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Abstract Lysine is one of the nutritionally limiting 
amino acids in food and feed products made from maize 
(Zea mays L.). Two enzymes in the lysine biosynthesis 
pathway, aspartate kinase (AK) and dihydro- 
dipicolinate synthase (DHPS), have primary roles in 
regulating the level of lysine accumulation in plant cells 
because both enzymes are feedback-inhibited by lysine. 
An isolated cDNA clone for maize DHPS was modified 
to encode a DHPS much less sensitive to lysine inhibi- 
tion. The altered DHPS cDNA was transformed into 
maize cell suspension cultures to determine the effect on 
DHPS activity and lysine accumulation. Partially puri- 
fied DHPS (wildtype plus mutant) from transformed 
cultures was less sensitive to lysine inhibition than wild- 
type DHPS from nontransformed cultures. Trans- 
formed cultures had cellular free lysine levels as much as 
four times higher than those of nontransformed con- 
trols. Thus, we have shown that reducing the feedback 
inhibition of DHPS by lysine can lead to increased 
lysine accumulation in maize cells. Increasing the capac- 
ity for lysine synthesis may be an important step in 
improving the nutritional quality of food and feed prod- 
ucts made from maize. 
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Introduction 

Most crop seeds are deficient in one or more of the 
essential amino acids; lysine is especially limiting in 
cereals, including maize. Low levels of lysine in food and 
feed products made from cereals prevent the efficient 
utilization of plant protein by monogastric animals. 
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Lysine, threonine, methionine and isoleucine are syn- 
thesized from a common precursor, aspartate, in higher 
plants (Bryan 1990). The first step in the aspartate 
pathway (Fig. 1) is catalyzed by aspartate kinase (AK), 
which generally appears in two isoforms in plants. The 
predominant form of AK in maize is feedback-inhibited 
by lysine, while the minor form is inhibited by threonine 
(Azevedo et al. 1992). The minor form occurs as a bifunc- 
tional enzyme that also exhibits homoserine dehy- 
drogenase activity (Azevedo et al. 1992; Muehlbauer et al. 
1994 b). The first committed step in the lysine branch of 
the pathway is catalyzed by dihydrodipicolinate syn- 
thase (DHPS), which is subject to feedback inhibition by 
lysine alone (Bryan 1990; Kumpaisal etal. 1987). In 
maize, mature DHPS is a homotetramer that is 50% 
inhibited by 23 gM lysine (Frisch et al. 1991 a). The 
proenzyme of maize DHPS contains a transit sequence 
that directs DHPS to the chloroplast (Muehlbauer and 
Bittel unpublished) where amino acid synthesis occurs. 

Attempts to produce plants which have an increased 
capacity for lysine synthesis using tissue culture have 
had varying levels of success. Mutagenesis and tissue 
culture selection allowed the recovery of lysine and 
threonine overproducers in Nicotiana sylvestris (Frank- 
ard etal. 1991; Negrutiu et al. 1984). The bases for 
increased lysine and increased threonine were deter- 
mined to be mutations in DHPS and AK, respectively, 
which made the enzymes less sensitive to lysine inhibi- 
tion. Maize tissue culture selection following mutagen- 
esis led to the recovery of plants containing lysine- 
insensitive AK (Diedrick et al. 1990; Dotson et al. 1990; 
Hibberd and Green 1982). Homozygous mutant kernels 
accumulated 30- to 175-fold more free threonine than 
control kernels (Diedrick et al. 1990; Dotson et al. 1990; 
Muehlbauer et al. 1994a; Gengenbach and Diedrick 
1994). Tissue culture selection strategies, however, have 
not resulted in a lysine-over-producing mutant in maize. 

Because the aspartate pathway is similar in plants 
and bacteria (Bryan 1990; Umbarger 1978), alternative 
molecular strategies to increase lysine synthesis in plants 
are possible. It has recently been shown that tobacco 
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Fig. 1 Simplified diagram of the aspartate family amino acid bio- 
synthesis pathway. Major enzymes and products are shown. Curved 
lines represent feedback inhibition 

(Nico t iana  tobaccum) and po ta to  (Solanum tuberosum) 
t ransformed with an Escher ichia  coli form of D H P S ,  
which is less sensitive to lysine inhibit ion than  the 
endogenous  plant  enzyme, increased free lysine accumu-  
lat ion (Shaul and Galili 1992; Perl  et al. 1992). Al though 
several clones encoding plant  D H P S  have been identifi- 
ed (Kaneko  et al. 1990; Frisch et al. 1991 b; Vauter in  and 
Jacobs,  1994) to date there have been no reports  of 
a t tempts  to use plant-der ived D H P S  genes to modify  
plant  lysine biosynthesis.  

