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A barley cDNA clone ( I 182 bp) encoding chloroplastic glutamine synthetase was isolated with a heterologous 
cDNA probe of the gene specifying the enzyme from alfalfa. The clone, named pGS8, was found in a Xgt I 1 cDNA 
library prepared from dark grown barley leaves even though the chloroplastic glutamine synthetase is absent from 
such leaves. In agreement therewith the clone hybridized in Northern blot analyses with a 1.7 kb mRNA species 
present the in poly A" mRNA fraction of both dark grown and greened primary leaves of barley. 

The nucleotide sequence of the barley clone reveals 75% identity to the Phaseolus vulgaris and Pisum sativum 
clones encoding chloroplastic glutamine synthetase, while only 69% identity is observed in comparisons with the 
clones specifying the cytosolic isozymes. At the amino acid level 85% identity is found between the deduced barley 
glutamine synthetase sequence and that of the corresponding chloroplastic isoenzymes from bean and pea. The 
chloroplastic glutamine synthetases contain conserved cysteins in the putative ATP and substrate binding sites. In 
the cytosolic forms these positions are occupied by alanine residues. 

1. I N T R O D U C F I O N  
In the nitrogen metabolism of  higher plants, 

glutamine synthetase (EC 6.3.1.2) effects the 
primary assimilation of ammonia  produced by 
nitrate reduction, by amino acid catabolism and 
by photorespiration. In 1979 MANN et al. (13), 
working with barley, discovered the presence of 

two glutamine synthetase isoenzymes in the 
leaves. The two isoforms, named glutamine 
synthetases 1 and 2, were found in different 
compartments  of  the cell, glutamine synthetase 
1 being in the cytosol and glutamine synthetase 
2 in the chloroplast. Testing both etiolated and 
illuminated barley seedlings, MANN et al. (13) 

Abbreviations: bp = basepairs; kb = kilobasepairs; kDa = kilodalton; SDS ~ sodium dodecyl sulphate. 
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also found that no glutamine synthetase 2 activ- 
ity could be detected in dark grown plants. 

Subsequently, many pape~ reported the pres- 
ence of two glutamine synthetase isoforms in 
higher plant leaves. Clones encoding glutamine 
synthetase 1 and clones specifying glutamine 
synthetase 2 have recently been obtained and 
characterized (6, 10, 21, 22, 23, 24). 

So far, no amino acid sequence for a mono- 
cotyledonous glutamine synthetase has been 
reported. The present paper presents the isola- 
tion and characterization of a cDNA fragment 
containing the coding region for the mature 
form of a barley glutamine synthetase. 

2. MATERIALS AND METHODS 
2.1. Plant material 

Kernels of barley (Hordeum vulgare L.) were 
germinated in water-moistened vermiculite in 
the dark. Six-day-old seedlings were used for 
RNA extraction. Some plantlets were sampled 
without further treatment (etiolated) whereas 
other plantlets were illuminated for 12 h before 
the actual sampling (green). 

cpm/iag). Filters were washed in 2x SSC, 0.1% 
SDS at room temperature, then 30" in 0.1 x SSC, 
0.1% SDS at 42 ~ (heterologous probe) or 60" 
in 0. Ix SSC, 0.1% SDS at 48 ~ (homologous 
probe), and exposed to X-ray film at -70 ~ with 
intensifying screen. The molecular weight mark- 
ers were rRNAs according to POUt,SEN (16). 

2.3. Plasmids, cDNA libraries and isolation of 
GS cDNA 

All our clonings were done in pUCI8 plas- 
raids (25). The plasmid pGSI00, containing a 
1.6 kb glutamine synthetase cDNA from alfalfa 
(3), was a gift from H.M GOODMAN (Dept. of 
Molecular Biology and Dept. of Genetics, Har- 
vard Medical School, Massachusetts, USA). The 
two kgt I 1 barley cDNA libraries, kindly donat- 
ed by K. APEL (Botanisches lnstitut, Christian- 
Albrechts Universitat, Kiel, FRG), had been 
constructed from poly A' enriched RNA ob- 
tained from 5-day-old seedlings, grown, respec- 
tively, in complete darkness and in darkness 
followed by 18 h of light. The insert DNA was 
in the EcoRI site of the Lgtl I vectors. 

