
bond fc)rnmation. Because of  the folding of 
the backbone of  the molecule and the place- 
ment of  the Asn' side chain over the one 
surface of  the molecule, N5 is eKectively 
sliieldcd from the surroundings and makes 
no contact of  less than 3.5 A with a neigh- 
boring peptide or water molecule. 

The overall conformation of  the molecule 
results in a structure with a large hydrophilic 
surface (Fig. 3, left) consisting of  the termi- 
nal amino and carboxyl groups, the entire 
Asn5 residue, portions of  Gln4, and the car- 
bony1 oxygen of I'he3. A hydrophobic sur- 
face, composed primarily of the Tyr2 and the 
PhcS aromatic side chains (Fig. 3, right), lies 
on  an edge of  the hormone while the oppo- 
site edge of the tnolcculc is occupied by the 
two sulfiir atoms of  the disulfide link. The 
entire molecule assumes a very compact 
shape because the Gln4 and AsnS side chains 
are folded back over the ring moiety. Addi- 
tional stability for these side chain confor- 
mations is provided by hydrogen bonds to  
the peptidc backbone. orientation of 
thc ASI? sidc chain over one face of  the 
pressinoic acid molecule is in contrast to  that 
wliicli lias been proposed on  the basis of  
spectral studies for both osytocin and vaso- 
pressin (2-4). It  has been suggested that not 
only is the Asn' side chain directed away 
from the macrocyclic ring, where it interacts 
with the COOH-terminal tripeptide, but 
also that it is one of the "active elements" of 
both hormones. Thus, pressinoic acid is 
inactive because the COOH-terniinal tri- 
peptide is absent and the AsnS sidc chain is 
in the wrong orientation. 

The observed confor~nation of  the Tyr2 
side chain, extended away from the center of 
the macrocyclic ring, is stabilized in this 
orientation by a nearly perpendicular he' 
aromatic ring. Similar orientations are the 
most com~nonly o b s e ~ e d  interactions be- 
tween aromatic rings in proteins (16). The 
Tyr2 side chain has been proposed as an 
additional "active element" in oxytocin and 
vasopressin and its orientation determines 
oxytocic o r  antidiuretic activity (3).Antidi-
uretic and vasoconstrictor activity has been 
proposed to result from the orientation of 
the Tyr2 side chain away from the 20-
membered ring where it is stabilized by a 
parallel IT-IT interaction with the Phe". 
However, in oxytocin, lie' is replaced by 
Ile3, and this interaction can no longer exist. 
As a result, the Tyr2 side chain rnay be 
rotated to  a position over the macrocyclic 
ring, imparting oxytocic activity t o  the hor- 
mone. The results of our crystal structure 
analysis of  pressinoic acid strongly support 
this proposal, but show that the Tyr%ing is 
in the commonly observed perpendicular 
orientation relative to  the he" ring rather 
than in a parallel orientation. 
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Plant Glutamine Synthetase Complements a gld 
Mutation in Escherichia coli 

A glutamine synthetase gene from alfalfa (Medicago sativa) has been expressed in 
Escherichia culi after fusion of bacterial transcription and translation signals to a 
complete alfalfa glutamine synthetase coding sequence. Synthesis of the alfalfa gluta- 
mule synthetase enzyme in Escherichia coli was demonstrated by hL+onal genetic 
cornple~nentation of a glutamine synthetasdeficient mutant and by imnm~oblotting 
analysis. These results should facilitate protein engineering and structure-function 
analysis of the plant enzyme. 

TH E  API'1,IC~A'~ION OF MO1,ECULALAK 

genetics to  protein engineering and 
structural anal!& has been amply 

demonstrated, especially for E.rchericC~ia wli 
proteins (lL.5). The demonstration of 
expression, assembly, and activity of certain 
foreign proteins in E. coli (6) suggests that 
similar molecular genetic studies on  plant 
proteins in bacteria is feasible, particularly 
when a genetic complementation scheme 
can be devised. As a step toward the molecu- 
lar genetic analysis of  a plant enzyme, we 
describe here the cornplernentation of an E. 
coli~qlnAmutation by glutanline synthetase 
(GS) fronl alblfa. 