As par t  of an ongoing effort to increase lysine bio- 
synthesis in maize, we have mutagenized the c D N A  
encoding maize D H P S  isolated by Frisch et al. (1991 b). 
We have subsequent ly  selected m u t a n t  forms of D H P S  
which are less sensitive to lysine inhibit ion yet still retain 
enzymat ic  activity (Shaver, Sellner and  Gengenbach,  
unpubl ished data). In  the s tudy presented here, we used 
a m u t a n t  c D N A  of maize  D H P S  coupled to a consti- 
tutive p r o m o t e r  to t ransform maize  suspension cell 
cultures to determine whether  the presence of lysine- 
insensitive maize D H P S  would allow the accumula t ion  
of excess free lysine in maize cells. 

Maize A K  is also sensitive to lysine inhibit ion and 
m a y  limit lysine accumula t ion  even in the presence of 
lysine-insensitive D H P S .  Plant  A K  genes with reduced 
sensitivity to lysine inhibit ion have not  been isolated; 
therefore, a construct  containing the E. coli L y s C  gene 
for AK, which is less sensitive to lysine inhibit ion than  
maize AK, was co t rans formed into maize  cells a long 
with lysine-insensitive D H P S  to determine whether  
bo th  enzymes mus t  be lysine insensitive to increase 
lysine accumulat ion.  This s tudy contr ibutes  to our  effort 
to improve  the nutr i t ional  quality of maize and to 
determine the molecular  and  biochemical  regulat ion of 
lysine biosynthesis  in maize. 

Mate r ia ls  and methods  

Construction of transformation vectors 

DHPS 

The cDNA encoding lysine-insensitive maize DHPS (DHPS 166 av), 
differs from wildtype DHPS by the substitution of valine for alanine 
at amino acid 166 relative to the translation initiation start codon 
(Shaver, Sellner and Gengenbach, unpublished data). The mutant 
enzyme, partially purified from the E. coli auxotroph AT997, shows 
no inhibition by lysine concentrations as high as 10raM, which 
compares to Iso values of 35 gM for the wildtype maize enzyme 
purified from the auxotroph and 1 mM for the E. coli enzyme isolated 
from wildtype bacterial cells. The activity of both the maize enzyme 
expressed in the E. coli auxotroph and the E. coli wildtype enzyme is 
completely inhibited by 10 mM lysine. 

The cDNA encoding lysine-insensitive maize DHPS166 av and 
the transit peptide sequence (Frisch et al. 1991b) were amplified by 
polymerase chain reaction (PCR) using an upstream primer contain- 
ing a BamHI restriction site (CGCGGGATCCATGATTTC- 
GCCGACGAATGTCC) and a downstream primer containing an 
SstI site (CGCGGAGCTCCTAGTACCTACTGATCAACACG). 
The 1.2-kb amplified segment was digested with SstI and BamHI and 
ligated into the corresponding sites in plasmid pBI221 (Clontech), 
replacing the fl-glucuronidase (GUS) gene to produce the plasmid 
pBI35/166 av. The 1-kb sequence encoding the cauliflower mosaic 
virus 35 S promoter plus the alcohol dehydrogenase (Adh) intron 1 
was removed from plasmid pH24 (gift from M. Fromm) by digestion 
with HindIII and BamHI. This sequence was ligated into the corre- 
sponding sites in plasmid pBI35/166 av, replacing the 35 S promoter 
to produce p35Adh/166av. The BAR cassette (35 S promoter plus 
Adh intron and the BAR gene, which confers resistance to the 
herbicide Basta) was released from the plasmid pBARGUS (gift from 
M. Fromm) with NotI, and the ends were filled in by the action of the 
large subunit of E. coli DNA polymerase I (Klenow enzyme). The 
plasmid p35Adh/166 av was linearized with NarI, the ends filled in 
with Klenow enzyme, purified on silica resin (Geneclean, Bio 101, La 
Jolla, Calif.) and the BAR cassette blunt-end ligated into 
p35Adh/166 av to produce the plasmid p35Adh/166 av/B (Fig. 2A). 

