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ABSTRACT

Maize glutamine synthetase cDNA clones were isolated by genetic selection for functional rescue
of an Escherichia coli AginA mutant growing on medium lacking glutamine. The Black Mexican Sweet
c¢DNA library used in this study was constructed in pUC13 such that cDNA sense strands were
transcribed under the control of the lac promoter. E. coli AginA cells were transformed with cDNA
library plasmid DNA, grown briefly in rich medium to allow phenotypic expression of the cDNAs
and the pUC13 amp” gene, and challenged to grow on agar medium lacking glutamine. Large numbers
of glutamine synthetase cDNA clones have been identified in individual 150-mm Petri dishes; all
characterized ¢cDNA clones carry complete coding sequences. Two cDNAs identical except for
different 5’ and 3’ termini have been sequenced. The major open reading frame predicts a protein
with an amino acid sequence that exhibits striking similarity to the amino acid sequences of the
predicted products of previously sequenced eukaryotic glutamine synthetase cDNAs and genes. In
addition, the maize glutamine synthetase cDNAs were shown to contain a 5’ mini-ORF of 29 codons
separated by 37 nucleotide pairs from the major ORF. This mini-ORF was shown not to be essential
for the functional rescue of the E. coli AginA mutant. Expression of the cDNAs in E. coli is presumed
to be due to the function of a polycistronic hybrid lac messenger RNA or translational fusions encoded
by the pUC plasmids. Proteins of the expected sizes encoded by two different pUC clones were shown

to react with antibodies to tobacco glutamine synthetase.

PECIFIC eukaryotic genes or cDNAs have been
isolated most frequently by screening genomic or
cDNA libraries for sequences that cross-hybridize with
specific nucleic acid probes or by screening expression
libraries for the production of proteins that cross-
react with specific antibody probes. GRUNSTEIN and
HoGNEss (1975) initially developed procedures for
hybridization screening of up to 10° recombinant
plasmid-containing colonies per 150-mm plate. BEN-
TON AND Davis (1977) devised protocols for screening
up to 2 X 10* recombinant phage X plaques per 150-
mm plate. Subsequently, HANAHAN and MESELSON
(1980) described colony-lift hybridization procedures
that permitted 10° recombinant clones to be screened
per 150-mm plate. The applicability of these tech-
niques to the isolation of DNA sequences which were
previously genetically undefined and were thus not
subject to genetic manipulations has proven especially
significant.

Clearly, one disadvantage of these colony- and
plaque-lift procedures is the limited number of recom-
binant clones that can be conveniently screened. By
comparison, the resolving power of genetic selection,
as so elegantly demonstrated in the neoclassical studies
of BENZER (1957), is orders of magnitude greater—
10°® to 10° cells or viruses can be screened on a single
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plate. This comparison indicates that genetic selection
should be the screening tool of choice whenever it is
applicable. Indeed, genetic selection has been used
quite successfully to isolate prokaryotic genes and
cDNAs (for example, see BONDARYK and PAULUS
1985; BAZZICALUPO et al. 1987). In contrast, it seems
to have been largely overlooked in similar studies of
eukaryotes. Although the presence of introns in most
eukaryotic genes would often exclude the possibility
of using genetic selection in bacteria to identify ge-
nomic clones, this obviously would not be a factor in
screening eukaryotic cDNA libraries.

Our decision to attempt to use genetic selection to
screen maize cDNA libraries was based on the follow-
ing premises. (1) There is a vast repertoire of Esche-
richia coli auxotrophic mutants carrying null muta-
tions in genes of interest. (2) In most, if not all cases,
folding and subunit associations of proteins are speci-
fied by their primary structures. (3) All that is required
for functional rescue of a mutant strain is substrate to
product conversion; what kind of machine catalyzes
the conversion is irrelevant. (4) The catalysis does not
need to be efficient; even a small amount of product
can permit survival and growth, albeit slow, of the
mutant cell. If these premises are correct, it should be
possible to identify and isolate specific eukaryotic
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c¢DNAs on the basis of their ability to rescue E. coli
mutant cells when plated on restrictive medium. In
particular, this approach should be effective for
c¢DNAs which encode proteins that function as mon-
omers or homomultimers and without obligatory in-
teraction with any component of the host cell. Gluta-
mine synthetase (GS) cDNAs were chosen as the focus
of our initial attempt to isolate eukaryotic cDNAs by
direct genetic selection in E. coli because of (1) the
key role that GS plays in nitrogen metabolism in plants
(reviewed by MIFLIN and LEA 1980; STEWART, MANN
and FENTEM 1980) and (2) DassarMA, TISCHER and
GOODMAN'’S (1986) demonstration of alfalfa GS activ-
ity in E. coli encoded by a clone constructed in vitro
by splicing the 5’ segment of the coding region from
a genomic clone to a partial 3" cDNA clone.

In the present study we have characterized maize
GS cDNAs isolated from a cDNA library by screening
for functional rescue of an E. coli AginA mutant. Our
approach was to use the plasmid vector pUC13 (MEss-
ING 1983) as an expression vector in a manner similar
to that described by HELFMAN et al. (1983). Two maize
GS ¢DNAs with different 5° and 3’ termini, but
identical ORFs, have been sequenced. Both cDNAs
contain a 5’ mini-ORF of 29 codons separated from
the major GS-encoding ORF by 37 nucleotides. We
have no evidence that the mini-ORF is translated;
however, the AUG is in strong context for initiation
(KozAk 1986a) with G’s at both the —3 and +4 posi-
tions. The predicted amino acid sequence of the maize
GS exhibits striking similarity to the GSs of dicotyle-
donous plants and Chinese hamster. Western blot
analyses of proteins in AginA E. coli cells transformed
with maize GS cDNA clones demonstrated the pres-
ence of anti-tobacco GS cross-reacting proteins of the
expected sizes.

MATERIALS AND METHODS

Plasmid vectors and bacterial strains: Plasmid vectors
pUC13 and pUC119 were our own stock. MV1190 or
MV1184 was used as the host for pUC119 and derivatives
in all cloning and sequencing experiments [see VIEIRA and
MESSING (1987) for genotypes and methodologies]. E. coli
strains FDB213, LE392, and DH1 were obtained from F.
AUSUBEL, L. ENQUIST, and D. HANAHAN, respectively. The
genotype of FDB213 is endoA thi-1 hsdR17 supE44 pro
AginAG (DE BRUIN and AUSUBEL 1981; DASSARMA,
TiscHER and GOODMAN 1986). Derivatives of LE392 (r™m™)
and DH1 (r"m™) harboring F’ lacl*Z::Tn5 Y*AY were used as
host cells for the cDNA library; see MANIATIS, FRITSCH and
SAMBROOK (1982) for the complete genotypes of LE392 and
DHI.