2.2. RNA isolation and Northern blot analysis 
Total RNA was extracted from barley leaves, 

both from etiolated (dark RNA) and green (light 
RNA) seedlings, using extraction by the guani- 
dinium chloride method (11). Poly A t enriched 
RNA was isolated by HybondTM-mAP (Amer- 
sham) according to the manufacturer's specifi- 
cations. For Northern blot analysis RNA was 
denatured at 60 ~ for 10 min in gel running 
buffer (0.04 M morpholinopropane sulfonic acid 
pH 7.0, 10 mM sodium acetate, 1 mM EDTA pH 
8.0) with formamide and formaldehyde (12), 
electrophoretically separated in either 1.2% or 
1.4% agarose gels containing formaldehyde and 
transferred to nylon filters (Amersham). Filters 
were hybridized at 42 ~ for 36 h in 50% 
formamide, I x Denhardt's solution (0.2 g/I each 
of Ficoll, polyvinylpyrrolidone 4000 and bovine 
serum albumin), 5x SSC (0.75 M NaCl, 0.075 M 
sodium citrate pH 7.0), 20 mM NaPO4 pH 6.5, 
10% dextran sulfate, 100 ~tg/ml denatured 
salmon sperm DNA, to a 1.2 kb alfalfa DNA 
probe labelled with tt-32P (specific activity 10 s 

2.4. DNA preparations 
Large scale plasmid DNA preparations were 

made using the alkaline lysis method (12) fol- 
lowed by equilibrium density gradient centrifu- 
gation with CsC1 (12). Small scale plasmid DNA 
preparations were performed according to HAT- 
TORt and SAKAKI (7). Preparation of lambda 
DNA was done on a small scale according to 
KASLOW (8). 

2.5. Labelling of probes 
DNA fragments to be used as probes were cut 

out of the plasmids, electrophoresed on agarose 
gels, electroeluted and subsequently labelled 
with a-[3'P]-deoxynucleotides according to the 
random primed DNA labelling technique (5). 

2.6. Screening of the cDNA libraries 
The cDNA libraries were screened using the 

labelled 1.2 kb Bgl II-Stu I fragment of the 
pGSI00 plasmid (3). Plaque lifts were made 

2 Carlsberg Res. Commun. Vol. 54, 13. 1-9, 1989 



S. BAIMA et al.: A eDNA for barley leaf glutamine synthetase 

according to BENION and DAvis (1) and bet- 
erologous hybridization was performed at 60 ~ 
for 18 h in 10x Denhardt's solution, 4x TES (0.6 
M NaCI, 8 mM EDTA, 120 mM Tris-HCl pH 8.0), 
0.1% SDS, 100 lag/ml of  denatured DNA and 
salmon sperm to the ct-[3-'P]-labelled Bgl ll-Stu I 
fragment from pGS100 (specific activity of 108 
cpm/lag). Filters were washed at 48 ~ for 90' in 
Ix SSC and exposed to X-ray film with an 
intensifying screen at -70 ~ The inserts of the 
positive clones were excised from lambda and 
subcloned into pUC18. 

A B 

2.7. Nucleotide sequence analysis 
One of the positive clones, selected from the 

"dark" ~gtll  library, contained an insert of 
approximately 1200 bp which was subcloned 
into pUC18 and the resulting plasmid named 
pGS8. The insert of pGS8 was sequenced by the 
dideoxy chain termination method with se- 
quence of both strands determined for more 
than 55% of their lengths. The sequencing was 
done on double stranded plasmid DNA (2, 7) 
using chemically modified T7 DNA polymerase 
(20). We introduced a modification to the above 
method by using 3.5 lag/lag template DNA of E. 
coli single strand binding protein (19) in the 
labelling mix in order to overcome band com- 
pression in sequencing gels. Analysis of  se- 
quencing data was done with the Microgenie 
program developed by QUEEN and KORN (17). 

i .:,i f 

W [] 

- 3 9 0 0  

- 1 9 0 0  
- 1 7 0 0  

- 1 4 0 0  

Figure 1. Northern analysis of RNA from etiolated (A) 
and green (B) barley leaves. 75 ~tg/lane of total RNA 
were run in a 1.2% agarose/formaldehyde gel. The 
probe was the 1.2 kb Bgl II-Stu I fragment from alfalfa 
glutamine synthetase eDNA. RNA size is expressed in 
basepairs (bp). The 3900 and 1900 bp bands represent 
rRNA (16); the 1700 and 1400 bp bands constitute 
barley glutamine synthetase mRNAs. 