LysC 

A 1.9-kb HindIII fragment containing the E. coli LysC gene attached 
to a DNA sequence encoding a chloroplast transit peptide (gift from 
K. Glassman, Plant Science Research) was ligated into the HindIII 
site of pBluescript (Stratagene, La Jolla, Calif.) to produce the plasmid 
pBS/LysC. The plasmid pBARGUS was cut with BamHI and filled in 
with Klenow enzyme, purified on silica resin and cut with NotI to 
release a 1-kb fragment containing the 35S promoter plus the Adh 

Fig. 2A,B Constructs used for transformation. A p35Adh/166av/B, 
B p35Adh/LysC. 35S Cauliflower Mosaic Virus 35S promoter, Intron 
alcohol dehydrogenase Intron 1, TP chloroplast transit peptide, Bar 
BAR gene, confers Basta resistance, Nos 3' terminus of nopaline 
synthase gene 

A 

Bar Intron 35S Nos DHPS TP Intren 35S pBI pBI h 

Sstl Xbal Hind III 
I 2.2-kb 

B 

. . . .  35S Intron TP LysC No~ p~luescnpt / I.'.',27/////////////~;,;,',',;,;,;,;~,i / pBluescript 
/ 

Hind III 1.9-kb Hind Ill 
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intron. The plasmid pBS/LysC was cut with XbaI, filled in with 
Klenow enzyme, purified on silica resin and cut with NotI. The 35S 
promoter plus Adh intron fragment was directionally ligated into 
pBS/LysC using the Nod site to produce plasmid p35Adh/LysC (Fig. 
2B). 

Transformation 

Microprojectile bombardment followed the procedure of Gordon- 
Kamm etal. (1990) with slight modification. DNA from 
p35Adh/166 av/B and p35Adh/LysC plasmids (25 gg each) were co- 
precipitated onto 2mg of sterile 1.5-gm diameter tungsten particles 
with 250 ~tl 2.5 M CaCI 2, 50 gl 0.1 M spermidine and placed on ice for 
10min. The suspension was microfuged for 5 min, and all but 10 gl of 
the supernatant was removed. The particles were resuspended in the 
remaining solution, and 1 gl of DNA/particles was pipetted onto the 
macrocarrier of the Biolistics Model PDS-1000 (E.I. da Pont de 
Nemours & Co.) powered by 0.22-caliber blanks. The macrocarrier 
was loaded into the firing chamber and accelerated toward Black 
Mexican Sweet (BMS) maize cells (approximately 500mg fresh 
weight) slightly mounded on Whatman 3-mm filter discs saturated 
with MS2-D media [-MS salts (Murashige and Skoog 1962) supple- 
mented with 2mg/1 2,4-dichlorophenoxyacetic acid, 0.5mg/1 
thiamine and 20 gfl sucrose, pH 5.8]. One milliliter of MS2-D media 
was added to the plates, the cells allowed to recover for 2 days and the 
cells were plated on solid MS2-D media containing 3 g/1 gelrite and 
3 mg/t Basta. Transformant selection and maintenance followed the 
procedure detailed in Kaepler et al. (1990). Cell lines resistant to Basta 
(presumably containing the BAR gene) were kept individually iso- 
lated, subcultured every 2-4 weeks and maintained continuously on 
solid media containing Basta. 

DNA gel blots 

DNA was extracted from BMS cell cultures following standard 
techniques (Saghai-Maroofet al. 1984) and cut with HindIII and Ssfl. 
The two enzymes in combination released a 2.2-kb fragment contain- 
ing the 35S promoter and DHPS166av from p35Adh/166av/B. Hin- 
dIII released a 1.9-kb LysC fragment from p35Adh/LysC. The DNA 
was elecctrophoresed and blotted to nitrocellulose membranes (Mi- 
cron Separations) using standard practices (Maniatis et al. 1984). The 
membranes were hybridized with radiolabeled probes using the 
0.65-kb XbaI fragment of DHPS (Fig. 2A) or the 1.9-kb HindlII 
fragment containing the LysC gene (Fig. 2B), washed in 0.2% SSC, 
0.1% SDS at 65 ~ for 30 min prior to exposure to X-ray film (Kodak) 
and then stripped according to manufacturer's instructions prior to 
rehybridization with the second probe, LysC. 

Enzyme assays 

DHPS 

Approximately 100 mg of cells (fresh weight) were ground with a 
Kontes pestle in a 1.5-mI microcentrifuge tube in PBS buffer (150 mM 
NaC1, 16 mM NaaHPO4, 4 mM NazHzPO4, pH 8.0) containing 50 
mM pyruvate. Debris was spun down, and the supernatant was 
brought to 20% (w/v) with PEG (MW 4,000) and centrifuged 15 min 
at 15,000 g. The supernatant was removed, brought to 10% (w/v) with 
ammonium sulfate and centrifuged at 10,000g for 15 min. allowing 
two layers to form. The lower protein-enriched phase was removed 
and desalted over a Sephadex $25 column equilibrated with PBS 
extraction buffer. The desalted extract was assayed as described by 
Frisch et al. (1991 a). Briefly, 100 Ixl of extract was added to a reaction 
mix containing 10 mM pyruvate, 1.4 mM aspartate semialdehyde and 
0.1 mM Tris-HCl, pH 8.0, brought to 250 I.tl with water and incubated 
for 30 rain at 37 ~ The reaction was stopped by adding 1 ml of stop 
buffer (0.22 M sodium citrate, 0.55 M sodium phosphate pH 5.0 and 
0.25 mg/ml o-aminobenzaldehyde). Color was allowed to develop for 
3 h, and absorbance readings were taken at 520 nm. 