Plant materials: The Black Mexican Sweet (BMS) cell
culture lines (SHERIDAN 1975, 1982; GREEN 1977) were
obtained from C. E. GREEN. Seeds of maize lines BSSS8-53,
W23, W64A, B37,111-12E, A188 and W22 were provided
by R. L. PHiLLIPS. BMS culture cells were grown in MS
medium (MURASHIGE and SkooG 1962) supplemented with
2,4-D (2 mg/liter), asparagine (200 mg/liter), and sucrose
(2%); cultures were transferred weekly.

cDNA library construction: The cDNA synthesis was
performed by a vector-primed method designed for use
with advanced pUC plasmids (J. P. HUNSPERGER and 1.
RUBENSTEIN, unpublished data) using poly(A*) RNA pre-
pared as previously described (L1ZARDI and ENGELBERG,
1979; KIRIHARA ef al. 1988). Vector DNA was digested with
Sacl and T-tailed. The DNA was then digested with BamHI
to provide a single priming site for reverse transcriptase.
Ten micrograms of methyl mercury-denatured poly(A™)
RNA was annealed to 2 ug of vector-primer in a first strand
synthesis reaction polymerized by AMV reverse transcrip-
tase. After second strand synthesis (OkaYAMA and BERG
1982; HEIDECKER and MEsSING 1983), duplex cDNA-vector
was methylated with EcoRI methylase, ligated to EcoRI
octameric linkers, and digested with EcoRI. The population
of linearized cDNA-vector molecules was size-fractionated
(10 fractions) on an agarose gel, ligated, and transformed
into LE392 F’ lacl’ and later into DH1 F’ lacl’ by the
procedure of HANAHAN (1983). This library (designated
BMS-3) was stored frozen in 20% glycerol at —80°.

Isolation of GS ¢cDNA clones: Library fractions 4 and 5
contained plasmids with ¢cDNA inserts of average size 1.9
kb and 1.4 kb, respectively. These fractions should contain
cDNAs large enough to encode proteins the size of GS
monomers (~40 kD) plus 5 and 3’ noncoding sequences
and poly(A) tails of 100-300 bp. Thus, only library fractions
4 and 5 were screened.

FDB213 cells were transformed by either the simple
CaCl; procedure or the high frequency transformation pro-
tocol of HanaHAN (1983). Maize GS ¢DNA clones were
identified using cells transformed by both procedures. After
the heat-shock step, the cells were allowed to cool to room
temperature before adding 1.8 ml of 2 X YT medium or
SOC medium supplemented with L-glutamine (5 mmM) and
incubating on a roller drum at 37° for 1 hr. In the initial
experiments, the cells were then collected by centrifugation
for four min at 3000 rpm in a clinical centrifuge (4°), washed
once by resuspension in M9 medium (MILLER 1972) and
recentrifugation, and then gently spread on the surface of
M9 minimal agar medium containing 0.2% glucose and 2
mM proline. The plates were wrapped in plastic food wrap
to prevent dehydration and incubated at 37° in an inverted
position. Colonies first became visible after 2 1/2 days and
continued to appear for several days. In later experiments,
ampicillin (50 or 100 pg/ml) was added to the M9 minimal
medium used for selection. The presence of ampicillin de-
creases the chance of contaminants forming colonies and
does not seem to have any deleterious effect on the plating
efficiency of rescued cells.

Reconstruction experiments carried out with the initial
clones indicated that plating efficiency was quite variable
and sometimes quite low. We have observed that this can
be largely overcome by allowing the transformed cells to
undergo the physiological changes coincident with step-
down growth (transfer from rich to minimal medium) in
liquid M9 medium supplemented with L-glutamine (10 mm)
prior to spreading them on the selection plates. Specifically,
there is a lag of about 2 hr before cells subjected to step-
down conditions of the type used here start to grow and
divide again. Thus, in more recent experiments, the trans-
formed FDB213 cells have been incubated for 2 hr in M9
minimal medium supplemented with glucose (0.2%), L-pro-
line (2 mM), L-glutamine (10 mM), and ampicillin (50 ug/ml)
at 37° with aeration by shaking before washing with M9
medium without supplements and spreading on selection
plates. Colonies that formed on the selection plates were
streaked out on fresh M9 selection plates, and single colonies
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were used to grow cultures for plasmid isolations and for
storage in glycerol at —80°.

Colony hybridizations were carried out using nick-trans-
lated, 2X agarose gel-purified MGS1 ¢cDNA as probe (WEIN-
STOCK ¢t al. 1978). Hybridizations were done at 55° without
formamide.

Growth of E. coli FDB213 derivatives: Overnight cul-
tures of E. coli FDB213 derivatives were grown at 37° with
aeration by shaking in M9 medium supplemented with 0.2%
glucose, 2 mM L-proline, 10 mM L-glutamine, and 50 ug/ml
ampicillin after inoculation from stocks frozen in glycerol at
—80°. The cells were collected by centrifugation, washed
once with unsupplemented M9 medium, resuspended in
unsupplemented M9 medium, and used to inoculate the
desired medium. Growth was monitored by measuring the
ODss50 of the culture with a Beckman DB-G spectrophotom-
eter.

Subcloning, template preparation, and DNA sequenc-
ing: Recombinant plasmid DNA was digested with restric-
tion enzymes and ligated to appropriately digested pUC119
vector DNA (VIEIRA and MEsSING 1987). Packaged single-
stranded plasmid DNA was prepared and used for template
preparation as described by MCMULLEN et al. (1986). Over-
lapping deletion subclones of the recombinant plasmids were
generated by the procedure of DALE, MCCLURE and HoucH-
INS (1985). Subclones were sequenced by the dideoxynucle-
otide chain termination method of SANGER, NICKLEN and
CoULSON (1977) using a synthetic primer (M13 sequencing
primer [17 mer]; Amersham Corp.). Standard sequencing
reactions using the Klenow fragment of E. coli DNA polym-
erase I were performed as described by WALKER and GAy
(1983) except that [a-**S]JdATP (800 Ci/mM; Amersham
Corp.) was used as the labeled nucleotide. Sequencing re-
actions with Klenow and 7-deaza-2’-deoxyguanosine-5’-tri-
phosphate mixes were carried out as described by BARR et
al. (1986). Sequencing reactions catalyzed by Sequenase
were performed according to the protocol provided by the
supplier (U.S. Biochemical Corp.). DNA fragments were
fractionated on 6% and 7% polyacrylamide sequencing gels
as described by CARLSON and MESSING (1984). In a few
cases, gels that contained 40% formamide were used to
verify the absence of compressions (MARTIN 1987). Se-
quence data were analyzed by using the IntelliGenetics
software on a Sun Microsystems 2/120 computer or the
UWGCG programs on a Vax 785 (DEVEREUX, HAEBERLI
and SMITHIES 1984).

