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ABSTRACT

Multiple forms of homoserine dehydrogenase (HSDH) from
carrot (Daucus carota L.) have been identified. One form of HSDH
(T-form) has a relative molecular weight of 240,000 and is strongly
inhibited by threonine. Another form (K-form) has a relative mo-
lecular weight of 180,000 and is insensitive to inhibition by thre-
onine. The interconversion of these two forms is dependent upon
the presence or absence of threonine and potassium. Polyacryl-
amide electrophoretic gels stained for HSDH activity and protein,
paralleled with Western blot analysis, verified the interconversion
of the T- and K-forms in 5 millimolar threonine and 100 millimolar
potassium, respectively. Carrot HSDH also aggregates to form
higher molecular weight complexes of 240,000 up to 720,000 Mr.
Polyclonal antibody from mouse was raised against the T-form
(240,000 Mr) of carrot HSDH. Specificity of the mouse antisera to
carrot HSDH was verified by immunoprecipitation and Western
blot analysis. The T-form, K-form, and all of the higher molecular
aggregates of carrot HSDH cross-reacted with the anti-HSDH
antiserum. The antiserum also cross-reacted with soybean HSDH,
but did not cross-react with either of the two HSDH forms found
in Escherichia coi. A model for the in vivo regulation of threonine
biosynthesis in the chloroplast is presented. The model is based
on the interconversion of the HSDH forms by potassium and
threonine.

HSDH2 (EC 1.1.1.3) is a key branch-point enzyme in the
biosynthetic pathway of the aspartate family of amino acids.
In plants and bacteria the essential amino acids lysine, thre-
onine, isoleucine and methionine are synthesized by this
pathway (Fig. 1). HSDH catalyzes the reduction of aspartate
semialdehyde to homoserine utilizing the cofactor NADPH
or NADH. Most of our understanding of the structure and
regulation of enzymes and genes involved in the biosynthesis
of the aspartate family of amino acids is from research con-
ducted in bacterial systems. In Escherichia coli, the gene
encoding HSDH is fused with the gene encoding AK, yielding
a fused protein product carrying both enzyme activities. There
are two AK/HSDH isoenzymes in E. coli. Antibodies specific
for each of the E. coli AK/HSDH proteins have been used to
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2 Abbreviations: HSDH, homoserine dehydrogenase; AK, aspar-
tokinase; Ig, immunoglobulin G.

immunochemically compare and characterize the proteins
(27, 28). Antibodies specific for each of the AK/HSDH forms
cross-reacted with the denatured homologous and heterolo-
gous AK/HSDH proteins, but the antibodies did not cross-
react with the heterologous native proteins (28). A more
detailed immunological analysis has shown the distribution
of various antigenic determinants between the two AK/
HSDH polypeptides (27). Recently, both of the genes encod-
ing these enzymes have been isolated and sequenced (14, 29).
Amino acid homology between the HSDH region of the two
E. coli proteins is 53%.
A plant HSDH gene has not yet been identified, and little

is known about the regulation of HSDH gene expression in
plants. However, the enzyme has been studied from several
different plant species (1, 2, 4, 9, 19-22). HSDH has been
localized in the chloroplast fractions of maize (4) and pea
leaves (24, 25). To date, HSDH has been purified to homo-
geneity and well characterized from maize (18) and recently
in our laboratory from carrot suspension cultures (23). In
carrot, there are multiple in vitro forms of HSDH that form
aggregates with relative molecular weights up to 720,000 (23).
Two different mol wt forms have different regulatory prop-
erties yet appear to interconvert. The enzymatic activity of
one form, the T-form (240,000 Mr), is sensitive to inhibition
by threonine. The activity of the other form, the K-form
(180,000 Mr), is not inhibited by threonine. In order to gain
a better understanding of the relationships among the several
in vitro forms of HSDH, we have prepared antiserum to the
T-form of carrot HSDH. In this paper, we verify the intercon-
version of the T- and K-forms of HSDH. Additionally, we
describe the relationships ofthe several different in vitro forms
of carrot HSDH by immunological characterization using
antiserum specific to carrot HSDH. Finally, a model is pro-
posed for the in vivo regulation of threonine biosynthesis in
the chloroplast.