AK 

Approximately 3 g of cells (fresh weight) were suspended in extraction 
buffer 1-25 mM Tris-HC1 pH 7.4, 2 mM lysine, 2 mM threonine, 200 
mM KC1, 1 mM DTT, 2 mM EDTA, 10% (v/v) polyethylene glycol], 
and the cells were disrupted with a tissue homogenizer (Brinkman). 
Debris was pelleted and the supernatant transferred to a fresh tube. 
Ammonium sulfate was added to 60% (w/v) and the proteins pelleted 
at 15,000 g for 20 rain. The pellet was resuspended in 500 gl of buffer B 
[-25 mM TRxs-HCI pH 7.4, 1 mM DTT, 0.1 mM lysine, 0.1 mM 
threonine, 75 mM KC1, 10% (v/v) polyethylene glycol] and desalted 
over a Sephadex S25 column equilibrated with buffer C 1-25 mM 
TRIs-HC1 pH 7.4, 1 mM DTT, 75 mM KC1, 10% (v/v) polyethylene 
glycol]. The assay contained 400 gl buffer D (0.5 mM TRIs-HC1 pH 
8.0, 2 mM KC1), 200 I-tl 4 M NH2OH (pH to 8.0 with KOH), 100 gl 0.1 
M ATP, 0.1 M MgC12 (pH 8.0) and 100 gl 0.2 M aspartate (pH 8.0) 
and 200 gl enzyme. The assay was incubated at 37 ~ for 60 rain and 
stopped with the addition of 1.5 ml of 10% (w/v) FeCI3, 3.3% (w/v) 
TCA in 0.7 M HC1. The solution was spun down and absorbance at 
540 nm was recorded. For each reaction, paired blanks were prepared 
consisting of all components except aspartate, which was added with 
the stop mix. The blank absorbance value was subtracted from the 
reaction absorbance to obtain the AK activity. 

Amino acid analysis 

Free amino acids were extracted overnight by shaking 100 mg of cells 
(fresh weight) in 800 gl of 25% (v/v) acetonitrile. Extracts were spun 
down, and 125 lal of supernatent was dried in HPLC vials at 70 ~ 
with air flow. For culture media analysis, the media was spun down 
and 125 gl was dried directly. Dried samples were dissolved in 40 gl of 
50 mM Na2HPO4 (pH 7.0), derivatized with the addition of 80 gl 
0.2% (w/v) (dimethyl) aminoazobenzensyulfonyl chloride in acetoni- 
trile and heated to 70 ~ for 10 min. Samples were cooled to room 
temperature, diluted with 880 gl of Na2HPO 4 (pH 7.0)/95 % ethanol 
(1 : 1), and 20 gl of each sample was injected into a Spectraphysics 
HPLC using a phase separation spherisorb $50DS2 25 x 4.6 mm 
column. Amino acids were eluted from the column in a gradient of 
acetonitrile and 2 mM sodium acetate (pH 6.5) plus 2% (v/v) dimethyl 
formamide, and absorption at 436 nm was recorded continuously. 
Peak areas of individual amino acids were converted to nanomoles 
according to an amino acid standard included with each set of 
samples. Amino acid concentrations were determined at least three 
times for each cell line examined. 

Results 

Se lec t ion  a n d  c o n f i r m a t i o n  of  t r a n s f o r m a n t s  

Twe lve  c u l t u r e  p la tes  c o n t a i n i n g  B M S  cells were  b o m -  
b a r d e d  wi th  t u n g s t e n  pa r t i c l e s  c o a t e d  wi th  D N A  f rom 
b o t h  p l a s m i d s  p 3 5 A d h / 1 6 6 a v / B  a n d  p 3 5 A d h / L y s C .  
Af te r  4 - 5  weeks  91 B a s t a - r e s i s t a n t  call i ,  2 - 3  m m  in 
d i a m e t e r ,  were  t r a n s f e r r e d  to  fresh p l a t e s  c o n t a i n i n g  
Bas ta .  