Deletion of the mini-ORF of cDNA clone pMGS1: Re-
moval of the mini-ORF of pMGS1 was facilitated by a unique
Narl recognition sequence at position =31 to —26 (cleavage
site 5’ to nucleotide —27) (see Figures 3 and 4). The com-
plete MGS1 ¢cDNA was excised from pMGS1 with EcoRlI,
separated from vector DNA by agarose gel electrophoresis,
extracted from the agarose gel slice with GENECLEAN,
and then cut with Nerl. The large Narl-EcoRI restriction
fragment containing the major ORF was again gel isolated
and extracted from the excised gel slice with GENECLEAN.
Narl cleavage produces 5’ CG overhangs that are identical
to those produced by cleavage of the pUC119 polylinker
with Accl. The Narl-EcoRI fragment of MGS1 was then
ligated into Accl, EcoRI-double cut pUCI19 to force clone
the fragment into pUC in the sense orientation. The result-
ing plasmid, designated pMGS1-S (“S” for Short), carries
the major ORF out of frame (in the +1 reading frame)
relative to the lac initiation codon. Therefore, an insertion
of one or four bp or a deletion of two bp is required to
place the major ORF of pMGS1-S in frame with the lac
AUG. Although the insertion of four bp at the HindIII site
of the polylinker is the simplest, it generates a distal in-

frame TAG termination codon. We thus deleted two bp
from the polylinker region as follows. Plasmid pMGS1-S was
cleaved with HindIII which yields 5 AGCT overhangs.
Klenow and dATP were used to add a single A to each 3’
terminus, a brief treatment on ice with S1 nuclease was used
to cleave off the remaining AGC 5’ overhangs for some of
the molecules, and the nascent ends were joined by unimo-
lecular blunt-end ligation. The desired in-frame derivatives,
designated pMGS1-SR (“SR” for Short, Rescues), were iden-
tified by transforming E. coli FDB213 cells with the ligation
reaction products and plating the transformed cells on se-
lective plates (M9 medium, + proline, — glutamine).

Western blot analysis: Overnight cultures of E. coli
strains FDB213(pUC119), FDB213(pMGS1), and FDB213
(pPMGS3) were grown in LB medium supplemented with 1%
glycerol and 150 pg/ml ampicillin. The culture medium for
FDB213(pUC119) also contained 10 mM L-glutamine. The
cells were collected by centrifugation and resuspended di-
rectly in sample loading buffer (13% glycerol, 65 mM Tris-
HCI (pH 6.8), 2.5% SDS, and 1.3% 2-mercaptoethanol).
The cells were disrupted by sonication.

Maize leaf extracts were prepared from leaves of 10-day-
old seedlings of inbred line W23. Tissue was ground in a
Polytron for 30 sec at high power in 3 ml/gm tissue homog-
enization buffer (18% sucrose, 10 mm MgCl,, 0.1 M Tris-
HCI (pH 8), 40 mM 2-mercaptoethanol). The brei was
filtered through miracloth and microfuged for 10 min. The
supernatant solution was adjusted to 2% SDS and 6% su-
crose for gel loading.

Proteins were separated by electrophoresis using a 9%
SDS polyacrylamide gel and were transferred to nitrocellu-
lose with a Hoefer TE42 transphor cell by the protocol
provided by the manufacturer. After blocking nonspecific
protein binding sites with 5% Carnation non-fat dry milk,
the membrane was incubated first with 0.1% (v/v) antiserum
to tobacco glutamine synthetase ggenerously provided by B.
HIREL) and then with 10 uCi '*I-labeled protein A (ICN
68038) as described by TOWBIN, STAEHELIN and GORDON
(1979).

Genomic blot hybridizations: Genomic DNA was iso-
lated from leaf tissue of 3-week-old maize seedlings as de-
scribed by SHURE, WESSLER and FEDOROFF (1983). Genomic
DNA was isolated from BMS culture cells by an analogous
protocol except that Whatman CF-11 cellulose was used to
remove carbohydrates as described by MozEr (1980) prior
to precipitation. DNAs were digested with the appropriate
restriction enzyme and subjected to electrophoresis through
0.8% agarose gels. Transfers of DNA fragments to Zeta
Probe (Bio-Rad) nylon filters were done as described by
SOUTHERN (1975) with the modifications of REED and MANN
(1985). The filters were prewashed in 0.1 X SSC, 0.1% SDS
for 1 hr at 65° with agitation, and prehybridized overnight
at 42° in a solution that contained either 40% or 50%
formamide (MCB Manufacturing Chemists, Inc.), 5 X SSCP,
50 mm Tris-HCI (pH 7.5), 1 X Denhardt’s solution (0.02%
each of bovine serum albumin, Ficoll, and polyvinylpyroli-
done), 1% SDS, 100 pg/ml of sheared, denatured salmon
sperm DNA, and 5% dextran sulfate. Hybridization was
carried out in prehybridization solution which contained 1-
2 X 10° cpm/ml of *2P-labeled probe at 37° or 42° for 24—
36 hr. The probe used was 2 X agarose gel-purified MGS1
cDNA labeled by nick-translation (WEINSTOCK ¢t al. 1978).
The final two filter washes were for 30 min each in 0.1 X
SSC, 0.2% SDS at 60°.