GS is an interesting model enzy~ne for 
protein engineering and structure-f~~nction 
studies. In plants, GS is an enzyme of  central 
importance in nitrogen metabolism that, 
together with glutamate synthase, carries 
out the assimilation of ammonia resulting 
from nitrate reduction, catabolism, and ni- 
trogen fixation (7,8).The plant GS enzyme 
is octameric and is usually composed of a 
single polypeptide species. It  appears t o  be 
regulated both genetically and allosterically. 

Our interest in GS resulted from the 
isolation of alfalfa suspension cell lines re- 
sistant to  a herbicide, I.-phosphinothricin, 

which is irreversible inhibitor of  GS (9-
11).The mode of  resistance in these lines is 
by increased GS enzytnc activity resulting 
from the amplification of a GS gene. Re- 
cently, we have cloned and sequenced this 
amplified GS gene and the corresponding 
coniple~~lentaryDNA (cDNA) (10). The 
gene is about 4 kb long, contains 11introns, 
and encodes a 1400-nucleotide-long tran- 
script and a 39,000 molecular weight poly- 
peptide. 

For the synthesis of  alfalfa GS in E. wlz, 
fi~sion of appropriate bacterial transcription 
and translation signals to  a complete and 
uninternlpted GS coding DNA sequence is 
required. The longest GS cl3NA clone iso- 
lated in our previous work was 1.3 kb and 
lacked 4 4  nucleotides of coding sequence at 
the 5' end (10). T o  reconstruct a conlplete 
GS coding sequence devoid of introns, we 
joined the 5'-termi~lal 70 bp of GS coding 
sequence present in a clone of a GS nuclear 
gene to the 3'-terrninal 1000 bp of  GS 
coding sequence present in the cl3NA. The 
resulting construct, pGS100, was cleaved 

I>epanmcnt of Molecular Biology, Mass,~cliusctts Gcncr-
a1 IIospital and I)ep,lstmcnt of Genetics, Hanrard Medi- 
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with Bgl I1 and Stu 1 to produce a 1.2-kb 
DNA fragment containing an uninterrupted 
and nearly complete GS coding region miss- 
ing olily 14 nucleotides at the 5 '  end (Fig. 
1). The 1.2-kb Bgl 11-Stu I fragment was 
cloned into the E. coli expression vector 
ptac1212, which regenerated the entire GS 
coding sequence and placed it downstream 
from the bacterial tac promoter and lacZ 
ribosome binding site (Fig. 1)(12-14). The 
resulting GS expression plasmid is pCGS2 
(Fig. 1). 

Expression in E. coli of the alfalfa GS gene 
as constructed in pCGS2 was initially dem- 
onstrated by genetic complementation of a 
GS-deficient ( A M )  bacterial mutant (15). 
This strain, FDB213, was transformed with 
pCGS2 and both the parental and plasrnid- 
containing strains were tested for growth on 
M9 minimal rnediunl containing or lacking 
glutamine. The results (Fig. 2)  show that 
the parental t'DB213 strain requires gluta- 
mine, but the FL>B213(pCGS2) derivative 
is prototrophic. Thus, alfalfa GS must be 
synthesized in E. coli and, fi~rthermore, must 
at least partially fold and assemble into a 
catalytically active enzyme. Consistent with 
this conclusion, GS enzyme activity was 
detected in FL>B213(pCGS2) but not in 
Fl>B213(ptac1212) or FDB213 using the 
hernibios$thetic enzyrne assay (16). 

Complementation of FDB213 by the al- 
falfa GS gene in pCGS2 (Fig. 2) was tested 
at a high ammonium chloride concentration 
(18 mM), requiring that alfalfa GS catalyx 
the svnthesis of glutami~ie necessary for 
protein synthesis, but not necessarily func- 
tion as part of the primary pathway for 
assimilation of ammonia. Bacterial gluta- 
mate dehydrogenase can carry out the as- 
similation of ammonia at high ammonium 
concentrations. However, in medium con- 
taining low ammonium concentrations 
(50.5 mM) or an alternative nitrogen 
source (L-arginine), assimilation of ammo- 
nia requires the GSiglutamate synthase cy- 
cle. This is due to the relatively higher K, 
for ammonia and lower reaction equilibrium 
constant in the case of glutamate dehydro- 
genase compared to GS (7, 17). Thus, to 
determine if alfalfa GS can function in the 
assimilation of ammonia in E. coli, we tested 
the ability of FDB213(pCGS2) to grow in 
minimal medium containing either a low 
concentration of ammonium chloride (0.5 
mM and 0.1 nlM) or I,-arginine (0.2 per- 
cent) as the sole nitrogen source. The 
FDB213(pCGS2) strain could grow at 0.5 
mM ammonium chloride concentration (the 
generation time being four times longer 
than at 5 n f l ) ,  but could not grow at 0.1 
mkf ammonium chloride concintration or 
using L-arginine as the sole nitrogen source. 
These results suggest that assimilation of 