MATERIALS AND METHODS

HSDH Isolation and Assay

HSDH was isolated from 5-d-old carrot (Daucus carota L.)
suspension cultures as described previously by Matthews et
al. (23). The high mol wt aggregated forms of HSDH were
obtained by electroeluting the 240,000 Mr form of HSDH
from a 9% polyacrylamide gel (23) in the absence of potas-
sium. Interconversion ofHSDH was accomplished by dialyz-
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Figure 1. Pathway leading to the synthesis of the essential amino
acids lysine, threonine, methionine, and isoleucine from aspartate.
Aspartokinase (AK), aspartate semialdehyde dehydrogenase (ASDH),
homoserine dehydrogenase (HSDH), and dihydropicolinic acid syn-
thase (DS).

ing partially purified samples ofHSDH (>500-fold) overnight
(18 h) in TT buffer (25 mM Tris, 5 mM threonine [pH 7.6])
to product the T-form ofHSDH or in TK buffer (25 mM Tris,
100 mM KCl [pH 7.6]) to produce the K-form. E. coli HSDH
was isolated as described by Klungsoyr et al. (15), while
HSDH from soybean was isolated as described by Matthews
and Widholm (20). Proteins were separated by electrophoresis
on 10 to 15% polyacrylamide gels using a pHast system
(Pharmacia)3 and visualized on the gels using silver according
to the manufacturer's instructions. Proteins containing
HSDH activity were visualized by incubating the gels at 37°C
for S to 15 mm in 50mM Tris (pH 9.0), 150mM KCl, 0.15M
NAD, 1 mm EDTA, 1.5 mM f3-mercaptoethanol, 0.15 M

homoserine, 0. 15 M nitro blue tetrazolium, and 0. 15 M phen-
azinemethosulfate. HSDH activity was determined using the
reverse reaction, in which NAD is reduced and in the forward
reaction in which NADH is oxidized (19).

Preparation of Polyclonal Antibody

A total of 40 ,g of purified native carrot HSDH (240,000
Mr) was injected into the peritoneal cavity of a female BALB/
c mouse. One hundred microliters (10 Mg protein) of HSDH
was mixed with Freund's complete adjuvant and injected into
the peritoneal cavity every 10 d for 40 d. Ten days after the
last injection NS- 1 myeloma cells were injected into the
peritoneal cavity. Five to 10 ml of ascites fluid were removed
every 3 to 7 d starting 7 d after the injection of the myelomas.
Cells and debris were removed from the ascites fluid by
centrifugation (lOOOg) at 4°C for 5 min and lipids were

removed by filtration through glass wool. Ascites fluid was

diluted 1:1 with 1 x TBS (20 mM Tris, 150 mM NaCl [pH
7.5]) and stored at 40C.

3 Mention of trademark, proprietary product or vendor does not
constitute a guarantee of warranty of the product by the U.S. De-
partment of Agriculture and does not imply its approval to the
exclusion of the products or vendors that may be suitable.

Western Blot Analysis

Proteins were separated by PAGE as described above and
were transferred to nitrocellulose filters by electrotransfer in
25 mm Tris and 20 mm glycine (pH 8.3), at 25 to 35 V for 1
h at 40C. HSDH activity on the nitrocellulose was visualized
as described above for electrophoretic gels. Nonspecific pro-
tein binding sites were blocked by incubating the filters in 1
x TBS, 1.0% dry milk, and 0.5% BSA for 1 h at room
temperature or overnight at 40C. Nitrocellulose filters were
incubated with primary antibody (anti-HSDH antiserum) in
1/10 x block solution for 1 h at room temperature or 16 h at
40C. Filters were washed four times with 1 x TBS. Following
the wash, filters were incubated with secondary antibody (goat
anti-mouse) in 1/10 x block solution for 1 h at room tem-
perature and washed 1 x TBS. The filters were incubated for
1 h at room temperature with tertiary antibody (alkaline
phosphatase conjugated rabbit anti-goat) and 1/10 x block
solution. Filters were washed in 1 x TBS. Bands were visual-
ized by incubating the filters in 100 mM Tris (pH 9.5), 100
mM NaCl, and 5 mM MgCl2, 0.035% nitroblue tetrazolium,
and 0.0175% 5-bromo-4-chloro-3-indoyl phosphate for 10
min at room temperature. The phosphatase reaction was
stopped by incubating the filters in 20 mm Tris (pH 7.5), and
1 mMEDTA for 5 to 10 min.