RESULTS

Isolation of maize GS cDNA clones: When E. coli
FDB213 cells, which contain a deletion of the gluta-
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FIGURE 1.—Functional rescue of AginA mutant FDB213 E. coli
cells after transformation with plasmids in fraction 5 (average insert
size = 1.4 kb) of the maize BMS-3 cDNA library.

mine synthetase structural gene, were transformed
with fractions 4 and 5 (average cDNA insert size =
1.9 and 1.4 kb, respectively) of the pUCI3-derived
maize BMS culture cell cDNA expression library and
were plated on selective medium lacking glutamine,
about one of 10° transformants was functionally res-
cued and capable of growth without exogenous glu-
tamine. These fractions of the library were selected
for screening based on the estimated sizes of plant GS
monomers (reviewed by STEWART, MANN and FEN-
TEM 1980) and the estimated sizes of GS mRNAs in
Phaseolus vulgaris (CULLIMORE et al. 1984) and Medi-
cago sativa (DONN et al. 1984). A major advantage of
the genetic selection procedure used here over colony
lift protocols is that large numbers of transformants
can be screened, and thus many independent cDNA
clones identified, on a single selective plate. For ex-
ample, Figure 1 shows a plate from which 25 maize
GS cDNA clones were isolated. Since strain FDB213
is also a proline auxotroph, the possibility that the
viable colonies were produced by contaminating cells
was examined by sterile toothpick transfers of cells
from the selected colonies to minimal medium lacking
proline. All rescued cells were still Pro™. These res-
cued cell lines were then grown overnight in rich
medium containing ampicillin (150 ug/ml), and plas-
mid preparations were made and used in a second
cycle of transformation of FDB213 with the result
that all transformants were now capable of growth
without exogenous glutamine.

When the sizes of the cDNA inserts in the selected
recombinant plasmids were examined by agarose elec-
trophoresis, they were found to range from ~1.5 kb
to ~1.7 kb. Two clones, one (designated MGS1) with

FIGURE 2.—Functional rescue of the AginA E. coli cells requires
a correctly oriented maize GS ¢cDNA insert. M9 minimal agar
medium containing 0.2% glucose was supplemented with (A) 2 mM
L-proline plus 10 mM L-glutamine and (B) only 2 mM L-proline.
Bacteria were spread on quadrants of the plates as follow: (top left)
the E. coli AglnA mutant strain FDB213; (bottom left) FDB213
(pUC119); (top right) FDB213 (pMGS1), pMGS1 is pUCI119 car-
rying the maize GS1 cDNA in the sense orientation; (bottom right)
FDB213(pnMGS1), pnMGS1 is pUC119 carrying the maize GSI1
cDNA in the antisense orientation.

insert size ~1.5 kb from library fraction 5 and one
(designated MGS2) with insert size ~1.7 kb from
fraction 4, were chosen for initial characterization.
Both cDNAs were transferred into pUC119 (VIEIRA
and MESSING 1987) for sequence analysis. In order to
verify that the functional rescue of the AginA mutation
in FDB213 cells was due to the maize cDNA inserts
and not some unknown aspect of the vector per se, we
examined the growth of FDB213 cells transformed
with pUCI119 alone (no insert) and with pUCI119
containing the MGS1 ¢DNA insert in both orienta-
tions. The results (Figure 2) clearly demonstrated that
functional rescue of the FDB213 ginA defect occurred
only when the MGS1 cDNA insert was present in one
orientation (subsequently shown to be the sense ori-
entation by sequence analysis, see below) and not in
the other (antisense) orientation.

Sequence analysis: The MGS1 and MGS2 cDNAs
were subcloned into pUCI19 in both orientations,
and a set of overlapping subclones was generated for
each orientation of each cDNA by the unidirectional
deletion procedure of DALE, MCCLURE and HOUCHINS
(1985). The strategies employed for dideoxy sequenc-
ing (SANGER, NICKLEN and COULSON 1977) of the two
cDNAs are shown in Figure 3; the sequences are
presented in Figure 4. The two cDNAs differed only
at their termini. They were almost certainly synthe-
sized from transcripts of the same gene produced by
the utilization of different polyadenylation signals.
When MGS1 and MGS2 were compared, MGS2 was
found to be 17 bp longer at the 5’ terminus and to
contain an extra 93 bp of genome-encoded sequence
at the 3’ end as well as an approximately 100 bp-
longer poly(A) tail.

The surprising result was that both cDNAs con-
tained a small (29 codons) ORF located upstream from
the major ORF (Figure 4). The first AUG is located
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FIGURE 3.—Physical map of the maize MGS1 and MGS2 ¢cDNA clones (top) and diagram of the strategies used in sequencing MGS1,
MGS2, and the 5’ terminus of MGS3 (bottom). ORFs are shown as boxes. The A of the AUG initiation codon of the major GS-encoding
ORF is identified as nucleotide 1; upstream (5’) sequences are numbered —1 through —189 (the 5’ end of the longest GS clone, MGS2).
Clones 1, 2, and 3 are MGS1, MGS2, and MGS3, respectively. The arrows indicate the directions and extents of DNA sequence determined
for each subclone. All subclones were sequenced at least twice; the critical subclones of MGS1 spanning the —38 to —124 mini-ORF were
sequenced at least five times. MGS1 and MGS3 subclones were sequenced by D. P. SNUSTAD at Minnesota; MGS2 subclones were sequenced
by B. M. CHERESKIN at Rutgers. All subclones were sequenced using standard dG mixes and either Klenow or Sequenase enzyme or both.
Subclones represented by dashed arrows were also sequenced using both (1) 7-deaza-dG mixes and Klenow and (2) dI mixes and Sequenase.
The dotted arrow indicates a subclone that was analyzed using a polyacrylamide gel containing 7 M urea and 40% formamide. Narl and Ncol
identify restriction enzyme cleavage sites utilized in subcloning or as diagnostic markers.

48 bp and 65 bp from the 5’ termini of the MGS1
and MGS2 c¢DNAs, respectively. This AUG is in
strong context for translational initiation (Kozak
1984, 1986a) with a G at —3 and a G at +4, just like
the AUG of the major ORF. This first 5° AUG is
followed by 27 codons (one an AUG in weak context)
and then a TAG termination codon. The second AUG
that is in strong context for initiation is located 37 bp
away (3’) from the TAG mini-ORF termination co-
don. This second AUG begins the major ORF which
predicts a protein of 382 amino acids with striking
similarity to the proteins predicted by other sequenced
eukaryotic GS genes (see Figure 8).

