-
sis euchromatin regions (covering 78.2% of the Arabidopsis
genome). However, approximately 9.4 Mb of euchromatin
regions and 16.6 Mb pericentromeric heterochromatin re-
gions of the Arabidopsis genome were not covered by the
B. rapa BAC span (span is considered by best hit of paired
ends). Based on the physical map of B. rapa and the in sil-
ico comparative map of its BAC-ends onto Arabidopsis chro-
mosomes, 629 seed BACs have been selected spanning 86 Mb
of Arabidopsis euchromatin regions and scattered through-
out the B. rapa genome (http://www.brassica-rapa.org), and
the BACs have been mapped on B. rapa chromosomes by
STS mapping and FISH analysis. The seed BACs which are
anchored and sequenced will be used as stepping stones for
sequencing of the ten chromosomes.

Considering the large genome size and the possibility
of international cooperation, a chromosome-based approach
was suggested. Of ten chromosomes (or linkage groups),
eight have been allocated to the participating countries as
follow: Korea (R3 and R9), Canada (R2 and R10), UK and
China (R1 and R8), USA (R6), and Australia (R7). However,
R4 and R5 have remained unassigned. Progress of chromo-
some sequencing will be reported soon by each country.

4. CONCLUSIONS

Brassica species are economically important crops and serve
as model plants for studying phenotypic evolution associated
with polyploidization. The Brassica genomes have extensively
triplicated and undergone subsequent genome rearrange-
ments with sequence variations. This has significantly af-
fected their genome structure and may underline phenotypic
diversity. Genome sequencing of B. rapa can pave the way
for elucidation of the relationship between genome evolution
and phenotypic diversity. Moreover, it enables us to search
for genes and develop molecular markers associated with
agricultural traits, thereby establishing a molecular breeding
system contributing to improvement of Brassica species eco-
nomically.

http://www.brassica-rapa.org
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tifying the chromosomes of the A- and C-genome diploid
Brassica species B. rapa (syn. campestris) and B. oleracea in
their amphidiploid B. napus,” Theoretical and Applied Genet-
ics, vol. 104, no. 4, pp. 533–538, 2002.

[24] K. B. Lim, H. de Jong, T. J. Yang, et al., “Characterization of
rDNAs and tandem repeats in the heterochromatin of Brassica
rapa,” Molecules and Cells, vol. 19, no. 3, pp. 436–444, 2005.

[25] D. H. Koo, P. Plaha, Y. P. Lim, Y. Hur, and J.-W. Bang, “A high-
resolution karyotype of Brassica rapa ssp. pekinensis revealed
by pachytene analysis and multicolor fluorescence in situ hy-
bridization,” Theoretical and Applied Genetics, vol. 109, no. 7,
pp. 1346–1352, 2004.

[26] The Arabidopsis Genome Initiative, “Analysis of the genome
sequence of the flowering plant Arabidopsis thaliana,” Nature,
vol. 408, no. 6814, pp. 796–815, 2000.

[27] M. Bevan and S. Walsh, “The Arabidopsis genome: a founda-
tion for plant research,” Genome Research, vol. 15, no. 12, pp.
1632–1642, 2005.

[28] C. F. Quiros, F. Grellet, J. Sadowski, T. Suzuki, G. Li, and T.
Wroblewski, “Arabidopsis and Brassica comparative genomics:
sequence, structure and gene content in the ABI1-Rps2-Ck1
chromosomal segment and related regions,” Genetics, vol. 157,
no. 3, pp. 1321–1330, 2001.

[29] J. A. Kim, T. J. Yang, J. S. Kim, et al., “Isolation of circadian-
associated genes in Brassica rapa by comparative genomics



8 International Journal of Plant Genomics

with Arabidopsis thaliana,” Molecules and Cells, vol. 23, no. 2,
pp. 145–153, 2007.

[30] S. P. Kowalski, T. H. Lan, K. A. Feldmann, and A. H. Paterson,
“Comparative mapping of Arabidopsis thaliana and Brassica
oleracea chromosomes reveals islands of conserved organiza-
tion,” Genetics, vol. 138, no. 2, pp. 499–510, 1994.

[31] S. A. Jackson, Z. Cheng, M. L. Wang, H. M. Goodman, and
J. Jiang, “Comparative fluorescence in situ hybridization map-
ping of a 431-kb Arabidopsis thaliana bacterial artificial chro-
mosome contig reveals the role of chromosomal duplica-
tions in the expansion of the Brassica rapa genome,” Genetics,
vol. 156, no. 2, pp. 833–838, 2000.

[32] P. A. Ziolkowski, M. Kaczmarek, D. Babula, and J. Sadowski,
“Genome evolution in Arabidopsis/Brassica: conservation and
divergence of ancient rearranged segments and their break-
points,” The Plant Journal, vol. 47, no. 1, pp. 63–74, 2006.

[33] M. Lynch and J. S. Conery, “The evolutionary fate and con-
sequences of duplicate genes,” Science, vol. 290, no. 5494, pp.
1151–1155, 2000.

[34] A. Lawton-Rauh, “Evolutionary dynamics of duplicated genes
in plants,” Molecular Phylogenetics and Evolution, vol. 29, no. 3,
pp. 396–409, 2003.

[35] Z. Gu, S. A. Rifkin, K. P. White, and W.-H. Li, “Duplicate
genes increase gene expression diversity within and between
species,” Nature Genetics, vol. 36, no. 6, pp. 577–579, 2004.

[36] K. L. Adams and J. F. Wendel, “Novel patterns of gene expres-
sion in polyploid plants,” Trends in Genetics, vol. 21, no. 10,
pp. 539–543, 2005.

[37] R. C. Moore and M. D. Purugganan, “The evolutionary dy-
namics of plant duplicate genes,” Current Opinion in Plant Bi-
ology, vol. 8, no. 2, pp. 122–128, 2005.

[38] W.-H. Li, J. Yang, and X. Gu, “Expression divergence between
duplicate genes,” Trends in Genetics, vol. 21, no. 11, pp. 602–
607, 2006.

[39] C. P. Hong, P. Plaha, D.-H. Koo, et al., “A survey of the Brassica
rapa genome by BAC-end sequence analysis and comparison
with Arabidopsis thaliana,” Molecules and Cells, vol. 22, no. 3,
pp. 300–307, 2006.

[40] C. P. Hong, S. J. Lee, J. Y. Park, et al., “Construction of a BAC
library of Korean ginseng and initial analysis of BAC-end se-
quences,” Molecular Genetics and Genomics, vol. 271, no. 6, pp.
709–716, 2004.

[41] J. Messing, A. K. Bharti, W. M. Karlowski, et al., “Sequence
composition and genome organization of maize,” Proceedings
of the National Academy of Sciences of the United States of Amer-
ica, vol. 101, no. 40, pp. 14349–14354, 2004.

[42] J. E. Bowers, B. A. Chapman, J. Rong, and A. H. Paterson,
“Unraveling angiosperm genome evolution by phylogenetic
analysis of chromosomal duplication events,” Nature, vol. 422,
no. 6930, pp. 433–438, 2003.

[43] B. J. Haas, J. R. Wortman, C. M. Ronning, et al., “Complete
reannotation of the Arabidopsis genome: methods, tools, pro-
tocols and the final release,” BMC Biology, vol. 3, p. 7, 2005.

[44] X. Zhang and S. R. Wessler, “Genome-wide comparative anal-
ysis of the transposable elements in the related species Ara-
bidopsis thaliana and Brassica oleracea,” Proceedings of the Na-
tional Academy of Sciences of the United States of America,
vol. 101, no. 15, pp. 5589–5594, 2004.

[45] C. P. Hong, Z. Y. Piao, T. W. Kang, et al., “Genomic distri-
bution of simple sequence repeats in Brassica rapa,” Molecules
and Cells, vol. 23, no. 3, pp. 349–356, 2007.

[46] M. Ventura, N. Archidiacono, and M. Rocchi, “Centromere
emergence in evolution,” Genome Research, vol. 11, no. 4, pp.
595–599, 2001.

[47] J. Jiang, J. A. Birchler, W. A. Parrott, and R. K. Dawe, “A molec-
ular view of plant centromeres,” Trends in Plant Science, vol. 8,
no. 12, pp. 570–575, 2003.

