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Both in mammals and plants, excess lysine (Lys) is catabolized via saccharopine into a-amino adipic semialdehyde and
glutamate by two consecutive enzymes, Lys-ketoglutarate reductase (LKR) and saccharopine dehydrogenase (SDH), which
are linked on a single bifunctional polypeptide. To study the control of metabolite flux via this bifunctional enzyme, we have
purified it from developing soybean (Glycine max) seeds. LKR activity of the bifunctional LKR/SDH possessed relatively
high Km for its substrates, Lys and a-ketoglutarate, suggesting that this activity may serve as a rate-limiting step in Lys
catabolism. Despite their linkage, the LKR and SDH enzymes possessed significantly different pH optima, suggesting that
SDH activity of the bifunctional enzyme may also be rate-limiting in vivo. We have previously shown that Arabidopsis
plants contain both a bifunctional LKR/SDH and a monofunctional SDH enzymes (G. Tang, D. Miron, J.X. Zhu-Shimoni, G.
Galili [1997] Plant Cell 9: 1–13). In the present study, we found no evidence for the presence of such a monofunctional SDH
enzyme in soybean seeds. These results may provide a plausible regulatory explanation as to why various plant species
accumulate different catabolic products of Lys.

The cellular level of the essential amino acid Lys is
subject to tight regulation both in mammals and
plants. In both types of organisms, excess Lys is
catabolized via the a-amino adipic acid pathway,
also named as the saccharopine pathway (Moeller,
1976; Arruda et al., 1982; Arruda and Da Silva, 1983;
Markovitz et al., 1984; Brochetto-Braga et al., 1992;
Galili, 1995; Goncalves-Butruille et al., 1996; Azevedo
et al., 1997). The first enzyme in the Lys catabolic
pathway is Lys-ketoglutarate reductase (LKR), also
named as Lys 2-oxoglutarate reductase, which con-
denses Lys and a-ketoglutarate into saccharopine
and uses the co-factor NADPH. The second enzyme,
saccharopine dehydrogenase (SDH), converts saccha-
ropine into a-amino adipic semialdehyde and Glu.
This enzyme uses NAD9, or much less efficiently NADP9

as a co-factor (Markovitz et al., 1984; Goncalves-
Butruille et al., 1996). a-Amino adipic semialdehyde is
further converted via a-amino adipic acid to acetyl-
coenzyme A (Lehninger, 1975).

The molecular and biochemical regulation of Lys
catabolism is still not clearly understood. Feeding of
Lys to rat liver or developing tobacco seeds stimu-
lated the activity of LKR (Foster et al., 1993; Karchi et
al., 1994). A similar stimulation of this enzyme was
also observed in transgenic tobacco (Nicotiana tabac-
cum) seeds that overproduced Lys due to expression
of a bacterial feedback-insensitive dihydrodipicoli-

nate synthase (Karchi et al., 1995). This suggested
that both in animal and plant cells, Lys may auto
regulate its own catabolism in vivo. Recent studies
using developing tobacco and soybean (Glycine max)
seeds have also suggested that the activity of LKR is
modulated by an intracellular signaling cascade re-
quiring Ca21 and protein phosphorylation (Karchi et
al., 1995; Miron et al., 1997). The control of LKR
activity in plants may even be more complex. Various
plant species were shown to accumulate different
catabolic products of Lys, implying differential me-
tabolite flux via LKR and SDH enzymes (Falco et al.,
1995). Moreover, in developing maize seeds, LKR
activity was found to be significantly reduced in the
high-Lys opaque-2 mutant, as compared with wild-
type plants (Brochetto-Braga et al., 1992; Gaziola et
al., 1999; Kemper et al., 1999). Opaque-2 is a bZIP
transcription factor that regulates the expression of
seed storage proteins (Shotwell and Larkins, 1988). In
addition, expression of an Arabidopsis LKR/SDH
gene was shown to be significantly up-regulated in
floral organs and developing seeds (Tang et al., 1997).