Since the observed sequence is not consistent with
the rule of monocistronic mRNAs in eukaryotes and
therefore with Kozak’s (1978) scanning mechanism,
we carefully repeated the sequence analysis in this
region by isolating and sequencing additional sub-
clones with staggered termini within the 189 bp at the
5’ ends of the cDNAs (Figure 3). These analyses
yielded maximal band separations on short sequences
of 50 bp or less from the bottom of the wedge gel
(CARLSON and MESSING 1984). Sequencing gels were
run at 2500 V (constant voltage) to minimize compres-
sions, as well as at the usual 1600 V. In addition, the
key templates spanning the mini-ORF were sequenced
with (1) 7-deaza-2’-deoxyguanosine-5’-triphosphate

mixes with “Klenow” enzyme (BARR et al. 1986) and
(2) 2’-deoxyinosine-5’-triphosphate mixes (GOUGH
and MURRAY 1983) and Sequenase (TABOR and RICH-
ARDSON 1987). Finally, we used sequencing gels con-
taining 7 M urea and 40% formamide (MARTIN 1987)
to separate the reaction products for some templates.
The results obtained by using these approaches clearly
confirmed the sequences presented in Figure 4.
Deletion of the mini-ORF of pMGSI1 results in
increased GS activity in E. coli: In order to obtain
independent evidence that the TAG termination co-
don of the mini-ORF was in-frame and functional, we
tested whether the deletion of the mini-ORF from the
MGS1 ¢cDNA might eliminate or decrease its ability
to rescue the FDB213 AglnA mutant. The strategy
that we used to delete the mini-ORF from pMGS1 is
described in MATERIALS AND METHODS and is dia-
grammed in Figure 5. The resulting plasmid, desig-
nated pMGS1-SR, contains the major ORF of pMGS1
in frame with the lac AUG. When the growth rates of
FDB213(pMGS1) and FDB213(pMGS1-SR) in pro-
line-supplemented M9 lactose medium were com-
pared, FDB213(pMGS1-SR) was found to grow about
four times as fast as FDB213(pMGS1) (Figure 6).
Clearly, deletion of the mini-ORF did not eliminate
or decrease GS activity; to the contrary, it resulted in
increased GS activity. This result thus provides addi-
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FIGURE 5.—Schematic diagram (not to scale) of the procedures
used to (1) delete the mini-ORF from pMGS1 (pUC119 containing
the entire MGS1 ¢DNA, see Figures 3 and 4) to produce pMGS1-
S and (2) to position the major ORF in frame with the lacZ AUG
to produce pMGS1-SR. Details of the procedures are given in the
text.

tional evidence for the accuracy of the cDNA struc-
ture shown in Figure 4; in particular, it demonstrates
that the mini-ORF is not essential for GS activity.
Preliminary characterization of additional GS
clones: The sequenced MGS1 and MGS2 cDNAs
contain two Ncol cleavage sites: one between nucleo-
tides 400 and 401 and the second between nucleotides
1213 and 1214 (Figure 4). Cleavage of plasmids
pMGS1 and pMGS2 thus cuts out an internal 813 bp
restriction fragment. The first Ncol recognition se-
quence spans triplets encoding a Pro-Trp dipeptide
sequence that is conserved in all eukaryotic GSs for
which predicted sequences are available (see Figure
8). However, the second Ncol recognition sequence
occurs in the 3’ noncoding region and thus would not
be expected to be conserved in different GS genes.
We have used this internal Necol restriction fragment
as a diagnostic marker in a preliminary screen of maize
GS cDNA clones for different GS ¢cDNAs. Thirteen
cDNA clones identified by genetic selection and four
cDNA ciones identified by medium stringency
(aqueous, 55°) colony hybridization have been ex-
amined to date. All yielded a restriction fragment
indistinguishable from the 813 bp Ncol fragment of
MGS]1 by agarose gel electrophoresis upon digestion
with Ncol (data not shown). The four clones identified
by colony hybridization were isolated from the origi-
nal BMS-3 c¢DNA library in LE392 F’ lacl’. This
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FIGURE 6.—Growth rates of FDB213 (pMGS1) (O), FDB213
(pPMGS1-S) (@), and FDB213(pMGS1-SR) (A) in M9 minimal me-
dium containing 0.2% lactose and 2 mM proline. Fresh overnight
cells grown in M9 medium with glucose, proline, and glutamine
were washed and diluted 40-fold into M9 medium with lactose and
proline at time 0. Cells were incubated at 37° with aeration by
shaking.

demonstrates the stability of the GS cDNA over sev-
eral generations and after transfer to different E. colt
strains.

Synthesis of maize GS in E. coli: Western blot
analyses carried out with antiserum prepared against
purified tobacco GS and generously provided by B.
HIREL have been used to demonstrate the synthesis of
maize GS in E. coli cells harboring maize cDNAs
(Figure 7). Two different maize GS cDNAs have been
examined for synthesis of GS in E. coli strain FDB213
(AginA). One, MGS1, contains both the 5" mini-ORF
and the major GS ORF. In MGS1, the major ORF is
located 37 bp distal to the termination codon of the
mini-ORF and is thus in a different reading frame
(Figure 4). The second, MGS3, contains only the
major GS ORF; its 5’ terminus is five bp 3’ from the
TAG termination codon of the mini-ORF (nucleotide
position —33; Figure 4). The pMGS3 clone was singled
out for study because FDB213(pMGS3) transformants
grew faster and produced larger colonies on M9 min-
imal proline ampicillin plates than did any of the other
54 maize GS cDNA clones analyzed up to that time.
When MGS3 was subcloned in pUCI119 in the anti-
sense orientation so that single-stranded template
could be prepared and the 5’ terminus sequenced
(Figure 3), it became clear that the rapid growth of
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FIGURE 7.—Western blot analysis of the proteins present in
extracts of FDB213(pUC119) (lane 1), FDB213(pMGS1) (lane 2),
FDB213(pMGS3) (lane 3), and maize leaves (lane 4) using antiserum
prepared against purified tobacco GS as probe. Size markers are
bovine serum albumin, 66.2 kD, and bovine carbonic anhydrase,
31 kD. The two bands in lane 4 are presumably the result of binding
of GS antibodies to the cytosolic and chloroplastic GSs present in
maize leaves.

FDB213(pMGS3) and the large amount of GS pro-
duced in these cells (at least a large amount of anti-
GS cross-reacting material) is the result of the absence
of the mini-ORF and its TAG termination codon. The
sequence analysis showed that the GS ORF in pMGS3
is joined in frame to the lac translation initiation
signals with no intervening termination codons.