ammonia cannot be carried out efficiently by peroxidase conjugate. The hybridization 
alfalfa GS in E. coli, assuming that the Kmfor was detected colorimetricallv (19).On the 
ammonia for the plant enzyrne is similar to denaturing gel (Fig. 3A) a single band is 
that for the bacterial enzyme. visible for the E. coli extracts (lanes 1 and 3) 

Synthesis of the alfalfa GS enzyrne in and this band cornigrates with authentic 
E. coli was confirnmed by immm~oblotting alfalfa GS (lane 4). Similarly, on the native 
analysis (18). EschericC~za coli W31 101acIq gel (Fig. 3B) a single band is visible for the 
containing pCGS2 was grown in the pres- E. coli extracts (lanes 5 and 6 ) and this band 
ence or absence of inducer, isopropylthio-P- comigrates with the upper band in the plant 
n-galactoside (IFTG), harvested, lysed, and extract (lane 7). Thus, pCGS2 directs the 
fractionated on a denaturing 10 percent synthesis in E. coli of a protein that cross- 
polyacrylamide-sodium dodecyl sulfate reacts with alfalfa GS antiserum and comi- 
(SDS) gel or a nondenaturing 5 percent grates with alfalfa GS on denaturing and 
polyacrylamide gel. The proteins were trans- nondenaturing gels. The GS enzyrne bands 
ferred to nitrocellulose, and reacted first detected in extracts from the E. coli 
with antiserum against alfalfa GS, followed W31101acIq(pCGS2) strain were not pres- 
by staphylococcal protein A-horseradish ent in extracts from the parental strain. 0 ~ G SIOO ;lRL ACleave with 
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Fig. 1. Construction of the alfalfa glutamine synthetase expression plasmid pCGS2 and intermediate 
plasmids pGSl0O and ptac1212. (pGS100) Construction of the complete alfalfa cDNA in pGSl00 was 
accomplished by cloning two cDNA restriction fragments and a genomic DNA restriction fragment 
into pSP65 (24) in two steps. First, the 270-bp Barn HI-Eco RIcDNA fragment encoding the 3' end 
of the GS coding region and the 3' noncoding region was cloned into pSP65 at the polylinker Bam H I  
and Eco KI sites [see (10)for sequences and sites]. Second, this construct was cleaved with B m  H I  and 
Acc I in the polylinker site and ligated simultaneously with the 950-bp Ndc I-Bam H I  internal cDNA 
fragment and the 310-bp Acc I-Nde I genomic DNA fragment encoding the 5' end of the GS coding 
region. The resulting plasmid, pGS100, contains a 1.6-kb Acc I-Eco RI  fragment insert (5' Acc I-Nde 
I 310-bp genomic DNA-Nde I-Bam H I  950-bp cDNA-3' Bam HI-Eco RI 300-bp cDNA). 
(ptac1212) Plasmid ptac1212 is a derivative of ptacl2 (12). Plasmid ptacl2 contains the E. coli tac 
promoter (14) and the la& ribosome binding site followed by a unique Pvu I1 site. For construction of 
ptac1212, a 31-bp double-stranded synthetic oligonucleotide was cloned into the Pvu I1 site of ptacl2 
(12). This resulted in the introduction just downstream of the tac promoter of (i) a Sal I site 
(GTCGAC) by ligation of the vector Pvu I1 site (. . . CAG-3') to the oligonucleotide (5'-TCGAC . . .), 
(ii) the 5'-terminal 20 nucleotides of the GS coding sequence containing the translation initiation 
codon and a Bgl I1 site, and (iii) a Stu I site. The sequence of the oligonucleotide is indicated above 
ptacl2. (pCGS2) For construction of pCGS2, the 1.2-kb Bgl 11-Stu I fragment from pGSl00 was 
cloned into the Rgl I1 and Stu I sites of ptac1212. Standard procedures were followed for all 
constructions (13). In general, restriction fragmcnts used for construction of plasmids were isolated 
after electrophoresis on low-melting agarose gels. Ligations were performed using T4 DNA ligase, the 
ligation reaction products used to transform E. coli W31 10lacIq (12), and ampicillin-resistant colonies 
selected. Smd-scale plasmid preparations from transformants were analyzcd by restriction mapping and 
plasmids meeting restriction mapping criteria were used for subsequent constructions. The accuracy of 
the final construction (pCGS2) was confirmed by restriction mapping using Eco RI,Sal I, Bgl 11, Nde 
I, Bam HI, and Stu I. In addition, the DNA sequence of the tac promoter and 5'-terminal coding region 
of GS was determined by the chain termination method (25). The sequence of the oligonucleotide used 
for sequencing was 5'-GGGTCAGTAACTGGT-3'. It hybridizes to the third cxon of the GS gene (10). 
The plasmids arc drawn roughly to scale. The filled boxes represent the coding region of GS; the 
hatched box and w a y  line represent the 5'  and 3'  noncoding regions of the GS gene, respcctivcly; the 
open boxes represent the vector ampicillin resistance gene; the arrow indicates the approximate position 
of the tac promoter and lac2 ribosome binding site. 
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Fig. 2. Genetic complementation of an E. wli +GLN -GLN 
mutant by an alfalfa glutamine synthetase gene. 1 