Biochemical studies (Markovitz and Chuang, 1987;
Goncalves-Butruille et al., 1996; Gaziola et al., 1997;
Miron et al., 1997) and gene cloning (Epelbaum et al.,
1997; Tang et al., 1997; Kemper et al., 1999) have
shown that both in mammals and plants LKR is
linked to the second enzyme of Lys catabolism, SDH,
on a single bifunctional polypeptide. The molecular
basis for this linkage was not elucidated, but sug-
gested that the structure of this bifunctional enzyme
may also have an important regulatory role (Kemper
et al., 1998). In the present report, we have purified
the bifunctional LKR/SDH to near homogeneity
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from developing soybean seeds to study its enzy-
matic properties. We found that the linked LKR and
SDH activities contained significantly different pH
optima, similarly to LKR and SDH enzymes from
other plant species (Goncalves-Butruille et al., 1996;
Gaziola et al., 1997, 1999) as well as significantly
different Kms for their specific substrates at their
optimal pH. In addition, our results suggest that
soybean may not contain an additional monofunc-
tional SDH isozyme as has previously been observed
in Arabidopsis and canola (Tang et al., 1997; Deleu et
al., 1999). This may explain previous observations
(Falco et al., 1995) showing that various plant species
accumulate different catabolic intermediates of Lys.

RESULTS

Purification of Soybean LKR and SDH

To study the biochemical properties of the soybean
bifunctional LKR/SDH, this enzyme was purified to
near homogeneity from developing soybean seeds.
The degrees of purification after the various steps, as
described in “Materials and Methods,” are shown in
Table I and Figure 1. During all purification steps the
LKR activity co-fractionated with the SDH activity
and the ratios between the activities of the two en-
zymes remained constant. The final degree of purifi-
cation for both enzymes as compared to the polyethyl-
ene glycol (PEG) precipitation stage is approximately
284-fold. The degree of purification as calculated from
the crude extract is not accurate because of the large
variation in the activity measurements due to a high
background in the crude extract. The purified LKR/
SDH fraction, following the fast Blue Sepharose col-
umn (Pharmacia Biotech, Piscataway, NJ), contained
three major Coomassie Blue stained bands with esti-
mated sizes of 123, 100, and 60 kD. The 123-kD
protein band is the expected size for the bifunctional
LKR/SDH polypeptide and is similar to previously
reported LKR/SDH polypeptides from maize (125
kD), Arabidopsis (118 kD), and human (115 kD)
(Markovitz et al., 1984; Goncalves-Butruille et al.,
1996; Tang et al., 1997). To verify that the 123-kD
polypeptide is indeed the LKR/SDH, it was sub-
jected to partial proteolysis, and N-terminal amino
acid sequence was obtained from an internal peptide.
This amino acid sequence [(R/K)(A/S) GLIDFLH-

GLGQ] was nearly identical to a RAGLVDFLHGLGQ
sequence of an Arabidopsis LKR/SDH (Tang et al.,
1997).

To further study whether the 100-kD and the 60-kD
polypeptides are related to the 123-kD polypeptide,
the purified proteins eluted from the Blue Sepharose
column were subjected to two-dimensional PAGE. In
the first dimension, proteins were separated on a
native gel and stained for SDH activity. The SDH
stained lane was then separated on a second-
dimensional SDS PAGE, and the gel was stained with
Coomassie Blue. The 123- and 100-kD polypeptides
co-migrated with the SDH staining band in the first-
dimensional gel, suggesting that they were related to
LKR/SDH, whereas the 60-kD polypeptide did not,
implying that it represented a different protein (Fig.
2). The 60-kD protein was subsequently identified as
Glu dehydrogenase based on N-terminal sequence
analysis of several internal peptides (data not
shown). The sequence relationships between the 100-
and the 123-kD polypeptides was further confirmed

Table I. Purification steps of LKR and SDH from soybean seeds

Purification Step Protein LKR Activity SDH Activity
Purification

LKR SDH

mg units/mg protein -fold

Crude 8,135 2 1.5
PEG 1,179 11.5 4.6 5.8 3.1
DEAE Sepharose 159 77.5 32.0 38.8 21.3
Fractogel 49 113.0 47.3 56.5 31.5
Superdex 4 1,299.0 528.0 649.5 352.0
Blue Sepharose 0.8 3,261.0 2,608.0 1,630.5 1,738.6

Figure 1. Purification of LKR/SDH from developing soybean seeds.
Thirty micrograms of protein from the different purification steps
were fractionated on a 7.5% (w/v) polyacrylamide gel. The gel was
stained with Coomassie Blue. a, Crude extract; b, PEG 8000 7% to
14% fractionation; c, DEAE Sepharose column; d, Fractogel EMD
DEAE column; e, Superdex S-200 column; f, Blue Sepharose column.
The bifunctional LKR/SDH protein bands of 100 and 123 kD are
pointed out by arrows. MW, Molecular mass markers with sizes
indicated on the left. The purified LKR/SDH polypeptides are indi-
cated by arrows, whereas the non-related 60-kD protein is indicated
by an asterisk on the right.
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by a limited proteolysis with either trypsin or Lys-C,
in which the two bands generated similar proteolysis
patterns (Fig. 3).