[48] K. Nagaki, P. B. Talbert, C. X. Zhong, R. K. Dawe, S. Henikoff,
and J. Jiang, “Chromatin immunoprecipitation reveals that the
180-bp satellite repeat is the key functional DNA element of
Arabidopsis thaliana centromeres,” Genetics, vol. 163, no. 3, pp.
1221–1225, 2003.

[49] E. K. Round, S. K. Flowers, and E. J. Richards, “Arabidop-
sis thaliana centromere regions: genetic map positions and
repetitive DNA structure,” Genome Research, vol. 7, no. 11, pp.
1045–1053, 1997.

[50] H. Thompson, R. Schmidt, A. Brandes, J. S. Heslop-Harrison,
and C. Dean, “A novel repetitive sequence associated with the
centromeric regions of Arabidopsis thaliana chromosomes,”
Molecular Genetics and Genomics, vol. 253, no. 1-2, pp. 247–
252, 1996.

[51] Z. Cheng, F. Dong, T. Langdon, et al., “Functional rice cen-
tromeres are marked by a satellite repeat and a centromere-
specific retrotransposon,” The Plant Cell, vol. 14, no. 8, pp.
1691–1704, 2002.

[52] Y. Zhang, Y. Huang, L. Zhang, et al., “Structural features of
the rice chromosome 4 centromere,” Nucleic Acids Research,
vol. 32, no. 6, pp. 2023–2030, 2004.

[53] E. V. Ananiev, R. L. Phillips, and H. W. Rines, “Chromosome-
specific molecular organization of maize (Zea mays L.) cen-
tromeric regions,” Proceedings of the National Academy of Sci-
ences of the United States of America, vol. 95, no. 22, pp. 13073–
13078, 1998.

[54] O. Kulikova, G. Gualtieri, R. Geurts, et al., “Integration of the
FISH pachytene and genetic maps of Medicago truncatula,”
The Plant Journal, vol. 27, no. 1, pp. 49–58, 2001.

[55] O. Kulikova, R. Geurts, M. Lamine, et al., “Satellite repeats in
the functional centromere and pericentromeric heterochro-
matin of Medicago truncatula,” Chromosoma, vol. 113, no. 6,
pp. 276–283, 2004.

[56] X. Xia, G. Selvaraj, and H. Bertrand, “Structure and evolu-
tion of a highly repetitive DNA sequence from Brassica napus,”
Plant Molecular Biology, vol. 21, no. 2, pp. 213–224, 1993.

[57] X. Xia, P. S. Rocha, G. Selvaraj, and H. Bertrand, “Genomic
organization of the canrep repetitive DNA in Brassica juncea,”
Plant Molecular Biology, vol. 26, no. 3, pp. 817–832, 1994.

[58] G. E. Harrison and J. S. Heslop-Harrison, “Centromeric repet-
itive DNA sequences in the genus Brassica,” Theoretical and
Applied Genetics, vol. 90, no. 2, pp. 157–165, 1995.

[59] K. B. Lim, T. J. Yang, Y. J. Hwang, et al., “Characterization of
the centromere and peri-centromere retrotransposons in Bras-
sica rapa and their distribution in related Brassica species,” The
Plant Journal, vol. 49, no. 2, pp. 173–183, 2007.

[60] J. C. Venter, H. O. Smith, and L. Hood, “A new strategy for
genome sequencing,” Nature, vol. 381, no. 6581, pp. 364–366,
1996.

[61] G. G. Mahairas, J. C. Wallace, K. Smith, et al., “Sequence-
tagged connectors: a sequence approach to mapping and scan-
ning the human genome,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 96, no. 17, pp.
9739–9744, 1999.

[62] K. M. Song, J. Y. Suzuki, M. K. Slocum, P. M. Williams, and T.
C. Osborn, “A linkage map of Brassica rapa (syn. campestris)
based on restriction fragment length polymorphism loci,”



Chang Pyo Hong et al. 9

Theoretical and Applied Genetics, vol. 82, no. 3, pp. 296–304,
1991.

[63] R. A. Teutonico and T. C. Osborn, “Mapping of RFLP and
qualitative trait loci in Brassica rapa and comparison to the
linkage maps of B.napus, B.oleracea, and Arabidopsis thaliana,”
Theoretical and Applied Genetics, vol. 89, no. 7-8, pp. 885–894,
1994.

[64] C. Kole, P. Kole, R. Vogelzang, and T. C. Osborn, “Genetic link-
age map of a Brassica rapa recombinant inbred population,”
Journal of Heredity, vol. 88, no. 6, pp. 553–557, 1997.

[65] J. S. Kim, T. Y. Chung, G. J. King, et al., “A sequence-tagged
linkage map of Brassica rapa,” Genetics, vol. 174, no. 1, pp. 29–
39, 2006.

[66] K. Suwabe, H. Tsukazaki, H. Iketani, et al., “Simple sequence
repeat-based comparative genomics between Brassica rapa and
Arabidopsis thaliana: the genetic origin of clubroot resistance,”
Genetics, vol. 173, no. 1, pp. 309–319, 2006.

[67] S. R. Choi, G. R. Teakle, P. Plaha, et al., “The reference genetic
linkage map for the multinational Brassica rapa genome se-
quencing project,” Theoretical and Applied Genetics, vol. 115,
no. 6, pp. 777–792, 2007.

[68] I. A. Parkin, A. G. Sharpe, D. J. Keith, and D. J. Lydiate, “Identi-
fication of the A and C genomes of amphiploid Brassica napus
(oilseed rape),” Genome, vol. 38, pp. 1122–1133, 1995.

[69] The International Human Genome Mapping Consortium,
“A physical map of the human genome,” Nature, vol. 409,
no. 6822, pp. 934–941, 2001.

[70] M. C. Luo, C. Thomas, F. M. You, et al., “High-throughput
fingerprinting of bacterial artificial chromosomes using the
SNaPshot labeling kit and sizing of restriction fragments by
capillary electrophoresis,” Genomics, vol. 82, no. 3, pp. 378–
389, 2003.



Plant Research Projects in Riken Institutes
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Plant Genomic Researches in Japan

Ministry of Education and Technology (MIXT)
National Universities
National Institutes NI for Basic Biology in Okazaki

NI of Genetics in Mishima
Riken Institutes

Plant Science Center
Genomics Science Center
Bioresource Center

Ministry of Agriculture
National Institute of Agrobiological Institute
providing funds to researchers at National Universities and Institutes

Ministry of Industry 
providing funds to researchers at National Universities and Institutes

Regional Government
Chiba … Kazusa DNA Research Institute
Okayama … RIBS

Private Organization
private universities
companies

Rice genomics

Arabidopsis metabolome analysis, genomics of Lotus japonicus

Collection of Arabidopsis tagged lines, 
Genome sequencing of Lotus japonicus



Riken Yokohama Campus

NMR facilities

Plant Science Center
Genomics Science Center





Genomic Function Research Group
Group director: Kiyotaka Okada (Kyoto Univ. and Riken PSC)
Forward genetics-based analyses of Arabidopsis

Laboratory for Interdisciplinary Analysis of Plant Development 
Team leader: Takuji Wada

Cell differentiation of epidermal cells … root hair development, 
trichome development, intercelllular signaling, etc.

Laboratory for Genetic Regulatory Systems
Team leader: Tatsuya Sakai

Signaling mechanism by environmental cues … phototropism, 
chloroplast relocation, mechanosensing, etc. 



Novel Culture SystemsNovel Culture Systems

Reverse GeneticsReverse Genetics

PlantPlant
MorphogenesisMorphogenesis

Gene ExpressionGene Expression
NetworkNetwork

IntracellularIntracellular
CommunicationCommunication

TotipotencyTotipotency
DedifferentiationDedifferentiation

CytodifferentiationCytodifferentiation
Cell DivisionCell Division

MicroarraysMicroarrays
Genome InformationGenome Information

Model SystemsModel Systems

Expressed Protein CatalogExpressed Protein Catalog

Expressed Gene CatalogExpressed Gene Catalog
Morphogenesis Research Group

Group director: Hiroo Fukuda
(Univ. Tokyo and Riken PSC)

Laboratory for Gene Regulation
Team leader: Taku Demura

Analysis of gene expression network in 
differentiation, de-differentiation, and 
transdifferentiation of plant cells using 
Zinnia transdifferentiation culture 
system, Arabiopsis, …

Laboratory for Structural Construction
Team leader: Ken Matsuoka

Analysis of intracellular membrane 
system and secretory system in plant 
cells.