3. RESULTS 
Northern blot analysis was performed using 

total RNA, from both etiolated and green leaves, 
and a probe consisting of the 1.2 kb Bgl lI-Stu I 
fragment from the pGSI00 plasmid which con- 
tains a cDNA sequence coding for a cytosolic 
alfalfa glutamine synthetase (3). The result is 
shown in Figure 1, where 4 bands are visible in 
each lane. The two upper bands (3900 and 1900 
bp) correspond to rRNA (16) whereas the 1700 
and 1400 bp bands represent the glutamine 
synthetase 2 and glutamine synthetase 1 mR- 
NA, respectively. Since our probe was het- 
erologous we used a low stringency in this 
experiment; this might explain the fact that our 
probe (i.e. alfalfa GSI) can recognize both glu- 
tamine synthetase 1 and 2 mRNA. 

By screening the Xgtll cDNA libraries, we 
were able to isolate 5 positive clones from the 
"dark" library and 7 from the "light" library, the 
latter containing only small sized inserts. 

One of the "dark" clones (1200 bp) was 
chosen for further characterization. It was sub- 
cloned into pUCI8 and named pGS8. On the 
basis of our Northern blot analysis and of  the 
sizes of  glutamine synthetase mRNAs from 
dicotyledonous plants, it was not expected to be 
of  full-length. The insert of  pGS8 was used, 
under high stringency conditions, as a probe in 
a Northern blot analysis with poly A' enriched 
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sequence was obtained from the 8 and e sub- 
clones and directly from sequencing the whole 
insert of pGS8. 

The complete sequence of the pGS8 insert is 
l182 bp long and shown in Figure 4 together 
with the deduced amino acid sequence. Starting 
with the first base in the sequence the insert 
contains an open reading flame of  1161 bp 
which codes for 387 amino acids and ends with 
an opal stop codon. This is followed by a second 
opal stop codon separated from the first by two 
amino acid codons and 9 bp of the 3' non-cod- 
ing region. The sequence has a GC content of  
56.2% which is higher than the average 45.6% 
found in barley genomic DNA (15). 

The polypeptide deduced from the nucleotide 
sequence (Fig. 4) has a predicted molecular 
weight of about 42.5 kDa and is dominatingly 
composed of  acidic ( 12.66% of Asp+Glu; 9.3% 
of Lys+Arg; estimated pI 5.76) and hydrophilic 
amino acids (only 26.6% of hydrophobic 
residues). 

Figure 2. Northern analysis of poly A' enriched RNA 
from green (A) and etiolated (B) barley leaves. 15 
Bg/lane were fractionated by size in a 1.4% agarose/ 
formaldehyde gel. The probe was the EcoRl insert 
from pGS8. Molecular weights were calculated accord- 
ing to POUt-SEN (16). 

RNA from both light and dark grown barley 
leaves. A strong band of  about 1.7 kb is visible 
in the lane of the "light" poly A t RNA, and a 
similar but fainter band is visible in the lane of  
the "dark" poly A + RNA (Fig. 2). 

In order to obtain fragments suitable for 
sequencing, the cloned insert of pGS8 was 
digested with different restriction enzymes and 
the selected fragments were re-cloned into 
pUC18. A restriction map of  pGS8 along with 
the subelones and the sequencing strategy is 
shown in Figure 3. 