D N A ,  e x t r a c t e d  f r o m  B a s t a - r e s i s t a n t  call i ,  was  re-  
s t r i c t ed  wi th  H i n d I I I  a n d  SstI .  T h e  two  e n z y m e s  re- 
l ea sed  a 2 .2-kb  f r a g m e n t  (Fig.  2A) f rom p 3 5 A d h /  
166av/B t h a t  was  r e s o l v e d  i n d e p e n d e n t l y  of  the  en-  
d o g e n o u s  D H P S  gene(s) (Fig.  3, B M S  lane). S ix ty -n ine  
l ines  (76%)  c o n t a i n e d  a 2 .2-kb  f r a g m e n t  t h a t  h y b r i d i z e d  
to  the  l a b e l e d  D H P S  c D N A  p r o b e  (Fig.  3). T h e  A - t y p e  
h y b r i d i z a t i o n  p a t t e r n  (Fig.  3) is r e p r e s e n t a t i v e  o f  the  
l ines  c h a r a c t e r i z e d  in th is  r epo r t ,  d i f fer ing f rom the  
n o n t r a n s f o r m e d  B M S  p a t t e r n  b y  a s ingle  2 .2-kb  b a n d .  
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BMS lane); therefore, any lanes with clear hybridization 
(Fig. 4, B lanes) were LysC-negative. Fifty-nine of the 
Basta-resistant lines (65%) were found to contain the 
LysC gene; 47 resistant lines (52%) contained both the 
DHPS166av sequence and the LysC gene. The 69 lines 
containing the DHPS transgene were analyzed by 
HPLC for changes in amino acid levels. Seven lines with 
free lysine concentrations 2 to 4 times higher than that of 
the controls and two lines that contained only the LysC 
sequence were characterized more extensively. 

Fig. 3 DNA blot hybridized with the 0.65-kb XbaI DHPS fragment. 
Arrow indicates 2.2-kb fragment released from the p35Adh/166av/B 
plasmid when cut with HindIII and SstI. Type A indicates the pattern 
expected for integration of intact plasmid DNA, Type B patterns may 
result from insertions of rearranged plasmid DNA. BMS Nontrans- 
formed control 

Three bands hybridizing to the probe were present in the 
nontransformed BMS pattern, suggesting that there 
may be more than one copy of the DHPS gene present in 
the BMS genome. The B-type patterns (Fig. 3) contained 
extra bands that may have been due to incomplete 
digestion. The constructs contained two or more copies 
of several elements, including the promoter, which could 
potentially lead to rearrangements within the vector 
also producing extra bands. Digestion with I-IindIII 
released a 1.9-kb fragment from p35Adh/LysC (Fig. 2B) 
encoding the LysC gene. The LysC sequence did not 
hybridize to DNA from nontransformed cells (Fig. 4, 

Fig. 4 DNA blot hybridized with the 1.9-kb HindIII LysC fragment. 
Arrow indicates the 1.9-kb fragment corresponding to that released 
from the p35Adh/LysC plasmid when cut with HindIII. The lanes 
labeled A represent cultures with integrated plasmid DNA and were 
designated LysC-positive. Higher molecular weight bands are prob- 
ably a consequence of incomplete digestion or possibly of rearranged 
plasmid insertions. The lane labeled B was designated LysC-negative, 
corresponding to the nontransformed BMS control 

Growth of transformants on selective media 

Cultures containing DHPS166av and/or LysC were 
transferred to media containing 2 mM lysine plus 
threonine (LT), which prevents the growth of wildtype 
BMS maize cells by inhibiting AK activity (Table 1). 
Culture 63 was Basta-resistant, but contained neither 
DHPS 166av nor LysC and did not differ from nontrans- 
formed cells in response to LT. Cultures 29, 53 and 66 
grew on 2 mM LT, suggesting that the LysC gene 
produced enough lysine-insensitive AK to allow the 
cultures to grow in the presence of the inhibitors. Cul- 
tures 7 and 69 failed to grow on 2 mM LT, apparently 
because the incorporated LysC gene was either inactive 
or produced too little enzyme to overcome LT inhibi- 
tion. 

The cultures were tested on media containing the 
lysine analog, S-(2-aminoethyl) cysteine (AEC), which 
prevents the growth of wildtype cells by inhibiting 
DHPS and possibly AK activity and by substituting for 
lysine in protein synthesis. Cultures 7, 29, 66 and 70 were 
capable of growing on 1 mM AEC, indicating that the 
DHPS166av transgene was active (Table 1). Cultures 29 
and 66, which contained both DHPS166av and LysC, 
grew faster on 1 mM AEC than culture 70, which 
contained only DHPS166av. Furthermore, culture 29 
was able to grow on 2 mM AEC, which prevented the 
growth of all other lines. No cultures grew on 3 mM 
AEC, and all cultures grew on 0.5 mM AEC, including 
the nontransformed control BMS cells (data not shown). 
Cultures without the DHPS166av transgene failed to 
grow on media containing 1 mM AEC even when they 
contained the LysC transgene. 