Although the antiserum used for the western blot
analyses contains antibodies that react with several E.
coli proteins, these can be identified in extracts of
FDB213(pUCI119) cells (Figure 7, lane 1). Western
blots performed on extracts of FDB213(pMGS1) and
FDB213(pMGS3) (Figure 7, lanes 2 and 3, respec-
tively) revealed one or two additional proteins that
reacted with the anti-GS serum. There was a light
band (possibly two) for pMGS1 and two much darker
bands for pMGS3, indicating that pMGS3 directs the
synthesis of larger amounts of GS than does pMGSI.
These results correlate well with the relative growth
rates of FDB213(pMGS1) and FDB213(pMGS3) on
M9 minimal plates containing proline but lacking
glutamine.

The larger of the two new proteins detected in
FDB213(pMGS3) with the anti-GS serum is interme-
diate in size between the two major cross-reacting
species in maize leaves (Figure 7, lane 4), which pre-
sumably are the cytosolic and chloroplastic forms of
maize GS (McCNALLY et al. 1983). The origin of
the smaller protein detected in extracts of
FDB213(pMGS3) is not clear. It may result from an
unexpected secondary translation initiation event, a
secondary termination event, or proteolytic cleavage
of the lac-GS fusion protein.

Plasmid pMGS1-directed GS activity in E. coli is
dependent on translation initiated at the lacZ AUG:
Is the MGSI1-directed maize GS activity responsible

for the functional rescue of the AglnA defect in
FDB213 dependent on translation initiated at the lacZ
AUG or does the G-rich region of this cDNA 5’
(relative to the direction of transcription) to the GS
ORF contain fortuitous ribosome-binding activity that
permits translational initiation at the AUG of the GS
ORF? This question was answered by using a reading-
frame change to introduce a termination codon in the
lacZ-proximal region of the poly-linker in pMGSI.
Specifically, pMGS1 was cleaved with Pstl, the TGCA
3’ overhangs were removed with the 3’—5" exonu-
clease activity of T4 DNA polymerase, and the blunt
ends were rejoined with T4 DNA ligase. This proce-
dure deletes four bp and produces an in-frame TAG
termination codon near the Xbal recognition se-
quence of the poly-linker. FDB213 cells were then
transformed with the ligation products, and trans-
formants were identified by plating the cells on L
medium containing ampicillin. Glutamine is growth-
limiting for GIn™ E. coli in L medium. Thus on L
plates, GIn™ cells produce large colonies, and GIn™
cells produce small colonies. The vast majority of the
colonies produced by FDB213 cells transformed with
pMGS1 plasmids that had been subjected to PstI cleav-
age, detailing, and ligation were small. When cells
from 36 such colonies were replicated by sterile tooth-
pick transfers sequentially onto M9 + proline medium
and M9 + proline + glutamine medium, all were
unable to grow in the absence of glutamine (data not
shown). Thus, the pMGS1-directed GS activity in E.
coli is dependent on translation initiated at the lac
AUG. We believe that translation is initiated at the
lacZ AUG and continues through the poly-linker, the
5’ leader region, and the mini-ORF. The AUG’s of
lacZ and the mini-ORF are in frame with no interven-
ing terminators. Termination should then occur at
the TAG of the mini-ORF. Since the AUG of the
major GS ORF is close to the terminator (37 bp away),
some ribosomes would be expected to reinitiate trans-
lation of the major ORF. Translational reinitiation of
this type has been shown to occur at distances up to
102 bp in the lacl gene of E. coli (STEEGE 1977).

The introduction of a termination codon near the
Xbal recognition site of the poly-linker places the first
TAG termination codon at a position 200 bp away
from the initiator AUG of the major ORF. Presum-
ably, this would be too large a distance to permit
enough translational reinitiation by ribosome shut-
tling to provide sufficient GS activity for functional
rescue of FDB213. Some translational reinitiation
might occur at the AUG of the mini-ORF 77 bp distal
to the introduced terminator, but translation of GS
from the major ORF would now require two such
low-frequency translation reinitiation events. The lat-
ter would presumably not yield sufficient GS activity
for functional rescue of FDB213.
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Similarity of the predicted maize GS to the pre-
dicted products of other sequenced GS genes: The
nucleotide sequence of the major ORF of MGS1 and
MGS2 predicts that it encodes a primary translation
product containing 382 amino acids and with a mo-
lecular weight of 42,896 (Figure 4). The predicted
amino acid sequence of this maize GS exhibits striking
similarity to the amino acid sequences of the predicted
products of other eukaryotic GS genes (Figure 8).
When compared with the predicted amino acid se-
quences of GS polypeptides that have been published
to date, the maize GS sequence reported here is the
most closely related to the chloroplastic GS of pea.
Although the chloroplastic GS cDNA sequence of pea
published by TINGEY, WALKER and CoRruzz1 (1987) is
incomplete at the 5’ end, it predicts the sequence of
373 amino acids. The pea sequence shares 85% (317/
373) amino acid identity with the corresponding seg-
ment of the predicted maize GS. Moreover, both are
15-16 amino acids longer at the carboxyl terminus
than the other plant GS polypeptides, and 13 of these
additional 15~16 amino acids are identical in the pea
chloroplastic GS and the maize GS (Figure 8). In
contrast, the maize GS has only 76% amino acid
identity with the published cytosolic GS sequence of
pea (TINGEY, WALKER and Coruzzi 1987) and only
76-77% amino acid identity with the published GS
sequences of Phaseolus vulgaris (GEBHARDT et al.
1986), Medicago sativa (TISCHER, DASSARMA and
GooDMAN 1986), and Nicotiana plumbaginifolia (TIN-
GEY and Coruzzi 1987). Based on the alignment
shown in Figure 8, the maize GS and the Chinese
hamster GS sequence published by HAYWARD et al.
(1986) have only 50% amino acid identity; however,
there are several regions where the plant and the
Chinese hamster GSs are highly conserved. When the
plant GSs were compared with GSs from E. coli (CoL-
OMBO and VILLAFRANCA, 1986) and Anabaena
(TuMER, ROBINSON and HASELKORN 1983), only three
short regions of similarity were detected, all within
the carboxyl-terminal half of the molecule and all
consisting of sequences of ten or less amino acids
(Figure 8).