Function Control Research 
Group
Group director: Shigeo Yoshida

Laboratory for Growth 
Regulation
Team leader: Shigeo Yoshida

Laboratory for Biochemical 
Resource
Team leader: Toshiya Muranaka



Environmental Plant Research Group
Group director: Isamu Yamaguchi

Laboratory for Remediation Research
Team leader: Isamu Yamaguchi

Laboratory for Adaptation and 
Resistance
Team leader: Hiroshi Hamamoto



Seed Germination

Shoot Growth

Flower Development

Flowering

Seed Development

Seedling

Lab. for Cellular Growth & Development

Lab. for Reproductive Growth
Life Cycle of Plants

Gibberellin Biosynthesis and Signaling
Regulation of Non-Mevalonate Pathway
Development of Seed Germination Technology

Regulation of Seed and Bud Dormancy
ABA Biosynthesis and Signaling
Accumulation of Secondary Metabolites in Seed

Growth Physiology Group

Dormancy

Time Break
1-1000 years

Dormant Seed

Gibberellin

Group Director: Yuji Kamiya
Team Leader: Yuji Kamiya

Team Leader: Eiji Nambara

Germinating Seed
Abscisic Acid



CO2

SO4
2-, NO3

-, NH4
+

S N

Signal Transduction and 
Gene Expression Through 
Two-Component System

Uptake and Transport of Nitrate, 
Ammonia and Sulfate 
Cytokinin as a Signal Transducer 
of Nitrogen Status

Compartmentation and 
Cross-talks of C, N, S 
metabolisms

Cell-to-Cell & 
Organ-to-Organ 
Signals

Metabolic Function Research Group
Innovative Research for Plant Cell Metabolic Engineering: 
Comprehensive Analysis of Signaling and Regulation of  
Inorganic Nutrient Assimilation and Primary Metabolisms

Lab for Metabolic 
Compartmentation

Lab for Communication 
Mechanisms

Towards Improvement of Metabolic Function and Crop Productivity

C

Team Leader:
Hideki Takahashi

Team Leader: 
Hitoshi Sakakibara

Group Director:
Tomoyuki Yamaya
(Tohoku U. and 
Riken PSC)



RIKEN Genomic Sciences Center (GSC)
Plant Functional Genomics Group

Objectives
• Saturated mutagenesis of Arabidopsis

T-DNA Tagging, Activation Tagging lines
Ac/Ds  transposon Tagging lines
others

• Mutant phenotype and gene function analysis
Mutant phenotype analysis
Gene knockout lines and identification of corresponding genes

• Analyses of full-length cDNA
Inventory of full-length cDNAs

Construction of full-length cDNA microarray
Structural and functional analysis of plant proteins

http://www.gsc.riken.go.jp/Plant/index.html

miki@postman.riken.go.jp





Database of mutant candidates 
from T1 generation of RIKEN 

activation tagging lines
Number of screened lines 40,000 lines

Number of mutant candidates 
(adult morphology)

1262 lines

Number of flanking sequences of 
T-DNA 

1065 sequences

Number of candidate genes 1923 loci

miki@postman.riken.go.jp



Rosette Plant hight Flower Branching

pale green 61 dwarf 190 stigma 0 bushy 133

dark green 70 semi-dwarf 276 petal 16 hyper APD 16

anthocyanin 18 tall 11 pedicel 5 fasiation 14

large leaves 134 Caulin leaves filament 1 type of influorescence 25

small leaves 207 no 0 sepal 3 short internode 45

long petiole 19 small 8 long internode 13

short petiole 28 large 46 Flowering

epinastic 203 many 36 Fertility very early 2

hyponastic 12 shape 8 Good 6 early 21

shape 98 others 0 low 217 late 31

round leaves 156 sterile 164 very late 1

narrow leaves 144 never 9

many leaves 188

few leaves 18

others 42

The category of phenotypes that 
was observed at T1 generation





Database constructed 
In collaboration with 
NEC Soft. Ltd.
(mutou@mxu.nes.nec.co.jp)



Activation tag line insertion site map
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RIKEN Genomic Sciences Center
Plant Functional Genomics Group

Ac/Ds transposon lines
Activation tagging lines

Full-length 
cDNAs

RIKEN
Bio Resources Center

http://www.brc.riken.go.jp/lab/epd/Eng/index.html



Protein function
(Biochemical analyses,
Transgenic analyses)

Gene annotation
(Full-length cDNA
Sequencing)

Expression profile,
Promoter analysis
(Full-length cDNA
microarray)

Protein structure
(X-ray crystallography,
NMR spectroscopy)

Full-length cDNA

Application of full-length cDNAs
to functional genomics



Table 1. Summary of 3’-end single-pass sequencing of RAFL cDNA clones
isolated from  A. thaliana full-length cDNA libraries

Library
No.

RAFL1

Plant Vector

λZap

No. of cDNA 
clones subjected
to clustering

256
223

1029
2030
6139

2591
2637

22929

Standard/
Normalization
Subtraction
Standard

Standard
Standard
Standard

Standard
Standard
Standard
Standard
Standard

Normalization

No. of
cDNA
groups

130
115
862

1461

2242

751
584

3368

339

22
72

Subtraction
Subtraction
Standard
Standard 13661
Standard
Subtraction

Subtraction
Subtraction
Subtraction

23302

25466
14035

1213
24951
12346

111 n.d.

2
5

1371
816

1227
452

41
970
502

RAFL2 λZap
RAFL3 λZap
RAFL4 λZap
RAFL5 λZap
RAFL6 λZap

RAFL7 λFLC-1-B
RAFL8 λFLC-1-B
RAFL9 λFLC-1-B

RAFL11 λFLC-1-B

155,144 RAFL cDNA clones were
clustered by mapping of the 3’-end
single-pass-sequencing data on the
genomic sequence.

>14,668 cDNA groups

1672

RAFL12 λFLC-1-E
RAFL13 λFLC-1-E
RAFL14 λFLC-1-E
RAFL15 λFLC-1-E
RAFL16 λFLC-1-E
RAFL17 λFLC-1-E

RAFL18 λFLC-1-ERAFL19 λFLC-1-E
RAFL21 λFLC-1-E

with dehydration and cold

stages and those subjected to 

NaCl) and ABA treatments.
Plants grown under dark 

stress (heat and UV), hormones
(ABA,auxin,ethylene, SA, JA, GA, 

Cold-treated leaves and stems 
Rosette plants
Dehydration-treated plants
Cold-treated plants
Dehydration-treated plants
Plants at various developmental
stages and those treated

Cold-treated plants
Dehydration-treated plants

Plants at various developmental 

various stress (dry, cold, and 

conditions. Siliques. 
Cold-treated plants
Dehydration-treated plants
Roots
Siliques and flowers
Dark-grown plants
Dehydration-treated plants.
Rehydration (After dry 10 hr)-

Cold-treated plants
Siliques and flowers
Plants that are treated with various

and cytokinin) and BTH.

Seki et al. (2002) Science 296:141-145.

Materials

with dehydration and cold

Plants at various developmental
stages and those treated

treated plants.



non-
predicted
identified
: 837

3,288 2,43711,394

Identified genes:17,956

“Reported 
EST or cDNA”
genes

Predicted genes:26,285

predicted 
unidentified: 9,286

17,119 identified
(16,999 predicted)

non-predicted 
identified: 837

“RAFL cDNA”
genes:14,668
(60% of all predicted
genes)

Seki et al. (2002) Science 296:141-145.



Full-Length cDNA Sequencing of RIKEN
ArabidopsisFull-Length cDNA (RAFL cDNA)
1. Collaboration with the Arabidopsis SSP group of the USA

Salk Institute (PI: Dr. J.R. Ecker)
Stanford Genome Technology Center (PI: Dr. R.W. Davis)
Plant Gene Expression Center (PI: Dr. A. Theologis)
a. Full-length cDNA sequences of 8,554 RAFL cDNA clones

were determined as of  March 25, 2002.
b. SSP and our groups are planning to do full-length cDNA

sequencing of ca. 12,000 RAFL cDNA clones.

3. After  determination of full-length cDNA sequences, the RAFL
cDNA clones will be distributed from RIKEN Bioresource cente
and ABRC.