The cultures were also placed on media containing 
2.5-5 mM threonine. Threonine had no effect on the 
growth of wildtype BMS cells or on any cultures con- 
taining the LysC gene, even at concentrations as high as 
5 mM. However, 2.5 mM threonine inhibited the growth 
of culture 70, which contained only the DHPS166av 
transgene, possibly as a consequence of high en- 
dogenous free lysine concentrations inhibiting wildtype 
AK activity in concert with the exogenous threonine. In 
contrast to culture 70, culture 7 was inhibited by 2 mM 
LT but was not affected by 2.5 mM threonine in the 
media. This suggests that the LysC gene may have been 
active in culture 7 but at levels too low to restore growth 
in the presence of 2 mM LT. 
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T a b l e  1 Culture genotype and growth characteristics ofmaize cell culture lines transformed with plasmids containing DHPS 166av and/or  the 
AK (LysC) genes (LT lysine plus threonine, T threonine, AEC S-(2-aminoethyl) cysteine) 

Cell line DHPS- 166av LysC Basta 2 m M  2.5 m M  I m M  2 m M  
LT T AEC AEC 

BMS" No No c _ + _ _ 

6 3  No No + - + - - 
70 Yes No + - - + - 

7 Yes ia b + - + + - 
29 Yes Yes + + + + + 
66 Yes Yes + + + + -- 
53 No Yes + + + - - 
69 No ia + - + - - 

a Nontransformed AK activity 
b ia, Inactive; gene was present, but there was no evidence of modified ~ + ,  Growth; - ,  no growth 

Enzyme activity and sensitivity to lysine inhibition 

The specific activity of total DHPS from the three 
transformed cultures, 7, 29 and 70, was not significantly 
different from that of the nontransformed BMS control 
(Table 2), although the mean value of culture 29 was 
about 50% higher than that for BMS. 

Likewise, western blotting using a polyclonal anti- 
body against maize DHPS indicated only minor 

T a b l e  2 Total DHPS and AK activities in BMS and transformed 
maize cell culture lines (NA not assayed) 

Cell line a Enzyme activity b 

DHPS  AK 

BMS 0.091 (0.015) 4.91 (0.01) 
70 0.112 (0.028) NA 

7 0.081 (0.029) NA 
29 0.157 (0.032) 7.65 (0,25) 
53 NA 7.35 (0.25) 

a BMS, Nontransformed control; culture 70 contained DHPS166av; 
cultures 7 and 29 contained both  DHPS166av and LysC; culture 53 
contained LysC 
b Units/mg protein. Mean of 3 assays + / -  (SE) 

changes in the amount  of DHPS relative to the amount  
of total protein in comparisons between transformants 
and nontransformed controls (data not shown). How- 
ever, there was a clear reduction in sensitivity to lysine 
inhibition of total DHPS from transgenic cultures (Fig. 
5). Wildtype DHPS isolated from nontransformed cul- 
tures was inhibited 50% at approximately 35 gM lysine, 
whereas the three transformant lines tested were 50% 
inhibited at concentrations of lysine greater than 80 gM 
(Table 3). At 500 gM lysine, the three transformed 
cultures retained 20-50% DHPS activity, while DHPS 
activity from BMS controls was totally inhibited (Fig. 5). 
The DHPS activity remaining at 500 gM lysine may 
represent the proportion of total DHPS activity attribu- 
table to the DHPS166av transgene. 

The specific activity of total AK in extracts from 
cultures 29 and 53 was significantly higher (ca. 50%) 
than that of extracts from nontransformed BMS cells 
(Table 2). Lysine inhibition of AK activity was not 
examined. Both cultures 29 and 53 grew on 2 m M  LT as 
expected if they had an active LysC gene producing an 
AK less sensitive to lysine inhibition than the en- 
dogenous maize AK. Culture 7 also contained the LysC 
transgene but did not grow on LT media, and the 

Table 3 Summary of characteristics exhibited by maize cell culture lines containing DHPS166av and/or  LysC transgenes (NA not assayed) 

Cell line and transgene Modification of DHPS Modification of AK Free amino acid 

Lysine Threonine 
(pmol/mg fresh wt) b 

No DHPS166av, No LysC 
BMS 15o a = 35 gM Endogenous AK 103 (8) 173 (44) 
63 NA NA 128 (2) 167 (13) 