The ratios between the 123- and the 100-kD LKR/
SDH polypeptides varied between different purifica-
tions, suggesting that the 100-kD polypeptide may
have represented a specific processing product of the
123-kD polypeptide rather then being a different
isozyme. To address this, developing soybean seeds
were extracted either in the absence or presence of a
cocktail of protease inhibitors and following PEG
precipitation, the proteins were reacted in a western
blot with antibodies produced against a synthetic
peptide derived from the N-terminal end of the Ara-
bidopsis LKR/SDH. This peptide is highly conserved
between the Arabidopsis and maize enzymes (Tang
et al., 1997; Kemper et al., 1999), and was therefore
expected also to recognize the soybean LKR/SDH.
As shown in Figure 4, although these antibodies
recognized both the 123- and 100-kD polypeptide in
extracts lacking the cocktail of protease inhibitors,
only the 123-kD band appeared following extraction
with the protease inhibitor mixture. This suggested
that the 100-kD polypeptide was derived from the
123-kD polypeptide by a specific proteolytic cleavage
at an exposed site in the C-terminal SDH domain,
which occurred during the extraction. Unfortunately,

due to the high volume and extended processing
time, we have not been able to completely prevent
the proteolytic cleavage of the 123-kD LKR/SDH in
any of the large-scale purifications.

We also tested whether the truncated 100-kD
polypeptide maintained SDH and LKR activities
comparable to those of the 123-kD protein. The frac-

Figure 3. Limited proteolysis analysis of the 100- and 123-kD
polypeptides. The 100- (a and d) and 123-kD (b and c) bands were
excised from a SDS gel, treated with trypsin (a and b) or Lys-C (c and
d), and separated on a second-dimensional SDS gel. The second-
dimensional gel was silver stained. The non-related 60-kD Glu de-
hydrogenase band, co-fractionated with the LKR/SDH bands, was
also digested with Lys-C as a control (e). Sizes of protein markers are
indicated on the left and the positions of the intact 100- and 123-kD
polypeptides are indicated by arrows on the right.

Figure 4. Effect of extraction in the presence of a cocktail of protease
inhibitors on the processing of the bifunctional LKR/SDH 123-kD
polypeptide. Developing soybean seeds were extracted either in the
presence (a) or absence (b) of a cocktail of protease inhibitors.
Following PEG precipitation, the proteins were fractionated on a
7.5% (w/v) polyacrylamide gel, transferred to a PVDF membrane,
and reacted in a western blot with antibodies produced against a
synthetic peptide derived from the N-terminal end of the Arabidopsis
LKR/SDH sequence. Sizes of molecular mass protein markers are
indicated on the right.

Figure 2. Two-dimensional separation the purified soybean LKR/
SDH. The purified fraction followed the Blue Sepharose column (Fig.
1f) was separated on a first-dimensional native gel and the gel was
stained for SDH activity (top gel). The first-dimensional gel was
separated on a second-dimensional SDS gel and the gel was stained
with Coomassie Blue R-250. The positions of the 100-, 123-, and
60-kD (asterisk) polypeptides in the second-dimensional gel are
indicated by arrows on the right. Sizes of protein markers are indi-
cated on the left.
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tion containing these two polypeptides (after the
Blue Sepharose column) was further fractionated on
a Mono-Q column (Pharmacia Biotech) and individ-
ual fractions were initially tested for LKR activity. As
shown in Figure 5, this fractionation resulted in four
peaks containing LKR activity. Subsequent analysis
of the same fractions for SDH activity showed that all
of these peaks contained also SDH activity. The sub-
unit composition of these four peaks was tested fur-
ther by fractionation on a SDS gel. This fractionation
showed that one of the peaks contained only the
100-kD truncated LKR/SDH polypeptide, one con-
tained only the 123-kD polypeptide, and two con-
tained a mixture of both (Fig. 5). LKR and SDH
activities in all four peaks were comparable to each
other and to the activity of LKR and SDH in the
fraction following the Blue Sepharose column (data
not shown). This suggested that the approximately
23-kD deletion (apparently at the C-terminal domain)
played little or no role in SDH activity.