2. We are also planning to do full-length cDNA sequencing of
ca. 2,000 RAFL cDNA clones.



Expression profiling using full-length cDNA microarray 
(Ver.2) containing ca. 7,000 full-length cDNA clones

1. Abiotic Stress (Drought, Cold, High-Salinity)
2. Biotic Stress (Pathogen Attack, SA, JA)
3. Light Conditions
4. Mutants, Transgenic Plants 

Now, we are constructing a new full-length cDNA 
microarray (Ver. 3) containing ca. 15,000 full-length 
cDNA clones and will study expression profiles.



Studies on functions and structures of proteins:

1. Transgenic plants
2. Construction of protein catalogs using wheat germ 

cell-free protein synthesis system (in collaboration with 
Dr. Endo’s group)

3. X-ray crystallography and NMR spectroscopy
(in collaboration with Dr. Yokoyama’s group)  



 
   
 
 
 
Separation of Plant Pigments by Paper Chromatography 
 
 In a previous experiment you have seen how differences in the polarity of 
molecules can enable their separation through a process called chromatography. The 
name of the process indicates that originally it was a method having something to do 
with color. In gas or vapor phase chromatography this origin is obscured but in this 
experiment it is evident. 
 
 Anyone who has ever played on grass or had an unplanned encounter with a 
bush knows that plants contain pigments which adhere to varying degrees to fabric 
(and skin!). The fact that a small industry has risen up in aid of attempts to remove 
stains like these and many others shows that not all of the molecules can be treated in 
the same way if their removal is desired. Part of the reason behind that is different 
fabrics and the varying polarity of their molecules. The constituent fibers of cotton, 
for example, are very different from those of silk or synthetics like rayon. The plant 
pigments themselves also have varying polarities and so there are a number of 
possible combinations to address in stain removal. 
 
 The point of this experiment is not to develop a wash-day solution to all 
your grass stain problems but rather to look at the polarity of some of the common 
pigments in plant leaves (specifically common ivy) and how that polarity affects 
their interactions with the cellulose fibers in paper and a few solvents. 
 
 In paper chromatography substances are applied to a piece of absorbent 
paper. A solvent is then allowed to move through the  applied substance. Sometimes 
the motion is radial, sometimes descending, sometimes (as in this experiment) 
ascending. In all cases the "wicking" action of the paper disperses the solvent in a 
particular direction and depending on the solubility of the applied substance, may 
move it along as well. This kind of effect can easily be seen with an ordinary water-
based marking pen and a piece of paper toweling. 
 
 In many applications of paper chromatography the interaction of the paper, 
solvent and applied substance is very complex. The stationary phase would seem by 
simple logic to be the paper and the mobile phase which moves the applied substance 
along would seem to be the water. However, water can hydrogen bond with the 
cellulose in paper and in cases where the solvent is an aqueous solution, the water on 
the paper is often considered the stationary phase! The interpretation of such 
experiments in terms of the polarity of substances is often very difficult. 
 
 
 

 In order to avoid such problems, we have chosen a non-aqueous solvent 
system for this experiment. One of the solvents is petroleum ether, a mixture of non-
polar compounds including pentane, C5H12, hexane, C6H14, and 2-methylhexane, 
C7H16. Because of the inherent symmetry at each carbon of the molecules, the only 
significant intermolecular forces in these hydrocarbons are dispersion forces: 

                     
 
In contrast, 2-propanone (acetone), C3H6O, has a structure in which an oxygen atom 
on the center carbon of the three-carbon chain creates a definite molecular dipole: 

           
 

Unlike these small molecules, the cellulose in paper is a polymer (made up of many 
repeating unit structures connected as shown by the shaded oxygen atoms): 
 

 
 
In the diagram above each vertex is occupied by a carbon atom which is not 
explicitly shown. The most important characteristic of this huge structure (which 
extends out at both "ends" shown here) is the presence of the -OH groups that permit 
hydrogen bonding and other strongly polar interactions. 
 
 There are many different pigments in plant parts. Most are large molecules 
with hydrocarbon skeletons like that in cellulose. With such large molecules it is 
often difficult to make judgments about polarity. So for this experiment we have 
selected four compounds with distinct structural features. These compounds are 
present in relatively large amounts in ivy leaves and they also have characteristic 
colors which are easily seen in a simple chromatogram.  
 
 
 
 

The aim of science is to extend 
our thinking and reduce it to order. 
  --Niels Bohr 

O 



chlorophyll a 
 

 
chlorophyll b 

 

 
β-carotene 

 

 
xanthophyll 

 
The two forms of chlorophyll are identical except for the boxed part in chlorophyll b. 
Both compounds have a number of oxygen atoms on their hydrocarbon skeletons and 
that renders them somewhat polar. The additional structure on the b form is of 
interest in this experiment. 

β-carotene and xanthophyll are also identical except for the boxed structures on the 
xanthophyll. The β-carotene molecule is essentially non-polar, having only a 
hydrocarbon skeleton like hexane (although much more complex). The additional 
structures on the xanthophyll molecule should give it different properties. 
 
 In this experiment you will apply these plant pigments from ivy leaves to 
strips of chromatography paper. The strips will then be suspended in the two solvents 
already mentioned (petroleum ether and 2-propanone) as well as mixtures of the 
solvents. The pure solvents will readily distinguish between the polar and non-polar 
molecules. Petroleum ether should dissolve the non-polar compounds and move 
them along the paper.  
 

2-propanone should dissolve the polar compounds and move them along the 
paper. Different degrees of polarity may be discerned by the gradual separation of 
compounds as they are carried along the paper. The more soluble (i.e., more polar) 
substances should move more closely with the solvent front, others will lag behind a 
little. Because cellulose itself is polar there may be some interaction with the polar 
pigment molecules but these should be considered minimal compared to the 
interaction with the 2-propanone. 
 
 The mixed solvents may suggest an "optimum" mixture in which it should 
be possible to achieve a nearly complete separation of all four compounds as well as 
further illuminate the differing polarities of the pigments. 
 
 
 
You will be provided with the following materials: 
 
           1. five strips of chromatography paper 
           2. five test tubes w/rack and rubber stoppers 
 3. petroleum ether, 2-propanone 
 4. fresh ivy leaves 
 5. forceps 
 6. ruler 
 
Design an experiment to determine the mobility of plant pigments in various solvent 
mixtures using ascending paper chromatography. [see Technique] 
 
 
 
 
 
 
 
 
 

Preparing to experiment 



 
 
 
 
1. Applying the pigments 
 
 You should make a pencil line about 1 cm from the end of each strip. This 
is where the pigments will be applied. The idea is to not have them sitting in the 
solvent when they are placed in the test tubes. 
 
 To apply the pigments, place an ivy leaf, top side down, directly on a strip 
so you can just see where the pencil line is and roll a large coin (a quarter is 
excellent) firmly across the leaf, pressing pigment onto the paper. Choose a fresh 
surface of the leaf and repeat this for the other strips. Then return to the first strip and 
apply more pigment in the same place. Do this about 5-10 times on each strip, 
allowing some time for the lines of pigment to dry in between applications. The 
pigment stain must be TOTALLY dry before running the chromatogram. 
 
2. Preparing solvent mixtures 
  
 You only need a small amount of liquid in each test tube--enough to run up 
the paper strip but not so much as to have the applied pigment line sit in the liquid 
during the experiment. 20 drops total should be adequate. For the mixtures you can 
use drop ratios to approximate the following (listed as volume acetone : volume 
petroleum ether): 6:14, 4:16, 2:18. 
 
3. Developing the chromatograms 
 
 This is the easy part. Draw a second pencil line about 1 cm from the end the 
strip opposite to where the pigments have been applied,. Label each strip for the 
solvent mixture. After placing the strips in the appropriate test tubes, stopper the 
tubes and wait until the solvent has reached the upper pencil line. Remove the strips 
from the test tubes and allow them to dry. In the meantime empty your test tubes into 
the beakers in the fume hood. The spots have a tendency to fade when exposed to 
light so you might want to circle them (pencil) and maybe make a few notes before 
leaving the lab. 
 
 
 
 
 
 
 
 
 
 

 
 
 
These questions should be answered in your laboratory notebook following your data 
and observations. 
 
[In most chromatograms of this sort β-carotene is an intense yellow while 
xanthophyll is a very pale yellow. The chlorophylls will be green, with b being 
somewhat “dirty” or olive green). It might also be helpful to note here that when 
molecules have similar polarities but very different sizes, the larger molecule will 
typically move more slowly in chromatography.] 
 
1. Examine the strip which was developed with pure petroleum ether. Which 
pigment(s) appear(s) to have traveled the farthest? Explain briefly. 
 