+ DHPS166av, No LysC 
70 15o > 80gM NA 418 (26)** 163 (22) 

+ DHPS166av, + LysC 
7 15o > 100 gM LysC inactive 422 (31)** 186 (16) 

29 15o > 80 gM LysC active 398 (31)** 214 (13) 
66 NA LysC active 295 (19)* 192 (35) 

No DHPS166av, + L y s C  
53 NA LysC active 283 (56)* 256 (7)* 

*'** Significantly different from control, P ~< 0.05, 0.01 respectively 
Iso = lysine concentration which inhibits enzyme activity 50% 

bMean of 3 assays + / - -  (SE) 
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Fig. 5 Lysine inhibition of total DHPS activity from BMS control 
and transformed maize cells expressing the DHPS166av transgene. 
Plots show percent change relative to activity without added lysine 
for each line 

specific activity of AK was not different from the non- 
transformed control. This suggests there was little AK 
activity due to the LysC transgene in culture 7. 

Amino acid analysis 

Free amino acid concentrations from transformed lines 
were determined by HPLC and compared to those of 
nontransformed controls (Table 3). Wildtype BMS cells 
contained an average of 103 ( + / - 8 )  pmoles of lysine 
per milligram of tissue. The cultures expressing trans- 
genic DHPS had up to fourfold more free lysine than the 
nontransformed control BMS cells (Fig. 6). Significantly 
increased lysine indicated that the lysine-insensitive 
fraction of total DHPS functioned in these cultures and 
allowed them to grow in the presence of normally 
inhibiting levels of AEC (Table 1). Free lysine concentra- 

75 

tions were similar whether the cell line lacked the LysC 
transgene (no. 70) or whether LysC was expressed (no. 
29) based on an increase in AK specific activity. Culture 
53, which had an active LysC transgene but lacked 
DHPS166av, also had about 2.5-fold more free lysine 
than controls, indicating that modifying either AK or 
DHPS could affect lysine accumulation in BMS maize 
cells. Culture 53 also exhibited a modest but significant 
increase in free threonine, which is consistent with an 
increase in carbon flow through the pathway due to 
modified AK. 

Secretion of lysine by lysine-over-producing cells 

Several transformed cultures were transferred to non- 
selective liquid media and allowed to grow for 3 days. 
Media in which transgenic lines 70, 7, 29 and 53 had 
grown contained lysine up to 5.2 times that of media in 
which nontransformed controls and culture 63 had 
grown (Fig. 7). This suggests that in addition to increas- 
ing the intracellular free lysine pool, the transgenic lines 
secreted some excess lysine. Cultures 29 and 53, which 
contained the LysC transgene, also secreted more 
threonine than the controls (Figure 7). No other cultures 
had significant changes in free threonine in the media. 

Discussion 

Previous studies have demonstrated that it is possible to 
increase the accumulation of the endproducts of the 
aspartate pathway in plants by transformation using 
bacterial genes encoding enzymes that are less sensitive 
to feedback regulation. Tissue culture selection stra- 
tegies resulting in altered regulatory enzymes have also 
proven effective in increasing free threonine in tobacco 
(Frankard et al. 1991) and maize (Diedrick etal. 1990; 

Fig. 6 Cellular free lysine and free threonine in various transformed 
maize cell lines relative to nontransformed control. BMS Nontran- 
sformed control. *'** Significantly different from control, P ~< 0.05, 
0.01, respectively 
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Fig. 7 Lysine and threonine excreted into culture media by various 
transformed maize cell lines relative to nontransformed control. BMS 
Nontransformed control. The concentrations of lysine and threonine 
in media from BMS cultures were 2.6 ( + / - 0.25) and 15.5 ( + / -  1.25) 
pmol/gl, respectively. *'** Significantly different from control, 
P ~< 0.05, 0.01, respectively 
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Dotson et al. 1990; Hibberd and Green 1982; Miao et al. 
1988) and free lysine in tobacco (Negrutiu et al. 1984). 
However, attempts to deregulate the aspartate pathway 
in order to increase lysine synthesis in maize have not 
succeeded to date. We have cloned a maize DHPS 
cDNA and introduced a mutat ion in the sequence that 
confers upon the enzyme reduced sensitivity to lysine 
feedback inhibition (Shaver, Sellner and Gengenbach 
unpublished). In this paper we show that the mutant  
DHPS166av sequence is functional when reintroduced 
into maize cells and, furthermore, that molecular genetic 
deregulation of two enzymatic steps in the aspartate 
pathway in maize cells can lead to the accumulation of 
excess cellular free lysine. 