Using both the direct and the reverse M13 
universal primers it was possible to determine 
the complete sequence of both strands of  the ct, 
13 and ~' Sau 3A fragments. The remaining 

4. DISCUSSION 
In 1979 MANN et al. (13) demonstrated that 

barley leaves contain two glutamine synthetase 
isoenzymes (GSI and GS2) with molecular 
weights of 349 and 363 kDa, respectively. They 
also showed that no glutamine synthetase 2 
activity could be detected in etiolated seedlings. 

Our Northern blot analyses with both ho- 
mologous (pGS8) and heterologous (pGS100) 
probes demonstrate that the presence of  two 
barley glutamine synthetase isoforms is reflected 
by the presence of  two different mRNAs (1.4 kb 
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Figure 3. Restriction map and sequencing strategy for 
the 1.2 kb EcoRI - EcoRl fragment of ~3S8. Arrows 
indicate lhe positions and directions of sequencing and 
the greek symbols mark individual DNA fragments 
subcloned in pUCI8. E = EcoRl; SA = Sau 3A; K = 
KpnI; A = AvaI, B = BamHl; S = SphI. 
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30 
TCC GGG T~C ]tAG GTG CTG GCG CTC GGC CC(; 
Ser GIy Phe Lys val leu Ala Leu Gly Pro 

9O 
CAG CTG CTC GAC ATG GAC ACC ACG CCC TTC 
Gln i~u L~U Asp Met Asp Thr Thr Pro Phe 

150 
GTT GGA GGA TCT GGA ATT GAC CTC AGA AGC 
val GIy GIy SeT GIy Ile Asp ~eu Arg Set 

210 
SAC CCG TCA GAG CTG CCG AAA TGG AAC TAC 
Asp Pro Set GIU [eu Pro Lys Trp ASh Tyr 

2"20 
GAA GAC AGT GAA GTC ATC CTA TAC CCA CAG 
GIU Asp Set GIU Va~ ile Leu Tyr Pro Gin 

330 
AAC AAC ATA CTG GTT ATC TGT GAC ACC TAC 
Ash Ash lle Leu V&I ~]e Cys Asp Thr Tyr 

390 
AAA CGC CAC ATG GCT GCA CAA ATC TTC AGT 
Lys Arg His Met Ala Ala Gin Ile Phe Ser 

450 
TTC GGA ATC GAA CAG GAG TAC ACT CTG ATG 
Phe Giy Ile Glu Gln GIu Tyr Thr LeU Met 

510 
CCT GTT GGA GGG TAC CCT GGC CCC CAG GGT 
Pro Val Gly Gly Tyr Pro Gly Pro Gln Gly 

57O 
TCA TTT GGC CGT GAC ATA TCA GAT GCT CAC 
Set Phe Gly Arq Asp rle Ser Asp Ala His 

630 
ATC AGT GGA ACA AAC GGG GAG GTC ATG CCT 
lie Set Gly Thr ASh Giy Glu Val Met Pro 

690 
GTT GGT ATT GAT GCA GGA GAC CAC ATA TGG 
Val Giy lle Asp AI~ Gly Asp His Ile Trp 

75O 
GAG CAA GCT GGT GTG GTG CTC ACC CTT GAC 
GIu Gln Ala Gly Val Val Leu Tnr Leu Asp 

B10 
GCT GGC TGC CAC ACA AAC TAC AGC ACA TTG 
Ala GIy Cys HiS Thr Ash Tyr Set Thr Leu 

870 
ATC AAG AAG GCA ATC CTG AAC CTT TCA CTT 
lie Lys Lys Ala Ile Leu ASh [au Set Leu 

930 
GAA GGA AAC GAG CGG AGG TTG ACA GGG CTA 
GIu Gly ASh Glu Arg Arg Leu Thr Gly Leu 

990 
TGG GGT GTG GCG AAC CGT GGC TGC TCT ATT 
Trp GLy Val Ala Asn Arq GIy CFS Ser Ile 

1080 
AAAGGA TAC CTG GAG GAC CGT CGC CCG GCC 
bys Gly Tyr L~u Glu Asp Arg Arg Pro Ala 

1110 
CTC CTG GCC GAG ACC ACG ATC CTG TGG GAG 
Leu Le~ Ala GIu Thr Thr ~le I~u Trp GIu 

1170 
AAG AAG CI'G GCG CTG AAG GTA TGA AGG ACC 
Lys Lys Leu Ala Leu Lys Val End 

60 
GAG ACC ACC GGG GTC ATC CAG AGG AqG CAG 
Giu ~hr Thr Gly Val II~ Gin Arg Met Gln 20 

12C 
ACC GAC AAG ATC ATC GCr GAG TAC ATC TGG 
Thr Asp Lys 11e lle Ald GIu Tyr Ile Trp 4O 