We have previously shown that LKR, but not SDH
activity in the soybean LKR/SDH isozyme was re-
duced upon alkaline phosphatase treatment (Miron
et al., 1997). It was therefore interesting to test
whether LKR activity in the four peaks, obtained by
the Mono-Q column would show identical response
to alkaline phosphatase. Treatment with alkaline
phosphatase decreased LKR, but not SDH activity in
all of the peaks (data not shown).

Biochemical Properties of Soybean LKR and SDH

The biochemical properties of LKR/SDH were
tested either with the nearly purified protein follow-
ing the Blue Sepharose column (Table I; Fig. 1f), or
with a partially purified preparation, after PEG pre-

cipitation, obtained from seeds that were homoge-
nized in the presence of the cocktail of protease in-
hibitors. In both cases background levels in controls
lacking the substrates Lys or saccharopine were min-
imal, and the results obtained with the two fractions
were comparable. Because of this similarity, only the
results obtained with the nearly purified LKR/SDH
are presented here. Since LKR and SDH are linked on
a single polypeptide and hence are expected to func-
tion in the same subcellular compartment, it was of
interest to test the pH optimum of activity of these
two enzymes. As shown in Figure 6, despite their
linkage, the two enzymes possessed a markedly dif-
ferent pH optimum. LKR activity was highest at pH
approximately 7.2 (Fig. 6A), whereas SDH activity
was very low at this pH and its activity was increased
with increasing pH up to pH 9 that was the highest
pH tested. Due to this observation, the biochemical
properties of LKR and SDH were tested at pH 7.2 and
8.5, respectively, as has previously been used for
studying the activities of LKR and SDH in monocoty-

Figure 5. Fractionation of LKR/SDH on a Mono-Q column. The
purified fraction following the Blue Sepharose column (Fig. 1f) was
separated on a Mono-Q column and individual fractions were tested
for LKR activity. Pooled fractions from each peak were fractionated
on SDS gel and the gel were stained with Coomassie Blue R-250. The
sections of the gel in the region of the purified LKR/SDH bands are
illustrated below each peak, and the bands are indicated by arrows
on the right.

Figure 6. Determination of the optimal pH for LKR and SDH activity.
The kinetics of LKR (A) and SDH (B) activities were assayed spectro-
photometrically in reaction mixtures with increasing pH levels as
indicated in the figures.
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ledonous plant species (Moeller, 1976; Brochetto-
Braga et al., 1992; Gaziola et al., 1997).

At the next stage, we determined the Km of LKR to
Lys and a-ketoglutarate, as well as the Km of SDH to

its substrate saccharopine, using a double reciprocal
Linweaver-Burk plot. As shown in Figure 7, LKR
possessed a relatively high Km of 13.7 mm to Lys, and
a lower Km of 3.7 mm to a-ketoglutarate (Fig. 7, A and
B). The Km of SDH to its substrate saccharopine was
calculated to be 0.77 mm (Fig. 7C). The Mr of the
native LKR/SDH was also tested in the Superdex
column (SE-751 84; Amersham Pharmacia Biotech,
Uppsala; Table I), as compared to a calibration curve,
using four Mr markers. As shown in Figure 8, LKR/
SDH was eluted with an estimated molecular mass of
approximately 256 kD, suggesting that the native
enzyme is a dimer.

Do Developing Soybean Seeds Contain a
Monofunctional SDH Isozyme?

A previous report (Falco et al., 1995) has shown
that seeds of Lys overproducing transgenic soybean
and canola accumulated saccharopine (a product of
LKR and a substrate of SDH) or a down-stream me-
tabolite a-amino adipic acid, respectively. The reason
for this is still not clear, but suggests that metabolites
flux through the Lys catabolic pathway is apparently
regulated in a species-specific manner. We have also
recently shown that Arabidopsis plants contain two
peaks of SDH activity; one is a bifunctional LKR/
SDH and the second containing only SDH activity
(Tang et al., 1997). Northern and Southern blots also
indicated that these two Arabidopsis proteins are
likely to be produced from a single gene (Tang et al.,
1997). Thus, since soybean seeds accumulate saccha-
ropine, it was of interest to test whether in soybean,

Figure 7. Determination of Km values for LKR and SDH toward their
substrates. Km values were obtained by double reciprocal plots of the
initial velocities of LKR with Lys as the variable substrate (A), LKR
with a-ketoglutarate as the variable substrate (B), and SDH with
saccharopine as the variable substrate (C). The calculated Km values
are given in each panel. These experiments were replicated 12 times
with similar results.