The ability of the transgenic cultures to grow on 
inhibitory concentrations of AEC or LT media (Table 1) 
clearly demonstrates that the transgenes were expressed, 
resulting in enzymes less sensitive to AEC (DHPS 166av) 
or LT (LysC). The cultures containing the DHPS166av 
transgene had a greater accumulation of free lysine than 
nontransformed controls (Fig. 6), suggesting that the 
presence of the altered DHPS enzyme (Fig. 5) led to 
increased lysine biosynthesis. There was little change in 
total DHPS activity or protein, indicating that modest 
amounts of deregulated enzyme can lead to significant 
increases in free lysine accumulation. 

The mature DHPS enzyme in plants is a homotet- 
ramer (Kumpaisal et al. 1987; Frisch et al. 1991a), and 
the mutant  and wildtype subunits likely can combine to 
form mixed tetramers. The resulting mature enzyme 
could contain from zero to four mutant  subunits. The 
effect that mixed subunits may have on lysine sensitivity 
is difficult to predict. Negrutiu et al. (1984) employed 
mutagenesis and tissue culture selection to obtain a 
tobacco plant containing a lysine-insensitive DHPS 
isoform. In a heterozygous state the mutant  monomer  
would probably combine with the wildtype monomer  in 
a manner  similar to what is expected for hemizygous 
transgenic maize cells. Negrutiu et al. (1984) found a 
significant increase in free lysine in the heterozygous 
plants, suggesting that mixed tetramers had either re- 
duced lysine sensitivity or that enough of the homomeric 
lysine-insensitive tetramer was produced to effect an 
increase in free lysine. Our results agree with those of 
Negrutiu et al. (1984) in that the transformants had 
increased concentrations of lysine regardless of the in 
vivo interaction of the two isomers. 

The effect of increased lysine accumulation is high- 
lighted by the sensitivity of culture 70, which contains 
DHPS166av and not the LysC transgene, to threonine 
added to the culture media (Table 1). The growth of 
control BMS cells was unaffected by high levels of 
threonine in the media. Culture 70, however, failed to 
grow on media containing 2.5 m M  threonine. Apparent- 
ly, free lysine accumulated to high enough levels so that, 
in concert with the threonine added to the media, maize 
AK activity was inhibited, thereby preventing carbon 
flow into the pathway and resulting in methionine star- 
vation. Cultures containing the LysC transgene were 

unaffected by threonine in the media regardless of the 
presence of DHPS166av. It is likely that the cellular free 
lysine concentration did not reach levels that were in- 
hibitory to bacterial AK encoded by the LysC trans- 
gene. 

In addition to DHPS, AK plays a key role in regula- 
ting carbon flow through this pathway. The predomi- 
nant form of maize AK is highly sensitive to lysine 
inhibition, while the minor  form is sensitive to threonine 
inhibition (Azevedo et al. 1992; Frisch et al. 1991a). It is 
likely that as lysine builds up in the transformed cul- 
tures, AK activity may decline and reduce the flux 
through the pathway. Culture 29 contained both the 
LysC and the DHPS166av transgenes and was the only 
culture tested that grew on media supplemented with 
2 m M  AEC (Table 1). No increase in cellular free lysine 
was observed in culture 29 compared to culture 70, 
which did not contain LysC (Table 1). However, culture 
29 had nearly twice as much lysine secreted into the 
media as the other cultures examined, suggesting that 
AK is important  for determining the overall capacity for 
synthesis of lysine. This result might also indicate that 
maize suspension cells have a tolerance threshold to 
cellular free lysine, above which lysine must  be secreted 
for the cells to remain viable. If high free lysine is 
inhibitory to growing maize cells, this would have impli- 
cations for genetic engineering strategies to modify this 
pathway in order to boost lysine in maize. It may be 
necessary to confine increased lysine synthetic capacity 
to the kernel to reduce impairment of normal metabolic 
functions in vegetative tissues. Deregulating the lysine 
biosynthetic pathway in maize may prove to be particu- 
larly effective if done in conjunction with the addition of 
high-lysine seed storage proteins. 

We have demonstrated that a maize DHPS cDNA 
encoding a lysine-insensitive enzyme was functional 
when coupled to a constitutive promoter  and trans- 
formed into maize cells. Furthermore, the presence of 
the mutant  enzyme was associated with the accumula- 
tion of excess free lysine. The data demonstrate that the 
metabolic pathway leading to the synthesis of lysine can 
be deregulated in maize cells, resulting in the increased 
accumulation of free lysine. These data suggest that the 
molecular genetic modification of the lysine synthetic 
pathway is a viable approach to aid in the effort to 
increase lysine levels in important  crop species such as 
maize. 
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