Immunoprecipitation

Mouse anti-HSDH IgG was purified from the ascites fluid
(anti-HSDH antiserum) by ion exchange chromatography.
Fifty mg of protein (from mouse ascites) was bound to a
Protein-PAK DEAE 5PW column (Waters, 7.5 mm x 7.5
cm). Protein was eluted from the column with a 30 min linear
gradient, buffer A (20 mM Tris [pH 8.5]) and buffer B (20
mM Tris [pH 7.0] and 0.3 M NaCl). Two ml fractions were
collected and each fraction was tested for cross-reactivity with
carrot HSDH on Western blots. Fractions were also analyzed
on native SDS-PAGE gels to determine the IgG composition.
Normal mouse IgG (Kirkgaard and Perry Laboratories) was
used as a control.
One hundred ul of carrot HSDH (250 units) was incubated

in half strength buffer with varying amounts of anti-HSDH
IgG or normal mouse IgG for 16 to 24 h at 4°C. The
concentration of the antibodies ranged from 2 to 20 ,ug of IgG
per immunoprecipitation reaction. An equal volume of 1 X
TBS buffer was incubated at each ofthe different IgG concen-
trations tested as a control. The samples were incubated in
100 ,uL of protein A agarose beads (300 ,ug/mL in 1 x TBS)
at room temperature for 1 h. The HSDH/IgG/protein A
complex was pelleted in a microfuge at 40C for 10 min. The
supernatant was analyzed for HSDH activity was previously
described.

RESULTS

Mouse antiserum raised against native carrot HSDH
(240,000 Mr) was able to immunoprecipitate carrot HSDH
from solution, while normal mouse IgG did not (Fig. 2).
Approximately 3 ,ug of anti-HSDH IgG precipitated 50% of
the HSDH activity, while 90% of the HSDH activity was
precipitated with 8 ,ug of anti-HSDH IgG.
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The specificity of anti-HSDH antiserum was determined
by Western blot analysis of carrot HSDH at various stages of
purification (Fig. 3). The antiserum reacted with HSDH pro-

tein from a crude extract, an extract of enzyme purified over

100-fold and an extract purified over 5000-fold (to homoge-
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Figure 2. Immunoprecipitation of carrot HSDH with mouse antisera.
Immunoprecipitation was performed with various concentrations (0
to 20 ,ug IgG) of mouse anti-HSDH IgG or normal mouse IgG as

described in "Materials and Methods." The amount of carrot HSDH
activity used to obtain each data point was kept constant (250 units)
in all the experiments. The percentage of free enzyme was determined
by normalizing the results from the anti-HSDH IgG samples to those
of the normal mouse IgG control. The IgG concentration is expressed
in total Ag per reaction.

Silver HSDH Ab

neity). The antisera did not cross-react with any other band
of protein in either the crude or partially purified extract,
indicating a high specificity for carrot HSDH.