(A) &cb& wli FDB213 (emf&, thi-1, bsdR17, 
mpE44, pro, &lnAG), a derivative of 294AAG 
(IS), was tested for growth in the presence of 8 
mM L-glutamine (+GLN) or in the absence of L- 

glutamine (-GLN). (B) Ercbericbia wli A B A B 
FDB213(pCGS2) was tested for growth in the presence (+GLN) or absence (-GLN) of L-glutamine. 
The medium used in this experiment was M9 that had been supplemented with 50 fl thiamine and 2 
mM L-proline. No inducer (IPTG) is present in the medium. 

bacterium. Hence we have generated a sys- 
tem where the methods of random and 
directed mutagenesis (23) and bacterial ge- 
netics can be used for s t rua-funct ion 
studies on a plant enzyme. Furthermore, our 
results make it possible to select directly in 
E. coli for an L-phosphinothricin-resistant 
alfalfa GS gene, which could be u s d  in the 
development of herbicide-resistant plants. 

The results in Fig. 3 also confirm the 
expected subunit molecular weight and na- 
tive structure for the alfalfa GS enzyme 
synthesized in E. coli. The subunit molecular 
weight of alfalfa GS, 39,000, based on 
polfa~r~lamide-SDS gel analysis, is consist- 
ent with the molecular weight predicted 
from the DNA sequence of the GS gene 
(10). Escherichia wli GS has a subunit molec- 
ular weight of 55,000 (7) and does not 
visibly cross-react with the antiserum against 
the enzyme in these experiments. The 
relatively slow rate of migration of GS on 
the native gel is consistent with the known 
octarneric quaternary structure of eukaryotic 
GS enzymes (7). As indicated by the distri- 
bution of protein in the gel, essentially all of 
the soluble plant GS enzyme in E. wli ap- 
pears to b; in the native conformation, 
indicating that it is efficiently folded and 
assembled. An additional conclusion from 
this work is that a single alfalfa GS polypep- 
tide species is sufficient to form a catalytical- 
ly active enzyme (20). 