Figure 8. Determination of the Mr of the soybean LKR/SDH. The Mr

of the soybean LKR/SDH was determined by fractionation of a par-
tially purified LKR/SDH preparation on a gel filtration-Superdex 200
column. The elution volume calculated as Kav of the LKR/SDH
protein was compared to a calibration curve made using standard Mr

protein markers (Pharmacia Biotech). The void volume was deter-
mined using dextran blue 2000. The calculated Mr is given in the
figure.
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the LKR/SDH gene may also produce two polypep-
tides (a bifunctional LKR/SDH and a monofunc-
tional SDH), similarly to Arabidopsis. To address
this, antibodies were generated against a synthetic
peptide resembling the C terminus of the Arabidop-
sis LKR/SDH polypeptide. This peptide was shown
to possess significant homology with the maize en-
zyme (Tang et al., 1997; Kemper et al., 1999), suggest-
ing that the antibodies should recognize SDH do-
mains in a wide range of plant species. Developing
soybean seeds, as well as developing pods of Arabi-
dopsis were extracted in the presence of a cocktail of
protease inhibitors, separated on SDS PAGE and re-
acted in a western blot with the antibodies raised
against the Arabidopsis LKR/SDH C- terminal pep-
tide. As shown in Figure 9, lane a, Arabidopsis con-
tains two immunoreactive polypeptide bands with
estimated molecular mass of 118 and 54 kD. These
correspond to the expected bifunctional LKR/SDH
and monofunctional SDH, previously identified in
this species. In contrast, in extracts from soybean
seeds, only a single band of approximately 123 kD
was detected corresponding to the bifunctional LKR/
SDH (Fig. 9, lane b).

DISCUSSION

LKR Is a Rate-Limiting Enzyme in Lys Catabolism

So far, LKR/SDH has been purified and character-
ized only from the monocotyledonous plants maize
and rice (Brochetto-Braga et al., 1992; Goncalves-
Butruille et al., 1996; Gaziola et al., 1997; Kemper et
al., 1998). In the present report, we describe the first
purification and characterization of LKR/SDH from
a dicot plant, soybean. The maize, rice, and soybean
enzymes are all homodimers, and possess compara-
ble Km for their substrates, as well as comparable pH
optima. However, the soybean LKR possesses a
slightly higher Km to both of its substrates Lys and
a-ketoglutarate than the maize and rice enzymes

(13.7 and 3.7 mm, respectively). Assuming that the
cellular levels of Lys are much lower than the Km of
LKR for this amino acid, it is reasonable to conclude
that LKR represents a rate-limiting step in Lys catab-
olism in vivo, and that Lys catabolism may be regu-
lated by modulations of LKR activity. This is in ac-
cord with previous observations showing that LKR
activity in different plant species is modulated by
Ca21 and protein phosphorylation/dephosphoryla-
tion, and that this modulation may be controlled by
sensing the cellular levels of free Lys (Karchi et al.,
1995; Miron et al., 1997; Kemper et al., 1998).

Metabolite Flux through LKR/SDH Suggests That
SDH Activity of This Bifunctional Enzyme Is Also
Rate Limiting

The functional significance of bifunctional en-
zymes, like LKR/SDH, is still unknown. Such a link-
age is common in metabolic pathways with a close
example being the bifunctional Asp kinase/homo-
Ser dehydrogenase comprising two enzymes in the
biosynthesis Thr, Met, Ile, and Lys (Galili, 1995; Aze-
vedo et al., 1997). It has been suggested that linkage
of enzymes, such as LKR/SDH, may enable channel-
ing of the product of the first enzyme directly into the
catalytic site of the second enzyme (Traut and Jones,
1977; Wahl et al., 1979; Goncalves-Butruille et al.,
1996). Such channeling may result in efficient flux of
intermediates through the two linked enzymes.
However, whether substrate channeling occur in the
LKR/SDH enzyme is still questionable since Falco et
al. (1995) have shown that transgenic Lys-over-
producing soybean seeds accumulate saccharopine,
the product of LKR and the substrate of SDH. The
results of Falco and associates further suggest that
SDH activity of the bifunctional LKR/SDH enzyme
may also represent a rate-limiting step in metabolite
flux via this bifunctional enzyme. The reason for the
limited flux via the SDH activity of LKR/SDH is still
not clear. Yet, since plant LKR/SDH enzymes are
likely to be localized in the cytosol (Epelbaum et al.,
1997; Tang et al., 1997; Kemper et al., 1999), it is
possible that SDH operates in a nonoptimal physio-
logical environment having a neutral pH.