2. Examine the strip which was developed with pure 2-propanone (acetone). Which 
pigment(s) appear(s) to have traveled the farthest? Explain briefly. 
 
3. Select the strip developed in the mixture which shows the best separation of the 
four pigments. What is the solvent ratio? Considering the introductory remarks 
above and your answers to (1) and (2), explain briefly the order of the pigments. 
 
4. Attach your five chromatograms to your lab report using scotch tape. DO NOT 
use staples! 
 
 

Technique Analysis



SEPARATION OF PLANT PIGMENTS USING CHROMATOGRAPHY  

 Purpose:  

Why are most plants green?  Why do the leaves of some trees turn from green to orange or yellow in autumn?  This experiment will 
help shed some light on this subject.  Although most plant leaves appear green to our eyes, several pigments of different color are 
usually present in the chloroplasts. In the flowering plants (angiosperms), chlorophylls a and b provide the green color and absorb the 
light energy needed for photosynthesis.  However, other accessory pigments, such as yellow xanthophylls and orange carotenes are 
also present in the chloroplasts and collect additional light energy for photosynthesis. The purpose of this experiment is to identify 
plant pigments by separation and isolation of the pigments using thin layer paper chromatography.  

 Paper chromatography is a useful technique in the separation and identification of different plant pigments.  In this technique, the 
mixture containing the pigments to be separated is first applied as a spot or a line to the paper about 1.5 cm from the bottom edge of 
the paper.  The paper is then placed in a container with the tip of the paper touching the solvent.  Solvent is absorbed by the 
chromatographic paper and moved up the paper by capillary action.  As the solvent crosses the area containing plant pigment extract, 
the pigments dissolve in and move with the solvent. The solvent carries the dissolved pigments as it moves up the paper. The pigments 
are carried along at different rates because they are not equally soluble.  Therefore, the less soluble pigments will move slower up the 
paper than the more soluble pigments.  This is known as developing a chromatogram.  

 The distance traveled by a particular compound can be used to identify the compound. The ratio of the distance traveled by a 
compound to that of the solvent front is known as the R  value; unknown compounds may be identified by comparing their R 's to the 
R 's of known standards. 

f f

f

  

   

Procedures:  

 Day before the lab - Tear fresh spinach leaves and place in a glass container, cover with acetone to extract lipid soluble pigments.  
Cover the glass container to keep the acetone from evaporating.  Set aside until day of the lab experiment. 

 Day of the lab – Pour acetone and spinach solution through filter paper.  Place pigment solution in a corked bottle.  Follow directions 
listed in the lab worksheet on the next page.  

 CAUTION: Acetone is flammable (even the amount found in nail polish remover), keep it away from sparks or open flame and 
wear eye protection.  Lab may be done under a vent hood, but beakers containing acetone must remain covered and students 
should avoid direct inhalation of fumes.  



 

SEPARATION OF PLANT PIGMENTS USING CHROMATOGRAPHY  

1.   Each lab group (or individual if not working in groups) will need 
one strip of filter paper, approximately 6 inches long and 1 inch wide, cut 
to a point at the bottom and a glass beaker that will serve as a chromatography development chamber, a large rubber band (able to 
stretch lengthwise around the chamber from the mouth to the bottom of the vessel), enough acetone (nail polish) to completely cover 
the bottom of the chamber. 

2.   Place the acetone in the beaker and stretch a rubber band length-wise around each vessel. The rubber band will be the mechanism 
for hanging the chromatography strips. 

3.   Make a pencil mark on the chromatography strip, in the center, directly above the point of the strip, 1.5 cm from the tip of the 
paper. Using a capillary tube, or a small paint brush, apply pigment solution to the strip. This is done by touching capillary tube or the 
brush which has been dipped in the pigment, to the pencil mark. Make an application then wave the paper gently to dry it a little (or 
use a hair dryer) before the next application. Be patient, you will need 12 to 15 applications. 

4.   After you have applied the pigment solution, suspend the paper in the beaker.  Make sure that the paper does not touch the side of 
the beaker.  You can attach it to the rubber band with a paper clip, or simply fold over a portion of the end and it should hang in place. 
The tip of the strip should just touch the solvent.  Cover the beaker with aluminum foil and place under a vent hood to minimize fumes 
and protect the experiment. 

 5.   Wait 20 to 30 minutes for the chromatogram to develop. Remove the 
chromatogram. Be careful to handle the paper using the paper clip or by the top fold.  

 Results: 

 1.  Mark with a pencil (NOT a pen) where the solvent stopped as it moved up the chromatogram. This is called the solvent front.  
Also mark in pencil where each pigment stopped moving up the chromatogram.  

 2.  Assign a reference number for each pigment band on the chromatogram.  You should see greens, yellow, and yellow-orange.  
Using a metric ruler, measure the distance each band and the solvent moved from the initial line of pigment and record data in Table 1.  

 Table 1.   Distance moved by Pigment Band (in millimeters) 

   

Band Number Distance (mm) Band Color 
1     
2     



3                                                                    
4     
5     

Distance Solvent Front Moved _________________  

 3.  The relationship of the distance moved by a pigment to the distance moved by the solvent is a constant called Rf . It can be 
calculated for each of the four pigments using the formula. 

 

Record your Rf values in Table 2. 

Table 2.   Rf calculations for pigments. 

___________________________ = Rf for carotene (yellow to yellow -orange) 
___________________________ = Rf for xanthophyll (yellow) 

___________________________ = Rf for Chlorophyll a (bright green to blue green) 

___________________________ = Rf for Chlorophyll b (yellow green to olive green) 
 

leaf pigments color 
carotenes golden 

pheophytin  olive green 

chlorophyll a blue green 

chlorophyll b yellow green 

lutein  yellow  

violaxanthin yellow 

neoxanthin yellow 
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Catabolic Alanine Racemase from Salmonella typhimurium: DNA 
Sequence, Enzyme Purification, and Characterization+ 
Steven A. Wasserman,t Elisabeth Daub, Paula Grisafi, David Botstein, and Christopher T. Walsh* 

ABSTRACT: The alanine racemase encoded by the Salmonella 
typhimurium dadB gene was purified to 90% homogeneity 
from an overproducing strain. At 37 OC the enzyme has a 
specific activity of 1400 units/mg (V,,,, L- to D-alanine). 
Active enzyme molecules are monomers of Mr 39 OOO with one 
molecule of pyridoxal 5'-phosphate bound per subunit. The 
Km's for L- and D-alanine are 8.2 and 2.1 mM, respectively. 

A l a n i n e  racemases (EC 5.1.1.1) are enzymes unique to 
prokaryotic organisms that interconvert L- and D-alanine 
(Wood & Gunsalus, 195 1). As the sole-identified biosynthetic 
sources of D-alanine for bacterial cell wall assembly, they have 
been seen as particularly suitable targets for antibiotic research 
(Park, 1958). Recently developed drugs, halogenated deriv- 
atives of D-alanine and phosphoalanine-containing dipeptides, 
appear to act predominately, if not solely, by blocking the 
racemization of L- to D-alanine (Kollonitsch et al., 1973; 
Manning et al., 1974; Allen et al., 1978; Atherton et al., 1979). 
Further design and development of racemase-directed anti- 
bacterials and, in particular, of agents with more selective 
toxicity would be greatly facilitated by a detailed description 
of the chemistry and geometry of the active site of an alanine 
racemase. 

Although several alanine racemases have been detected, few 
have been investigated in detail [for reviews see Adams (1972, 
1976)l. The enzyme from Pseudomonas putida is unstable 
when pure (Adams et al., 1974), that from Pseudomonas sp. 
3550 is poorly characterized (Free et al., 1967), and that from 
P .  striata is uniquely nonspecific for alanine (Soda & Osumi, 
1969). Furthermore, the cofactor requirement of the enzyme 
purified from Bacillus subtilis is unclear (Diven et al., 1964; 
Babu, 1974; Yonaha et al., 1975). Of the purified alanine 
racemases, only that from B. subtilis has an experimentally 
defined role in alanine metabolism (Berberich et ai., 1968). 