Further analysis ofthe specificity ofthe antiserum to HSDH
showed that anti-HSDH antisera did cross-react with soybean
HSDH but it did not cross-react with E. coli (Fig. 4). These
results suggest that the two plant HSDH proteins are related.
In contrast, there was no indication of cross-reactivity of the
anti-HSDH antisera with extracts ofE. coli containing HSDH
activity, thus the HSDH forms in E. coli are not immunolog-
ically related to HSDH from carrot or soybean.
The antisera was tested for its ability to detect denatured

carrot HSDH by reacting the antiserum with Western blots
of SDS treated and boiled carrot HSDH. The antiserum was

not able to detect denatured carrot HSDH (data not shown).
Highly purified (>2000-fold) HSDH can form aggregates

ranging from 240,000 to 720,000 Mr as visualized on poly-
acrylamide electrophoretic gels (Fig. 5). These aggregated
forms of HSDH were tested with HSDH antiserum to deter-
mine if all of the forms are immunologically related. PAGE
gels were stained for HSDH activity. Identical gels were

blotted to nitrocellulose and incubated in the HSDH anti-
body. Analysis of the western blots show that the antibody
reacted with all of the polymerized HSDH forms present on

a Western blot, indicating that they are all related.
Protein extracts containing HSDH activity were separately

dialyzed overnight in TT buffer (5 mM threonine) or TK
buffer (100 mm potassium). The enzyme forms were separated
by PAGE. The gels were silver stained or stained for HSDH
activity. Duplicate gels were transferred to nitrocellulose for
Western blot analysis (Fig. 6). The T-form and K-form of
carrot HSDH reacted equally strong with the antiserum.
HSDH dialyzed in TT buffer only contained the T-form
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Figure 3. Analysis of mouse antisera specificity to carrot HSDH.
HSDH samples of different degrees of purity, pure HSDH (>5000-
fold) (A), HSDH extract purified >1 00-fold (B), and crude extract (C),
were separated by PAGE. Samples were stained for protein with
silver or for HSDH activity. An identical gel blotted for Western
analysis (Ab). Each lane contains approximately 25 units of HSDH
activity. Arrows indicate 180,000 and 240,000 Mr forms of HSDH.
Fifty ng of each of the following proteins were added as mol wt
(x1000) standards (Std); thyroglobulin (669), ferritin (440), catalase
(232), lactate dehydrogenase (140), and BSA (67).
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Figure 4. Analysis of mouse antisera specificity to plant HSDH.
Crude extracts of HSDH were isolated from soybean (S), carrot (C),
and E. coli (E) and separated on PAGE. Each lane contains approxi-
mately 25 units of HSDH activity. Samples were stained for protein
with silver or for HSDH activity. Identical gels were blotted for western
analysis (Ab). Molecular weights (x1000) are indicated. Molecular
weight standards (Std) are as described in Figure 3.
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Figure 5. Polymerization of HSDH. HSDH was electroeluted from
native polyacrylamide gels as described in "Materials and Methods."
HSDH forms were separated by PAGE. Each lane contains approxi-
mately 75 units of HSDH activity. Samples were stained for protein
with silver or for HSDH activity. Identical gels were blotted for Western
analysis (Ab). Molecular weights are indicated (x1 000).

(240,000 Mr) of the enzyme as indicated by analysis of the
enzymes and protein on gels stained for protein and HSDH
activity and by western blot analysis using the anti-HSDH
mouse antisera. The silver stain of the gel showed no protein
in the area where the K-form (180,000 Mr) would be located
when the same preparation was dialyzed against TK buffer.
These results were also observed when the samples were
stained for HSDH activity or when HSDH was localized with
the antisera by Western blot analysis. Likewise, the gel lane
containing the K-form of the enzyme showed no evidence of
the T-form. This verifies the conversion of one form to the
other and not merely an inhibition of one form under con-
ditions where the other form is more active. Further experi-
mentation verified the interconversion of the two forms.
Enzyme samples were dialyzed in TT buffer and were shown
by PAGE and Western blot analysis to contain only the T-
form; these samples were then dialyzed in TK buffer and
shown to contain only the K-form. Likewise, samples con-
taining only the K-form after dialysis in TK buffer were
converted to the T-form after dialysis in TT buffer.