Metabolite Flux through SDH May Be Differentially
Regulated in Distinct Plant Species

Not all plant seeds accumulate saccharopine as the
intermediate catabolic product of Lys. Seeds of trans-
genic canola plants, expressing the same bacterial
dihydrodipicolimate synthase enzyme as was used
for the soybean transformation, were shown to accu-
mulate the downstream metabolite a-amino adipic
acid (Falco et al., 1995). The reason for the more effi-
cient flux via the SDH step in canola than in soybean
is still not known. Yet, this may result from the pres-
ence of an additional monofunctional SDH enzyme in

Figure 9. Detection of the bifunctional and monofunctional SDH
using a western-blot analysis. One to 30 mg of either crude extract of
Arabidopsis inflorescence (a) or preparations of developing soybean
seeds following PEG precipitation (b) was separated on a 7.5% (w/v)
polyacrylamide gel, transferred to a PVDF membrane, and reacted
with antibodies produced against a synthetic peptide derived from
Arabidopsis C-terminal end of the SDH domain. Sizes of Mr markers
are indicated on the left.
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this plant species (Deleu et al., 1999), as opposed to
soybean, which lacks a monofunctional SDH (this
report).

The physiological significance of the species-
specific differences in metabolite flux via SDH is also
not understood. The final substrate of the a-amino
adipic pathway is acetyl-coenzyme A, which serves
as a substrate for various macromolecules like lipids
(Lehninger, 1975). It is thus possible that efficient flux
of Lys catabolism is specifically advantageous in
cruciferae seeds, which accumulate high levels of
reserve oils.

MATERIALS AND METHODS

Plant Material

Soybean (Glycine max) plants were grown during sum-
mer season April through October in a green house. De-
veloping pods were harvested when seeds reached a full-
size green stage, approximately 40 d after flowering. Pods
were kept on ice until seeds were separated, immediately
frozen in liquid nitrogen, and kept in 280°C until used.

Purification of LKR and SDH

Developing soybean seeds were homogenized in 4 vol-
umes of buffer A (25 mm phosphate buffer, pH 7.2, con-
taining 1 mm EDTA, 1 mm DTT, and 10 mg mL21 leupep-
tin). After centrifugation for 30 min at 27,000g the
supernatant was precipitated by PEG as previously de-
scribed (Arruda et al., 1982; Goncalves-Butruille et al.,
1996). For PEG precipitation the supernatant was brought
to pH 5.7 with KH2PO4 and then PEG 8000 was added to a
final concentration of 7% (v/v), and after 30-min incuba-
tion at 4°C the extract was centrifuged for 10 min at
27,000g. The pellet was discarded and PEG was added to a
final concentration of 14% (v/v). After another 30-min
incubation and centrifugation in the same conditions, the
pellet was resuspended in buffer A at one-tenth of the
initial volume. The sample was loaded on a 30-mL anion-
exchange column-DEAE Sepharose (Pharmacia Biotech)
that was equilibrated with buffer A. After washing out the
unbound protein, the column was eluted with a gradient of
170 to 250 mm KCl. The remaining protein was eluted with
1 m KCl. LKR and SDH activities and protein level were
determined in the eluted fractions, as well as in the un-
bound protein and in the protein eluted from the column
with 1 m KCl. The fractions containing enzyme activities
were pooled and brought to pH 5.7 with KH2PO4, and the
protein was precipitated with 14% (w/v) PEG. The PEG
pellet was resuspended in a minimal volume of buffer A
and applied on a 8-mL DEAE Sepharose fast flow column
(Pharmacia Biotech). The unbound protein was washed out
and the column was eluted with a gradient of 200 to 230
mm KCl. The fractions containing LKR and SDH activities
were pooled, and concentrated to 2 mL using Centriprep 30
concentrators (Amicon, Beverly, MA). The concentrated
protein was further fractionated on a Superdex 200 column
with buffer A at a flow rate of 0.3 mL min21. The pooled