We have recently described an alanine racemase in Sal- 
monella typhimurium that is essential only for L-alanine ca- 
tabolism, providing substrate for a D-specific alanine de- 
hydrogenase (encoded by the dadA gene) (Wasserman et al., 
1983). This enzyme, the major source of intracellular alanine 
racemase activity, is probably a secondary source of D-alanine 
for cell wall biosynthesis. However, because alanine racemases 
can detoxify many agents directed against D-alanine metab- 
olism (Wang & Walsh, 1978), the action of this enzyme is 
relevant to antibiotic research. We now describe the purifi- 
cation of the S .  typhimurium enzyme encoded by the dadB 
gene, made possible by overproduction from a cloned gene. 

From the Department of Biology and Chemistry, Massachusetts 
Institute of Technology, Cambridge, Massachusetts 02139. Receiued 
January 31, 2984. This work was supported in part by National Science 
Foundation Grant 7922610-PCM to C.T.W. and by Public Health 
Service Grants GM18973 and GM21253 from the National Institutes 
of Health to D.B. S.A.W. was supported in part by a National Science 
Foundation predoctoral fellowship. 

*Present address: Department of Molecular Biology, University of 
California, Berkeley, CA 94720. 
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Measurement of turnover numbers yielded the expected Kq 
value of 1 .O. Determination of 22 of the 25 N-terminal amino 
acid residues of the purified polypeptide allowed localization 
of cloned DNA encoding the structural gene. Sequencing of 
subcloned DNA revealed that the dadB gene encodes a po- 
lypeptide of 356 amino acids whose calculated molecular 
weight (apoenzyme) was 39 044. 

We also report the physical and kinetic characterization of 
the racemase as well as its primary structure as predicted by 
DNA sequencing. 

Materials and Methods 
Measurement of Enzymatic Activity. All assays were 

performed at 37 "C. A unit of enzyme was that amount which 
catalyzed the formation of 1 pmol of product/min. Activities 
were measured by the continuous, coupled, spectrophotometric 
assays of Wang & Walsh (1978), except that CHES' buffer 
(100 mM, pH 9.2) was substituted for potassium phosphate. 
The coupling enzyme D-amino acid oxidase (DAAO) was 
purified from frozen hog kidneys by the method of Jenkins 
and co-workers (Jenkins et al., 1979). To follow the course 
of racemase purification, activity was measured solely in the 
L to D direction: product D-alanine was converted by D-amino 
acid oxidase to pyruvate, which was in turn reduced by lactate 
dehydrogenase and NADH; the loss of absorbance at 340 nm 
was followed. 

For kinetic studies of purified enzyme, activity was also 
measured in the D- to L-alanine direction: product L-alanine 
was converted to pyruvate with L-alanine dehydrogenase and 
NAD; the increase in absorbance at 340 nm was monitored. 
Racemase activity toward amino acids other than alanine was 
assayed with a Clark O2 electrode calibrated by DAAO ox- 
idation of D-alanine. The reaction mixture contained 0.5 unit 
of DAAO and 20 units of catalase in 1 mL of CHES buffer 
(100 mM, pH 9.0). 

Purification of Alanine Racemase. Alanine racemase was 
purified by a five-step procedure modified from that of Wang 
& Walsh (1978). All steps were performed at 4 "C except 
where noted. Buffers contained 0.5 mM EDTA and M 
pyridoxal phosphate (PLP); columns were packed and run by 
gravity feed. During purification peak column fractions were 
identified by assay of racemase activity or by monitoring the 
ratio of absorbance at 280 and 420 nm. 

Cell Growth. Bacteriophage P22 was used to transduce 
plasmid pSW12 into DB9071, a prototrophic strain of S .  
typhimurium, by methods previously described (Wasserman 
et al., 1983). Strain DB9071/pSW12 was grown to saturation 
in M9 minimal medium (Miller, 1972) with 1% casamino acids 
(Difco) as carbon source and 25 pg/mL ampicillin. Cells were 
collected by centrifugation and chilled to 4 O C .  A total of 
30-50 g of cell paste was used in a single purification. 

Abbreviations: CHES, 2-(N-~yclohexylamino)ethanesulfonic acid; 
EDTA, ethylenediaminetetraacetic acid; kb, kilobase. 

0 1984 American Chemical Society 
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Cell Lysis. Cells were washed in 50 mM sodium phosphate 
buffer (pH 8.0) containing 1.4 mM ,&rnercaptoethanol @ME). 
The washed cells were centrifuged and resuspended in 5 
volumes of the same buffer and sonicated. Following dis- 
ruption, the extract was clarified by centrifugation. 

Protamine Sulfate Precipitation. One-fifth volume of 2% 
protamine sulfate (pH 7) was slowly added to the clarified 
supernatant. The suspension was stirred for 15 min and 
centrifuged at 25OOOg for 20 min, and the pellet was discarded. 

Hydrophobic Affinity Chromatography. The resulting 
supernatant was diluted with one-fourth volume of buffer (20 
mM sodium phosphate, pH 8.0, 1.4 mM BME, 4 M NaCl) 
and loaded at 60 mL/h on a 250 mL phenyl-Sepharose (LKB) 
column (4.4 X 16 cm) preequilibrated with the same buffer 
containing only 0.8 M NaCl. The column was washed with 
1 L of the preequilibration buffer, and the enzyme activity was 
then eluted with a convex gradient consisting of 500 mL of 
the initial (preequilibration) buffer and 1 L of the final buffer 
(20 mM sodium phosphate, pH 8.0, 1.4 mM BME, 30% gly- 
cerol). The gradient was run at 80 mL/h, and 15-mL fractions 
were collected. Peak fractions were pooled and concentrated 
5-fold by ultrafiltration (Amicon apparatus, PMlO mem- 
brane). The concentrate was then diluted with 3 volumes of 
ethylenediamine buffer (20 mM, pH 7.0) containing 10% 
glycerol. 

Ion-Exchange Chromatography. The diluent was loaded 
at a flow rate of 10 mL/h onto an 80-mL DEAE-Sephacel 
(Pharmacia) column (2.5 X 16 cm) preequilibrated with 
ethylenediamine buffer. The column was washed with 3 bed 
volumes of the same buffer containing 50 mM NaCl, and the 
enzyme was eluted with a 400-mL (total volume) linear gra- 
dient of 50-225 mM NaCl (25 mL/h flow rate). Fractions 
(2.5 mL) of the highest specific activity were pooled and 
concentrated by ultrafiltration. 

The concentrate (1-2 mL) from the 
DEAE-Sephacel column was loaded onto a 180-mL Ultrogel 
AcA54 (LKB) column (1.6 X 90 cm) preequilibrated with gel 
filtration buffer (50 mM sodium phosphate, pH 8.0, 10% 
glycerol). Protein was eluted at a flow rate of 6 mL/h. 
Fractions (2.0 mL) containing purified enzyme were pooled 
and stored at -70 OC. 

Polyacrylamide Gel Electrophoresis. Analytical sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) was carried out as described by Laemmli (1970) and 
modified by Ames (1974). Scanning with laser densitometry 
of gel proteins visualized with Coomassie brilliant blue indi- 
cated that the enzyme was approximately 90% pure. Carbonic 
anhydrase (M,  31 OOO), creatine kinase (M, 42000), ovalbumin 
(M,  43 OOO), catalase (M,  57 500), and bovine serum albumin 
(M,  68 000) were used as standard calibration proteins. Plots 
of molecular weight vs. R,in 10 and 12% gels indicated that 
the dadB subunit molecular weight is between 38 500 and 
40 000. 

Native Molecular Weight Determination. The native mo- 
lecular weight of the enzyme was determined by gel filtration 
chromatography using the column and conditions described 
above. The void volume was determined with blue dextran 
2000 (Pharmacia). Standard proteins were cytochrome c (M, 
12 300), myoglobin (M,  17 000), carbonic anhydrase (M,  
31 000), ovalbumin (M,  43 000), and bovine serum albumin 
(M,  68 OOO). From plots of molecular weight vs. K,,, the dadB 
alanine racemase was seen to elute with an apparent molecular 
weight of 50 000. 

Pyridoxal 5’-Phosphate Determination. Pyridoxal 5‘- 
phosphate was determined by the fluorometric method of 

Gel Filtration. 
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Adams (1979) by using a Perkin-Elmer LS-3 fluorescence 
spectrophotometer. The enzyme solution used contained 200 
pg/mL (corrected concentration; see below) alanine racemase. 
The PLP content was found to be 4.5 nmol/mL. Using a 
molecular weight of 39 000 and taking into account that the 
racemase was 90% pure, the PLP content was calculated to 
be 0.98 molecules/monomer. 