DISCUSSION

Mouse polyclonal antiserum was prepared against the
240,000 M, form of carrot HSDH. The specificity of the
mouse antiserum toward carrot HSDH was demonstrated by
immunoprecipitation and Western blot analysis. Western blot
analysis also showed that the antiserum reacted with the
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Figure 6. Interconversion of carrot HSDH forms. Carrot HSDH was
dialyzed in TT-buffer (25 mm Tris, 5 mm threonine [pH 7.6]) or TK-
buffer (25 mm Tris, 100 mm KCI [pH 7.6]). The two forms were
separated by PAGE (3 Mg protein/lane and 25 units of activity/lane).
The samples were stained for protein by silver and for HSDH activity.
Identical gels were blotted and used for Western blot analysis (Ab).
Molecular weight standards (Std) are as described in Figure 3.

various in vitro forms of HSDH. These data verify the speci-
ficity of the mouse antiserum to carrot HSDH and demon-
strate that the different forms of carrot HSDH are immuno-
logically related.

E. coli contains two isoforms of the fused AK/HSDH
protein. They are designated AK-I/HSDH-I and AK-II/
HSDH-II. AK-I/HSDH-I has a mol wt of 355,000 ± 27,000.
It is composed of four subunits having mol wt of 86,000 ±
4000. AK-II/HSDH-II has a mol wt of 185,000, and it is
composed of two identical subunits of 88,000 (6). Antibodies
specific for each of the two E. co/i AK/HSDH proteins only
cross-react with the denatured heterologous E. coli protein
and not with the native heterologous protein. This suggests
that the serological similarities between the two proteins are
due to amino acids sequences that are buried within the native
proteins (28). In this study, we have prepared antiserum
against the native 240,000 Mr form of carrot HSDH for
immunological comparison of the in vitro forms of carrot
HSDH. The antiserum cross-reacted with all enzymatically
active forms of carrot HSDH and with the high mol wt forms
of soybean HSDH. These data suggest that plant HSDHs are
structurally similar and that the two E. coli forms are not
closely related to the two plant HSDH forms. Unlike the
antisera raised against the two E. coliHSDH forms, the mouse
antiserum to carrot HSDH did not cross-react with the de-
natured carrot or soybean HSDH. Future immunological
analysis of the relationship between carrot and soybean
HSDH may reveal the regions of similarity between the two
plant HSDH forms.
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Carrot HSDH is composed of identical 85,000 Mr subunits,
the T-form appears to be a homotrimer and the K-form
appears to be a homodimer (23). The antiserum was tested
for its ability to detect the 85,000 Mr subunits. SDS-treated
and boiled HSDH was separated by SDS-PAGE and used for
Western blot analysis. The antiserum was not able to detect
denatured carrot HSDH. Since the antisera was raised against
native HSDH, it must only react with sequences that are
present on the native or folded protein.

In plants there are several molecular weight forms of
HSDH. They are separated into classes of forms, designated I
through IV, according to their related molecular weights on
native PAGE. HSDH form I (HSDH I) has a mol wt of 70,000
to 80,000. HSDH II has a mol wt range of 150,000 to 190,000.
HSDH III has a mol wt range of 300,000 to 400,000, and
HSDH IV has mol wt greater than 400,000 (for review, see
ref. 5). Often, some of the mol wt forms are not present in
the plant, i.e. carrot does not contain an enzymatically active
HSDH I (our unpublished observations). Usually all forms of
HSDH, except form I, are sensitive to threonine. Generally
threonine concentrations of 5 mm or higher totally inactivate
the enzyme (5). Threonine concentrations as low as 0.2 mM
have inhibited approximately 70% of the HSDH activity in
carrot ( 19).

In our previous study (23) and here, we have shown that
highly purified samples of carrot HSDH can aggregate into
different forms of Mr from 240,000 to 720,000. Comparison
of gels stained for protein, HSDH activity stain, and Western
blots show that all of the enzyme forms react with the anti-
serum; therefore, it appears that there are no inactive inter-
mediate forms of HSDH. The HSDH aggregates which form
in vitro appear to be multiples of about 180,000. However, a
180,000 Mr form has not been identified among the aggre-
gates. A 180,000 Mr form has been identified only after
dialysis ofthe enzyme in a potassium containing buffer. These
data suggest that potassium may aid in the formation or
maintenance ofa stable 180,000 Mr form in vitro. Aggregation
of HSDH into various forms has been observed in Rhodos-
pirillum rubrum in the presence of threonine (7), but this
phenomenon may not occur in vivo in carrot. In carrot the
240,000 Mr form ofHSDH is predominant.
The activation and interconversion of maize HSDH forms