The results described above indicate that 
the tac promoter efficiently directs synthesis 

of alfalfa GS in E. wli. GS protein is synthe- 
sized in detectable amounk even under re- 
pressed conditions (Fig. 3). Consistent with 
this result, complementation of an E. coli 
PglnA mutant requires only repressed levels 
of alfalfa GS (Fig. 2). Induction with IPTG 
results in a three- to fivefold increase in the 
levels of GS (Fig. 3, lanes 1 and 3,5 and 6). 
At the induced level GS constitutes approxi- 
mately 1 percent of total cell protein. Fusion 
of the tac promoter to the E. wli d F Q  
operon also resulted in qualitatively similar 
results (21). This presumably reflects prop- 
erties of the tac promoter. 

We have demonstrated that a plant gene 
encoding glutamine synthetase, when h e d  
to bacterial transcription and translation sig- 
nals, can genetically complement a bacterial 
mutant. Although expression of bacterial 
genes in plant cells is common [for example, 
drug resistance genes (22)], to our knowl- 
edge this report constitutes the first example 
of complementation of a bacterium by a 
plant gene. Our results suggest that the 
plant enzyme is folded and assembled into 
an essentially native conformation in the 

Fig. 3. Immunoblotting analysis of alfalfa gluta- 
mine synthetase expressed in E. wli. (A) Escbcrich- 1 2 3 4  5 6 7 8  
iu roli W31 10ludq containing pCGS2 was grown 
in LB medium to OD600 = 0.7 and one-half of 
the culture was induced by addition of 1 mM 
IPTG. The cells were collected by centrifugation 
and lysed by addition of a solution containing 125 
mM tris-HCI (pH 7), 0.5 percent SDS, 10 percent 
glycerol, 0.7M 2-mercaptoethanol, and heating at 
100°C for 5 minutes. Total cell protein was 
fractionated on a 10 percent polyacrylamide-SDS 
gel (26) alongside prestained molecular weight 
markers (Bethesda Research Laboratories) and 
partially purified alfalfa GS (9). The proteins were 
transferred to nitrocellulose by electroblotting, 
reacted first with alfalfa GS antiserum followed by 
staphylococcal protein A-horseradish peroxidase A B 
conjugate, and developed by a colorimetric assay 
(according to the protocol provided by Bio-Rad, the manufacturer of the protein A-horseradish 
peroxidase conjugate) (18, 19). The GS antiserum had been prepared from rabbits injected with 
purified alfalfa GS (9). (Lane 1) & c h d  wli(pCGS2) uninduced; (lane 2) prestained protein markers 
(myosin H-chain, 200,000; phosphorylase B, 97,400; bovine serum albumin, 68,000; ovalbumin, 
43,000; a-chymotrypsinogen, 25,700; p-lactoglobulin, 18,400); (lane 3) E. di(pCGS2) induced with 
IPTG; and (lane 4) purified alfalfa GS enzyme. (B) &cb& wli W3110Wq containing pCGS2 
grown as in (A) was collected and treated with 10 mglml lysozyme at high cell density. The cells were 
lysed by sonication, clarified by centrifugation, and the cell lysates were fractionated on a native 5 
percent polyacrylamide gel (27) alongside crude extracts from the 3 m M  L-phosphinothrich-resistant 
alfalfa suspension cell line (9). Irnmunoblotting analysis was performed as in (A). (Lane 5) &cb+ 
wli(pCGS2) uninduced; (lane 6) E. wli(pCGS2) induced with IPTG; (lane 7) crude extract from 
alfalfa; and (lane 8) denatured alfalfa GS. The lower band in lane 7 is likely to be a partially denatured 
form of d S  (possibly a tetramer) that was present in variable levels depending on the extraction 
procedure. 

REFERENCES AND NOTES 

1. C. Ho. M. lasin. P. S c h i i c l .  Scinra 229. 389 . , 

(1985): 
2. S. Gargcs and S. Adhya, CcU 41, 745 (1985). 
3. H. C. M. Nelson and R. T. Sauer, M. 42, 549 

(1985). 
4. J. H. Miller, in The J. H. Miller and W. S. 

Reznikof, M (Cong Harbor Laboratory, 
Cold Spring Harbor, d 1 9 7 8 ) , ~  31. 