Subcloning of dadB Alanine Racemase Gene. To facilitate 
DNA sequencing of the dadB gene in plasmid pSWl2 
(Wasserman et al., 1983), this plasmid was further subcloned 
by using DNA manipulations as described by Davis et al. 
(1980) and by Maniatis et al. (1982), as illustrated in Figure 
2 (top). The first step was to delete the 2.7-kb NdeI-NdeI 
fragment covering the junction between pBR322 DNA and 
the DNA 5’ to the dadB gene. DNA from pSW12 was di- 
gested with NdeI, phenol extracted, precipitated with ethanol, 
and then ligated at low DNA concentration (3 pg/mL). It 
was then recut with PvuII to destroy the integrity of any 
plasmids retaining the 2.7-kb fragment. The digestion mixture 
was used to transform Escherichia coli strain HBlOl (Shortle 
et al., 1980) to ampicillin resistance. Plasmid pSW30, which 
lacks the 2.7-kb fragment, was identified by restriction analysis 
of one such transformant. 

Subsequently, the 0.4-kb SalI-Hind111 fragment of S .  
typhimurium DNA that had been 3’ to the dadB insert was 
removed. DNA from pSW30 was restricted with Hind111 and 
SalI, phenol extracted, and ethanol precipitated. The ends 
were filled in with the large (Klenow) fragment of DNA 
polymerase and deoxynucleotide triphosphates. The polym- 
erase was heat inactivated and the DNA ligated at 2 pg/mL 
DNA concentration. The ligation mixture was cut with SalI 
to linearize any plasmids in which the SalI site had not been 
destroyed, and this DNA was used to transform E. coli strain 
BNN45 (Davis et al., 1980) to ampicillin resistance. Re- 
striction analysis of transformant DNA allowed identification 
of strains bearing plasmids missing the 0.4-kb SalI-Hind111 
fragment. One milligram of one such plasmid, pSW3 1, was 
prepared and used for DNA sequencing. 

DNA Sequence Analysis of the dadB Region. Restriction 
fragments of plasmid pSW12 or pSW31 were 3’ end labeled, 
usually by using deoxynucleotide [~~-~~P]triphosphates and the 
large fragment of DNA polymerase I (Maniatis et al., 1982). 
On some occasions 3’ end labeling utilized cordycepin 5’-[a- 
32P] triphosphate and terminal transferase as described by Tu 
& Cohen (1980). Labeled DNA was eluted from poly- 
acrylamide gels by grinding in buffer (Maxam & Gilbert, 
1980) or by electroelution. Sequences of labeled fragments 
were determined by the chemical cleavage method of Maxam 
& Gilbert (1 980) utilizing their G, T+C, and C reactions and 
an A+G reaction using formic acid (Maniatis et al., 1982). 

Results 
Enzyme Purification. The S .  typhimurium dadB alanine 

racemase was purified from cells containing the plasmid 
pSW12, which carries the cloned dadB gene, as well as the 
ampicillin resistance gene and origin of replication from 
pBR322. Exponential phase cells bearing pSW 12 produce 
20-30-fold higher levels of the dadB gene product than pa- 
rental cells (Wasserman et al., 1983). 

Table I traces the course of a typical enzyme preparation 
in which the S .  typhimurium alanine racemase was purified 
300-fold from crude extract with a 36% final recovery. During 
purification protein was determined with the folin phenol 
reagent (Lowry et al., 1951). However, quantitative amino 
acid analysis of the final preparation indicated that, for the 
purified alanine racemase, the folin phenol method may ov- 
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Table I: Summary of dads Alanine Racemase Purification 
sp act. purification 

procedure/fraction volume (mL) activity (units) protein (mg)" (units/mg) (x-fold) yield (9) 
l00000g supernatant I50 11000 37511 3.0 

phenyl-Sepharose pool I30 9100 78 I20 40 76 

Ultrogel AcA54 pool 11.7 4300 4.7 910 300 36 

protamine supernatant 216 l2000 3020 4.0 1.3 100 

DEAE, Amicon pool 1.85 4600 12 390 130 38 

'Protein was determined with the folin phenol reagent (Lowry et al., 1951). For the purified racemase the protein concentration determined by 
the folin phenol method was 1.5-fold tw high (see text). Therefore, the correct final specific activity was 1400 units/mg (50 mM L-alanine sub- 
strate), and the final yield of protein was 3.1 mg. 

(METl-THR-(ARGl-PRO-lLE-GLN-ALA-SER-LEU-ASP-LEU~GLN~VAl 

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3  

MET-LYS-GLH-ASN-LEU-ALA-ILE-VAL- (ARG ,ARG I-ALA-ALA 

14 15 16 17 18 19 20 21 22 23 24 25 

FIGURE 1: Amino-terminal sequence of the purified dadB racemase. 
Residues not in parentheses were identified in each of two sequence 
determinations by automatic Edman degradation of 0.7 nmol of 
enzyme (Putney et al.. 1981). The sequence thus determined (des- 
ignated residues 2-25) wntained three undetermined residues. The 
fractional (O.OS4.lS) amount of methionine present at the amino 
terminus was revealed by dansylation. Assignment of the three 
undetermined residues as arginines was made on the basis of the DNA 
sequence. 

emtimate protein concentration by as much as 1.5-fold. When 
this corrected concentration was used, the racemase specific 
activity was calculated to be 1400 units/mg at pH 9.2 with 
50 mM L-alanine as substrate. 

Physical and Kinetic Characterization. Comparison of the 
denatured (39 000) and native (50000) molecular weights 
clearly indicates that the active enzyme, as isolated, is mo- 
nomeric. By use of a molecular weight of 39000, one PLP 
molecule was bound per enzyme monomer, as determined by 
the fluorometric method of Adams (1979). Although pyri- 
doxal 5'-phosphate (PLP) was included in the purification 
procedure, its presence had no effect on the Azso/A420 ratio 
for the purified enzyme. The extinction coefficient at 420 nm 
was calculated to he 10000 M-I cm-', within the range ex- 
pected for the SchifPs base formed between PLP and an active 
site lysine (Snell & DiMari, 1972). The amino-terminal se- 
quence of the purified dadB alanine racemase is shown in 
Figure 1. Greater than 90% of the amino-terminal methionine 
was apparently removed in vivo. The amino-terminal protein 
sequence was used in conjunction with DNA sequence data 
to precisely locate the dadB gene in a plasmid subclone (see 
below). 

The Haldane relationship (Briggs & Haldane, 1925) pre- 
dicts that 

K,(D-Ala) V,,(L-Ala) 
K,(L-Ala) V,..(D-Ala) 

Kc4 = = I  

for the chemically symmetric reaction L-alanine - palanine. 
The following k, and V , ,  values were calculated from dou- 
ble-reciprocal plots by using data obtained at  pH 9.2 in 100 
mM CHES buffer: for L-alanine, k, = 8.2 mM and V,,, = 
1500sd; for o-alanine, k, = 2.1 mM and V,,, = 380 s-I. 
When these values were used, the calculated Kop for alanine 
racemization was 1.01, in close agreement with the theoretical 
value. Relative activities toward alternative substrates (20 
mM) measured at pH 9.0, relative to L-alanine (1.0). were as 
follows: L-norvaline, 0.06; L-serine, 0.02; L-lysine, <0.01; 
L-a-aminobutyrate, <0.01. 

When frozen at  -70 OC in buffer containing 10% glycerol, 
the enzyme retained greater than 90% of its initial activity for 

I _ _ - - -  ._-- 
---p*w3, 

I ,  ' __- -  I 0.dB 

k o R l  Nd.l LCO R I  

I-lkb-, I 8 I I I 

c c  *d. I 

C t  A sp9 
i" 
c c -  c - cc- +c- c c  
..dB - -- ----A - --- +- 

-+ d- 

l ~ ~ ~ ~ ! ~ ~ I ~ J ~ ~ ~ ( ! ~ ~ ' ' ! ~ I I I I  - 6.b 

FIGURE 2 (Top) Derivation of dadB subclone from pSWI2. Dia- 
grammatic representation of the two-step construction of plasmid 
pSW31 from pSW12 showing location and orientation of dadB gene. 
Blackened regions indicate pBR322-derived DNA. Shaded region 
represents S.  typhimuriurn DNA that, although subcloned with dadB, 
was derived from a nonadjacent piece of genomic DNA. (Bottom) 
DNA sequencing scheme for S .  typhimuriurn dodB region. Vertical 
arrows indicate the ends of the pSW31 Son-Ndel cloned insert. The 
position and extent of sequence derived from the reaction of a sin- 
gle-labcled fragment is represented by a small horizontal arrow. 
Sequence was determined from the 3' end of each fragment, starting 
from the mint marked bv the tiD of the arrowhead (scale indicated). 

t 

The large'horizontal arrow illuitrates the size and drientation of the 
dadB coding region. 

a t  least 2 years. Enzymatic activity was stable in 30% am- 
monium sulfate but was irreversibly diminished by exposure 
to ammonium sulfate concentrations near or above 40%. where 
precipitation occurred. 