Genomic blot hybridizations: The results of blot
hybridization of the MGS1 ¢DNA to EcoRI- or
HindlII-digested Black Mexican Sweet genomic DNA
showed that the entire MGS1 genomic sequence re-
sides on one EcoRI restriction fragment and on two
HindIII restriction fragments (Figure 9). Since the
cDNA does not contain a HindIII recognition se-
quence, this sequence probably resides in one of sev-
eral introns in the maize GS1 gene (B. M. CHERESKIN
AND J. MESSING, unpublished results). It is also possible
that the BMS cells studied contain a restriction site
polymorphism in copies of the GS1 gene. Genomic
blot hybridizations have also been performed on

BamHI-, Bglll-, and EcoRI-digested genomic DNA
isolated from leaf tissue of seedlings of maize lines
BSSS-53, W23, W64A, B37, I1l-12E, A188 and W22,
with the MGS1 cDNA as probe. Restriction fragment
sizes on these blots were carefully calibrated by using
the BRL 1-kb ladder size-marker system. Although
restriction fragment length polymorphisms were evi-
dent, genomic DNAs from five lines were found to
contain all of the sequences homologous to MGS1 on
a single EcoRI restriction fragment (data not shown).
The size of the fragment was ~5.5 kb in three lines
and ~6.5 kb in two lines. The other two lines exhib-
ited MGS1 homology on two EcoRI restriction frag-
ments. Similar results were observed for BamHI- and
Bglll-digested genomic DNAs. These results are most
easily explained if MGS1 is specified by a single-copy
gene.

DISCUSSION

The results of this study clearly demonstrate the
feasibility of identifying eukaryotic cDNAs encoding
proteins of interest by directly screening cDNA li-
braries for functional rescue of known mutational
defects in E. coli. Such direct genetic selection exhibits
several orders of magnitude greater resolving power
than standard colony or plaque hybridization ap-
proaches. We thus predict that direct genetic selection
will prove useful in isolating rare cDNAs from librar-
ies. Given the vast repertoire of extensively character-
ized mutations in E. coli (BACHMAN 1987) and the
large number of selectable phenotypes that they de-
fine (ViNorpaL 1987), the approach outlined here
might prove to have considerable applicability.
WENKO, TREICK and WILSON (1985) screened a phage
A Charon 4a soybean genomic library for functional
rescue of E. coli lysine auxotrophs using the “lytic
complementation” procedure of DAVIS, BOTSTEIN and
RoTtH (1980). However, this approach would not be
expected to work for plant genes containing introns.
In contrast, the cDNA library screening procedure
utilized in the present study should work irrespective
of the presence of introns in the encoding genes.
Clearly, this procedure would not be applicable to
cDNAs encoding proteins that require post-transla-
tional processing events unique to eukaryotes. A ma-
Jjor advantage of our approach is that it selects cDNA
clones that carry complete or, at least, nearly complete
coding sequences.

The two maize GS cDNAs sequenced in this study
were found to carry a major GS-encoding ORF and a
5’ mini-ORF of 29 codons that is out-of-frame from
the major ORF. The AUG of the mini-ORF has a G
in the —3 position and a G in the +4 position, just like
the AUG of the major ORF. Thus, the mini-ORF
AUG is in strong context for translational initiation



Z. mays GS1 1
P. vulgaris pR-1 1
P. vulgaris pR-2 1
P. sativim pGS341 1
P. sativum pGS197 1*
M. sativa GS 1
N. plumbaginifolia pGS1 1
C. griseus GS 1
Z. mays GS1 61
P. vulgaris pR-1 51
P. vulgaris pR-2 51

P. sativum pGS341 51

P. sativun pGS197 52+
M. sativa GS 51
N. plumbaginifolia pGS1 51
C. griseus GS 58
Z. mays GS1 121
P. vulgaris pR-1 111
P. vulgaris pR-2 111
P. sativum pGS341 11
P. sativum pGS197 112+
M. sativa GS 111
N. plumbaginifolia pGS1 111
C. griseus GS 118
Z. mays GS1 181
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P. vulgaris pR-2 171

P. sativum pGS341 171

P. sativum pGS197 172+
M. sativa GS 171
N. plumbaginifolia pGS1 171
C. griseus GS 175
Z. mays GS1 241
P. vulgaris pR-1 231
P. vulgaris pR-2 231
P. sativum pGS341 231
P. sativum pGS197 232%
M. sativa GS 231
N. plumbaginifolia pGS1 231
C. griseus GS 235
E. coli GS 253
Anabaena 7120 GS 256
Z. mays GS1 297
P. vulgaris pR-1 287
P. vidgaris pR-2 287
P. sativum pGS341 287
P. sativum pGS197 288
M. sativa GS 287
N. plumbaginifolia pGS1 287
C. griseus GS 295
E. coli GS 318
Anabaena 7120 GS 321
Z. mays GS1 357
P. vulgaris pR-1 347
P. vulgaris pR-2 347
P. sativum pGS341 347
P. sativum pGS197 348+
M. sativa GS 347
N. plumbaginifolia pGS1 347
C. griseus GS 355
E. coli GS 404
Anabaena 7120 GS 408
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Ficure 8.—Comparison of predicted amino acid sequences of glutamine synthetases encoded by sequenced ¢DNAs and genes. The
complete amino acid sequence (single-letter code) is shown only for the predicted product of the maize glutamine synthetase cDNA GSI1.
The predicted amino acid sequences of the other glutamine synthetases are given on the lines below the maize GS1 sequence, showing only
those amino acids that differ from the corresponding amino acids of the GS1 sequence except that all initiator methionine residues are
shown. A dash indicates the absence of an amino acid; the translation termination codons are represented by periods. The P. sativum pGS197
cDNA is incomplete; the asterisks are used to represent sequence that is not available and as a reminder that this sequence is numbered from
the most amino-terminal residue available, not from the methionine initiator residue. The E. coli and Arnabaena sequences are shown only for
those lines which contain segments of homology with the eukaryotic sequences. Sources of the predicted sequences are as follow: Phaseolus
vulgaris (GEBHARDT et al. 1986), Pisum sativum (TINGEY, WALKER and Coruzzl 1987), Medicago sative (TISCHER, DassarMA and GOODMAN
1986), Nicotiana plumbaginifolia (TINGEY and CORUZZI 1987), Cricetulus griseus (HAYWARD et al. 1986), Escherichia coli (COLOMBO and
VILLAFRANCA 1986), and Anabaena 7120 (TUMER, ROBINSON and HASELKORN 1983).
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FIGURE 9.—Southern blot analysis of EcoRI and HindIll-di-
gested genomic DNA of BMS culture cells hybridized to labeled
MGS1 cDNA. The size markers shown are the positions of selected
restriction fragments of an EcoRI, HindIlI-double digest of phage
A DNA.

and should not be bypassed during ribosome scanning
(Kozak 1978, 1984, 1986a).