by changes in potassium, threonine, and glycerol concentra-
tions has been proposed by Krishnaswamy and Bryan (16,
17), based on different initial rates of velocity of HSDH
reactions. Previously, we have shown physical evidence for
the interconversion of carrot HSDH by gel electrophoresis
(23). However, these conversions were observed at potassium
concentrations of 250 mm, which are approximately 2 to 2.5
times higher than the potassium concentrations that have
been observed for isolated pea (3, 1 1) and spinach chloroplast
(8, 26). Here we have shown that the interconversion of the
T- and K-forms ofHSDH occurs at physiologically significant
concentrations, 5 mM threonine and 100 mm potassium,
respectively. Additionally, the Western blot analysis shows
that there is an interconversion and not an activation
or inactivation of either of the two forms under different
conditions.
Our data, combined with the data of others, support a

model we have developed to describe the role of the different
carrot HSDH forms in controlling threonine production in
vivo (Fig. 7). We have considered several factors in the chlo-
roplast that effect HSDH activity, i.e. potassium, threonine,
and NADPH concentrations and pH changes occurring in
the light and dark. Potassium is the major monovalent cation
found in isolated chloroplasts (3, 26), ranging in concentration
from 41 to 198 mm (3, 8, 10, 11, 26). Most, i.e. 90 to 93%,
of the potassium in the isolated chloroplasts is in the stroma
or is loosely associated with the thylakoid membranes (26).
Diurnal changes in potassium concentrations occur in soy-
bean leaves, with levels increasing during the day and decreas-
ing during the night (13). Furthermore, when isolated chlo-
roplasts are illuminated, potassium ions are transported across
the chloroplast envelope (3, 8, 10) elevating potassium levels
in the stroma. At the same time, light-stimulated chloroplastic
protein synthesis would increase the demand for amino acids
and decrease the concentrations of free amino acids, including
threonine. Thus, high potassium and low threonine concen-
trations in the illuminated chloroplast would favor the con-
version of existing HSDH into the K-form. The K-form is
stimulated by potassium and is insensitive to threonine inhi-
bition (23), thus allowing increased threonine production.
Additionally, the pH in the stroma of the illuminated chlo-
roplast would increase to approximately 8.0 (13), the pH
optimum for carrot HSDH is ca. 8.0 (our unpublished obser-
vations). Also, NADPH, a cofactor for HSDH activity, is
produced during photosynthesis. When the chloroplast is no
longer illuminated, protein synthesis slows down, free threo-
nine levels in the chloroplast increase, potassium levels de-
crease and the pH is lowered. Conditions in the chloroplast

K

K-form r
tKh
thr N

TRMMAA
)H 8.0 T-form

* thr

H NADP NADPH

pH 6.8

THYLAKOID SPACE
I

\-- .,

Figure 7. A model of the regulation between the K- and T-forms of
HSDH in the chloroplast. In the light, protein synthesis utilizes amino
acids, thus decreases the amount of threonine in the chloroplast.
Illumination of chloroplast increases the K+ concentration in the
stroma via potassium pumps across the chloroplast envelope. The
equilibrium of the HSDH forms is shifted towards the K-form, which
is insensitive to feedback inhibition by threonine. Additionally, the pH
in the stroma increases to 8.0 and NADPH (a cofactor for HSDH) is
produced resulting in more rapid synthesis of threonine. In the dark,
threonine levels increase as protein synthesis decreases and K+
leaves the chloroplast. The equilibrium shifts back towards the T-
form, which is sensitive to threonine inhibition, resulting in a decrease
in threonine synthesis.
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would then favor the formation of the T-form, which is
threonine sensitive and is less responsive to stimulation by
potassium ions than the K-form (23). Under these conditions,
HSDH activity and threonine biosynthesis would be curtailed.
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