Enzyme Inactivation. Both isomers of 8-fluoroalanine in- 
activated the racemase in a time-dependent manner. This 
enzyme inactivation by suicide substrates is examined in detail 
in an accompanying paper (Badet et al., 1984). 

Subcloning and DNA Sequencing of the dadB Region. 
Initial MaxamGilbert sequencing used fragments of pSW12 
generated by digestion with restriction enzymes recognizing 
six-base sequences. The gene was located and oriented by 
using the amino-terminal sequence, and the dadB region was 
accordingly subcloned as a 2.4-kb fragment in the pBR322- 
derived plasmid pSW31 (Figure 2, top) to facilitate fragment 
isolation. By use of restriction enzymes recognizing six-, five-, 
or four-base sequences, sequencing of the insert was completed 
on both strands and across all restriction sites. The sequence 
scheme is shown in Figure 2 (bottom). 

dadB Amino Acid Sequence and Composition. The se- 
quence of the dads gene with translated polypeptide is shown 
in Figure 3. The gene was found to be 1068 bp in length, 
encoding a protein of 356 amino acids. The predicted ami- 
no-terminal protein sequence exactly matched that obtained 
from sequencing of the purified gene product (Figure 3). The 
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YET ASP YET LEU ALA VAL ASP LW lWR PRO CYS PRO GLN ALA GLY ILE GLY 181 PRO VAL 
A T G G A T A T G C T G G C G G T G G A T T T G A C G C C G T G T C C G C A G G C G G G A A T C G G C A C O C C G G T T  

910 920 930 940 950 960 

G U  LEO IPP GLY LYS GLO ILE LYS VAL ASP ASP VAL ALA SEP ALA ALA GLY TUP LEU GLT 
G A A T T A T G G G C C A A A G A A A T T A A G G T C G A T O A T G T C O C T T C T G C G G C A G G C A C G C T G G G C  

970 980 990 1000 1010 1020 

R11 GLU LEU LEU CYS ALA VAL ALA PRO ARG VAL PRO PRE VAL 'lUR 'IBR *** 
T A T G A G C T A C T G T G C G C C G T A G C G C C G C G T G T G C C G T T ~ G T G A C A A C G T A A C C T A A T T C A  

1030 1040 1050 1060 1070 ioao 
~ G U R E  3: dodB DNA sequence and translated polypeptide. Position 1 of the DNA sequence corresponds to the first base of the dudB coding 
region. The translated dudB polypeptide is indicated in capital letters above the DNA sequence. Two peptide sequences are shown in small 
letters above DNA bases 1-75 (amino-terminal sequence) and bases 88-135 [active site peptide sequence (Badet et al., 1984)l. The lysyl 
residue involved in Schiff base formation with PLP is designated with an asterisk. Potential base pairing between the DNA at positions -10 
to -1 and the 3' end of 16s rRNA (small letters) is represented by vertical bars. 
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Table 11: Predicted and Observed dudB Amino Acid Composition' 
mol/mol of enzyme 

amino acid residue predicted observed 
Ala 41 38 
Arg 23 24 
Asn 10 

Asx 25 26 
ASP 15 
CYS 4 NDb 
Gln 18 

Glx 36 35 
Glu 18 
GlY 34 32 
His 8 7 
Ile 19 14 
Leu 33 33 

Met 12 1 1  
Phe 6 8 
Pro 18 18 
Ser 17 15 
Thr 24 21 
TrP 9 N D  

Val 21 26 

total residues 356 

LYS 8 9 

TYr 12 1 1  

a Predicted values were derived from the translated DNA sequence 
of the dadB gene. Observed values were obtained from a single deter- 
mination on a Durrum amino acid analyzer following hydrolysis of 
enzyme in 6 N HCI at 110 "C for 24 h. b N D  = not determined. 

calculated molecular weight from the amino acid sequence is 
39 044. 

The predicted and experimentally determined amino acid 
compositions were also in good agreement, the average error 
being only 10% (Table 11). The largest error was seen for 
phenylalanine, the least abundant residue determined and 
therefore one of the most susceptible to detectable contami- 
nation in the 90% homogeneous sample used. The amounts 
of isoleucine, serine, and threonine were below expected values, 
but since a time course was not followed. no correction for 
hydrolytic breakdown was made. 

Discussion 
Using the cloned dadB gene, we have purified the dadB 

alanine racemase from Salmonella typhimurium. The amount 
of racemase in these cells is estimated to be 0 . 1 4 2 %  of the 
soluble cellular protein (based on the specific activity in the 
SlOO supernatant as compared to the specific activity of the 
purified racemase), which is elevated 20-25-fold over the 
wild-type level. More recently, we have noted that with 
pSW31, the smaller plasmid used for DNA sequencing, we 
see another 3-6-fold amplification such that the dadB race- 
mase is 0 5 1 %  of the soluble cellular protein. The N-terminal 
sequencing results allowed us to set the reading frame in the 
dadB gene and led to the predicted primary sequence reported 
here. 

In our previous work, we have shown that S .  typhimurium 
mutants with a t r anspon  insertion in dadB can still grow and 
make a cell wall, so the dadB racemase cannot be the only 
source of D-alanine in the cell (Wasserman et al., 1983). The 
function of the dadB racemase appears to be catabolic, not 
biosynthetic. Nevertheless, the availability of substantial 
quantities of purified enzyme makes this racemase a good 
candidate for detailed mechanistic studies as a model for 
biosynthetic alanine racemases. 

The only other racemases purified to homogeneity from 
Gram-negative bacteria are a Pseudomonas putida alanine 
racemase (unstable when pure) and a broad specificity amino 

acid racemase from Pseudomonas striata [Soda & Osumi, 
1969; see also Roise et al. (1 984)]. Alanine racemases from 
E.  coli B and E.  coli W have been partially purified from cells 
grown on L- or D-alanine; it is likely that these enzymes are 
functionally equivalent to the dadB racemase. 

The pure dadB alanine racemase has a turnover number of 
930-1000 s-l, whereas Wang & Walsh (1978, 1981) had 
estimated the E. coli B enzyme, from inactivation stoichiom- 
etry of partially purified enzyme with fluoro[ 14C]alanine, 
would have a turnover number of 50 s-l in the L to D direction 
at 100% purity. The reason for this 20-fold difference in 
turnover numbers is not known. The dadB racemase can be 
considered to be an efficient catalyst based on its turnover 
number of 1000 s-', but it has a k,,/K, value of 1.1 X lo5 
M-I s-l, which is considerably below that of the essentially 
"perfect" enzyme, triosephosphate isomerase, at 3 X lo8 M-' 
s-I (Knowles & Albery, 1977). The isomerase has an equiv- 
alent turnover number of lo3 s-' but has a K,  value in the 
range. The K ,  value of 8 mM for L-alanine for the dadB 
racemase is consistent with a catabolic function rather than 
a biosynthetic one; the enzyme is expected to make D-alanine 
only at high levels of intracellular L-alanine. 

The availability of the DNA sequence and quantities of pure 
dadB enzyme facilitated the mechanistic studies on active site 
structure and sites of inactivation by D and L isomers of p- 
haloalanines, compounds that show antibacterial activity by 
blocking D-alanine production. Although the dadB racemase 
is not the only source of D-alanine in S .  typhimurium 
(Wasserman et al., 1983), these studies are interesting because 
it is reasonable that the haloalanines inactivate both catabolic 
and biosynthetic racemases by similar mechanisms. The ac- 
companying two papers document the kinetic and structural 
features of mechanism-based inactivation by D- and L-halo- 
alanine and of D- and L-0-acetylserine isomers with, first, the 
dadB racemase and, then, the broad specificity P. striata 
racemase (Badet et al., 1984; Roise et al., 1984). 
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