5. C. Yanofsky, B. C. Carlmn, J. Guest, D. R. 
Hclinski. V. Hennine. Pm. Natl. A d .  SSd. U.S.A. 
51, 266'(1964). "' 

6. A. A. Gatcnby, S. M. van der Vies, D. Bradley, 
Nanm (Lonuim) 314,617 (1985). 

7. J. Mora and R. Palacios, Eds., Glut&: Met& 
Enqmo&y, and RtpMon (Academic Press, 

New York. 1980). 
8. B. J. ~ & n a n d ' P .  J. Lca, in The Blochnrwhy 

p l u n A i A d r ( D * ,  B. j. Mi, Eg 
(Academic Press, New York, 1980), vol. 5, p. 169. 

9. G. Donn, E. Tischcr, J. A. Smith, H. M. Goodman, 
J. Md. Appl. Gcncr. 2,621 (1984). 

10. E. Tixher, S. DasSarma, H. M. Goodman, Md. 
Gm. Gcnct., in press. 

11. M. Leason, D. C d i f e ,  D. Parkin, P. J. Lca, B. J. 
MiAin, Phy*% 9,431 (1982). 

12. E. Amann. 1. Brosius. M. Ptashnc Gene 25. 167 , , 
(1983). 

13. T. Maniatis, E. F. Fritsch, J. Sambmk, Mdccula* 
C h i ~  (Cold S rin Harbor Laboratory, Cold 
S ring Harbor, I&, h82).  

14. l!e tac promoter contains the -35 region of the hp 
promoter and the - 10 region of the lacW5 ro- 
motcr and is rcgulatable by the lac repressor 2 A. 
deBar, L. J. Cornstock, D. G. Ylnura, k L. 
Hevnecker. in Ptvmotm. S m ~ t w n  Md Funaia. R 
L. kodri 'ez and M. J. 'chamberlin, Eds. (Prae&r, 
Ncw  YO^ 1982), 4621. 

15. F. J. deBrujin and l? M. Ausubd, Md.  Gnr. Gcnct. 
183,289 (1981). 

16. The E. wli strains wcrc grown to stadonary phase in 
LB medium supplemented with 8 m M  L-glutaminc, 
harvested. and lvsed bv sonication. GS activitv was 
measurcd'in thc;rudc 1 sate using the mcthod'of D. 
K. McCormack, K. J. l! Farnden, and M. J. Boland 
[Arch. BioEhm. B @ b .  218, 561 (1982)l. Com- 
pared to a blank containing no cells, the ODw 
values measured were FDB213, 0.048; FDB213 

tac1212), 0.049; and FDB213( CGSI), 0.25. 
$he o 'cal density in the FDBl l f  and FDB213 
(ptaclg2) lysates was due to turbidity. M c r  back- 
ground subtraction, the GS activity in FDB213 

nded to 0.8 pmovhour of rod 
6CF%Z'Z",P",amv1 hvdroxamate) pa &liter 

17. B. Magasanik, Annu. &. Gem. 16, 135 (1982). 
18. W. N. Burncm,Anal. Biochcm. 112,195 (1981). 
19. S. Avrameras and B. Guilbat, Err. J. I m n d .  1, 

394 (1971). 
20. ~ . - & a ,  H. Porta, J. Padilla, J. Fokh, F. Sanchez, 

Plant P&d. 76,1019 (1984). 
21. D. Vidal-InPidardi and 0. Raibaud Nwdcic A d  
h. 13,59r9"(1985). 

22. L. Hcmra-Esaella ct d., EMBO J. 2,987 (1983). 
23. D. Botstein and D. S h o d ,  Scinra 229, 1193 

(1985). 
24. D. A. Melton ct d., Nwdcic A d  Rcr. 12, 7035 

(1984). 
25. U. K. Laernmli, N a n  (Ladon) 222,680 (1970). 
26. F. San er, S. Nicklen, A. R. Coulson, Pm. N d .  

A d .  !a. U.S.A. 74, 5463 (1977). 
27. B. J. Davis, Ann. N.T. A d .  Sci. 121,404 1964 
n. of w ~ l h . n t ~ . ~ . ~ ~ ~ ~ d F . M . A u u b d b g &  strains and hdp &SCUSSIOIIS and M. Stem- 

powski and J. A. Smith for synthetic oligonulco- 
tides. This work was supported by a grant from 
Hocchst AG. 
18 November 1985; acccpted 25 February 1986 

SCIENCE, VOL. 232 