A possible explanation of the apparently anomalous
structures of MGS1 and MGS2 is that the 5" mini-
ORF is an artifact of the cloning process. However,
this is unlikely because our results require that the
same artifact would have had to occur twice. MGS1
and MGS2 have different 3’ sequences subterminal
to the poly(A) tails. Since cDNA synthesis was primed
from T-tailed vector, MGS1 and MGS2 had to result
from different mRNAs produced by the use of two
distinct polyadenylation signals. Since both MGS1 and
MGS2 carry the mini-ORF, duplicate identical events
would have had to occur, one in each cloning se-
quence, for the mini-ORF to be a cloning artifact.
This seems unlikely. Since neither MGS1 nor MGS2
contains an internal EcoRI cleavage sequence, it is
difficult to envision a cloning event that might have
generated artificial mini-ORFs of the type observed
here.

Another possible explanation for the apparent vio-
lation of the maize GS ¢cDNA sequence of the rule
that eukaryotic mRNAs are monocistronic is that the
mini-ORF has resulted from some genome re-
arrangement or other alteration that occurred during
the growth of the BMS cells in culture. However, a
genomic clone isolated from a lambda library con-
structed from maize inbred line A188 has now been
partially sequenced, and has been shown to contain a
sequence identical to that of the mini-ORF, the inter-
OREF region, and the first part of the major ORF
reported here for MGS1 and MGS2 (B. M. CHERESKIN
and J. MESSING, unpublished results).

The results reported by MCNALLY et al. (1983)
indicate that the GS activity in maize leaves is approx-

imately 45% cytosolic GS, and 55% chloroplastic GS,.
The maize MGS1 and MGS2 cDNAs sequenced in
this study predict a GS polypeptide which exhibits 75—
76% amino acid identity to the putative cytosolic GSs
of dicotyledonous plants and 85% amino acid identity
to the predicted sequence of the pea chloroplastic GS
(see legend to Figure 8 for references). This suggests
that the maize cDNAs that we have studied encode
the maize chloroplastic GS. Interestingly, when the
amino acid sequences predicted by translating the
mini-ORF through the inter-ORF sequence in all
three reading frames (to allow the detection of possi-
ble effects of frameshift mutations that might have
occurred during growth in culture) were examined
for possible similarities to the conserved sequences in
chloroplast transit peptides reported by KARLIN-NEU-
MANN and TOBIN (1986), no similarities were evident.
However, the amino-terminal sequence predicted by
the major ORF (Met Ala Val Ser Thr Gly Ser Thr)
is similar to the conserved “box I” sequence identified
by KARLIN-NEUMANN and TOBIN (e.g., “box I” for
ferredoxin = Met Ala Ser Thr Leu Ser Thr). Whether
this is significant or coincidental remains to be deter-
mined.

All 19 maize cDNAs analyzed to date appear to be
derived from transcripts of the same gene. Perhaps
the maize genome contains only a single gene, and
the cytosolic and chloroplastic forms of GS result from
differential processing of the transcript or primary
translation product. However, at this point, it must be
considered more likely that one or more additional
GS genes are present. Our genomic Southern blot
analyses have provided no evidence for a small gene
family encoding three or four distinct GSs as has been
observed in dicotyledonous plants (DONN et al. 1984;
CULLIMORE et al. 1984; GEBHARDT et al. 1986; TIN-
GEY, WALKER and Coruzzi 1987). Presumably, one
or more additional GS genes are also present in the
maize genome. If so, these other GS sequences must
be quite divergent and cross-hybridize with the MGS1
probe too weakly to yield convincing bands on inter-
mediate level strigency genomic Southern blots. The
characterization of maize GS c¢cDNAs isolated from
libraries recently constructed from leaf, stem, and
root mRNAs should lead to the identification of ad-
ditional GS genes in maize if present.

As DAssARMA, TISCHER and GOODMAN (1986) have
pointed out, the expression of plant genes in E. coli
provides obvious advantages for genetic manipula-
tions such as mutational dissections, selection for re-
sistance to inhibitors of the gene-products, and other
genetic modifications prior to their reintroduction
into plant cells. It will be interesting to see how
frequently plant cDNAs produce active proteins in E.
coli.

The most surprising result of this study was the
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discovery of a 29-codon mini-ORF 5’ to and out-of-
frame from the major ORF of cDNAs MGS1 and
MGS2. The AUG of the mini-ORF is in strong context
for translational initiation with G’s in the —3 and +4
positions (Kozak 1984, 1986a) suggesting that the
mini-ORF should be translated. If it is, translation of
the major ORF encoding GS would require transla-
tional reinitiation after movement of the ribosome
through an inter-ORF region of 37 nucleotides. Sev-
eral similar examples are known in animals and animal
viruses [see Kozak (1986b) for a list of examples and
references]. The function of such upstream mini-
ORFs is not known; however, Kozak (1986b) has
speculated that they exist “for regulatory purposes.”
Based on studies of GS in prokaryotes (reviewed by
REITZER and MAGASANIK 1987), one certainly expects
the synthesis of GS in eukaryotes to be highly regu-
lated. However, in prokaryotes this regulation is tran-
scriptional. Might translational regulation be super-
imposed on or replace transcriptional regulation of
GS synthesis in higher plants?

Most of the recent literature refers to the functional
rescue of mutants by cDNAs or genes as “complemen-
tation.” We have resisted using this terminology be-
cause in the strict sense genetic complementation oc-
curs when two mutant alleles or otherwise defective
genetic elements each provide a component that is
missing or defective in the other so as to “complement
one another” and yield an active or partially active
product (when acting together). The functional rescue
of mutants by ¢cDNAs is really a dominance interac-
tion, with the wild-type allele carried by the cDNA
being dominant to the resident mutant allele of the
host cell or organism. It is analogous to the dominant
expression of a wild-type allele when present with a
mutant allele in the common protoplasm of any trans-
heterozygote. Since dominance and complementation
have always had distinct meanings in genetics, we
suggest that it is not appropriate to call a dominance
interaction of this type “complementation.”
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