active fractions were loaded on a 1-mL Blue Sepharose fast
flow column. LKR/SDH was eluted with a gradient of 0 to
12 mm NADPH. LKR and SDH activities as well as protein
level were determined in all fractions. In the experiment
shown in Figure 4, pooled fractions from the Blue Sepha-
rose column, containing LKR and SDH activities, were
loaded on a 1-mL Mono-Q column previously calibrated
with buffer A. After washing out the unbound protein, the
column was eluted with a step gradient of buffer A and
buffer A with 1 m KCl. LKR and SDH activity, as well as
protein levels, were determined in all fractions.

In-Gel Limited Proteolysis of the 123- and
100-kD Polypeptides

The protein eluted from the Mono-Q column was sub-
jected to a SDS PAGE and staining with Coomassie Blue
R-250. The 123- and 100-kD bands, each one containing
approximately 1 mg of protein were excised from the gel
and applied on different lanes of a gradient, 7% to 15%
(w/v) polyacrylamide gel. To each of the wells containing
a protein band, 0.4 mg of either Trypsin or Lys-C were
added. The gel was run until the protein reached the mid-
dle of the stacking gel. The current was stopped for 30 min
to allow proteolysis, and renewed until the protein reached
the end of the gel. The gel was stained with a silver stain.
As a control, the non-related 60-kD Glu dehydrogenase
band co-eluted with the LKR/SDH bands after the Blue
Sepharose column was run in parallel.

SDH Activity Staining on a Native Gel

SDH activity staining was performed as previously de-
scribed (Goncalves-Butruille et al., 1996; Gaziola et al.,
1997) with some modifications. The purified LKR/SDH,
following the Blue Sepharose column, was fractionated on
a 7.5% (v/v) polyacrylamide native gel. At the end of the
run, the gel was washed three times in 0.1 m Tris buffer, pH
8.5, for 10 min each wash, at 4°C. Following the wash, the
gel was incubated for 2 h at 30°C in the staining solution
containing: 0.1 m Tris HCl buffer, pH 8.5, 1 mm saccharo-
pine, and 1 mm NAD. The activity band was visualized in
UV light as a bright band against a dark background.

Protein Determination and Analysis of LKR and
SDH Activities

Protein level was determined by the Bradford method
(Bradford, 1976). The kinetics of LKR activity was mea-
sured spectrophotometrically by determining the rate of
NADPH oxidation at 340 nm for 10 min at 30°C, as previ-
ously described (Miron et al., 1997). The kinetics of SDH
activity was measured spectrophotometrically by deter-
mining the rate of NAD9 reduction at 340 nm for 10 min at
30°C, as previously described (Miron et al., 1997). One unit
of LKR activity was defined as the amount of enzyme that
catalyzes the oxidation of 1 nmol of NADPH per minute at
30°C. One unit of SDH activity was defined as the amount
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of enzyme that catalyzes the reduction of 1 nmol of NAD9

per minute at 30°C.

SDS PAGE and Western-Blot Analysis

A protein sample of 1 to 30 mg was fractionated on a
7.5% (w/v) polyacrylamide SDS gel. The protein was trans-
ferred to a PVDF membrane using a Protein Trans-Blot
apparatus (Bio-Rad Laboratories, Hercules, CA). The mem-
brane was completely dried, stained with Coomassie Blue
R, and blocked over-night in a solution of 10% (w/v) milk
powder. Following blocking, the membrane was reacted
with polyclonal antibodies prepared against a synthetic
polypeptide from either the N-terminal end of the LKR
domain (AETVNKWERRTPLTPSHC), or the C-terminal
end of the SDH domain (CEVYLPALDILQAYGIKLME-
KAE) of the Arabidopsis LKR/SDH protein sequence. Both
antibodies were diluted 1:500 with the blocking solution.
The membrane was incubated with the antibodies at room
temperature for 2 h, washed four times for 10 min with
phosphate-buffered saline and reacted with goat anti-
rabbit peroxidase-linked antibodies at a dilution of 1:4,000
for 1 h at room temperature. Following five 10-min washes
with phosphate-buffered saline. Antibodies were detected
using ECL western-blotting analysis system (Amersham-
Pharmacia Biotech, Uppsala).
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