180 
AAA TCA AGG ACG ATT TCG AAG CCA GTG GAG 
Lys Set AFq Thr lie Set Lys Pro Val Glu 60 

240 
GAC GGA TCG AGC ACG GGG CAG GCT CCT GGG 
Asp Gly Set Set Thr Gly Gin Ala Pro Gly 80 

3OO 
GCC ATA TTC AAG GAC CCA TTC CGA GGA GGC 
Aia ile Phe Lys Asp Pro Phe Arg Gly Giy 1 9 3  

360 
ACA CCA CAG GGG GAA CCC ATC CCT ACT AAC 
Thr Pro Gin Gly GIu Pro I]e Pro Thr ASh 120 

420 
GAC CCC AAG GTC ACT TCA CAA GTG CAA TGG 
Asp Pro Lys Val Tb~ Set Gln Val Gln Trp 140 

48O 
CAG AGG GAT GTG AAC TGG CCT CTT GGC TGG 
Gln Arg Asp Val ASh Trp Pro Leu Gly Trp 160 

540 
CCA TAC TAC TGC GCC GTA GGA TCA GAC AAG 
Pro Tyr Tyr Cys Aia Val Gly Set Asp Lys 180 

6OO 
TAC AAG GCG TGC C~T TAC GCT GGA ATT GAA 
Tyr Lys Ala Cys Leu Tyr Ala Gly lle Glu 2OO 

660 
GGT CAG TGG GAG TAC CAG GTT GGA CCC AGC 
Gly Gln Trp GIu Tyr Glm Vat Gly Pro Ser 220 

720 
GCT TCC AGA TAC ATT CTC GAG AGA ATC ACG 
Ala Set Arg ryr Ile lau GIu Arg Ile Thr 24O 

780 
CCA AAA CCA ATC CAG GGT GAC TGG AAC GGA 
Pro Lys Pro lle Gln GIy Asp Trp Asn Gly 260 

840 
AGC ATG CGC GAG GAT GGA GGT TTC GAC GTG 
Ser Met Arg Glu Asp Gly Gly Phe Asp Val 280 

900 
CGC CAT GAC TTG CAC ATA GCC GCA TAT GGT 
Arg His Asp I~u His Ile Ala Ala Tyr Gly 300 

960 
CAC GAG ACA GCT AGC ATA TCA GAC TTC TCA 
His GIu Thr Ala Set Ile Set Asp Phe Set 320 

1020 
CGT GTG GGG CGA GAC ACC GAG GCG AAG GGC 
Arg Val Gly Arg Asp Th~ Glu Ala Lys Gly 340 

1080 
TCC AAC ATG GAC CCG TAC ACC GTG ACG GCG 
Set Ash M~t Asp Pro Tyr Thr Val Thr Ala 360 

1140 
CCG ACC CTC GAG GCG GAG GCC CTC GCT GCC 
Pro Tbr l~u Glu Ala Glu Ala Leu Ala Ala 380 

TGA AAA AAG GAC 
387 

Figure 4. Nucleotide and deduced amino acid sequence of lhe barley pGS8 insert. 
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2)MAQILAPSTQWQMRITKTSPCATPITSKMWSSLVMKQTKKVAHSA~IFRVMAVNSENGTINRVEDLLNLDI 70 
2)MAQILAPSTQWQMRFTKSSRHASPITSNTWSSLLMKQNKK TSSAKFRVLAVKSDGSTINRLECLLNLDI 69 
3) ~GFKVLALGP~TGVIQRMQQLLDMDT 27 
4) ~ MSLLSDLINLDL 12 
5) MSRLSDLINLDL 12 
6) MSLLSDLINLNL 12 
7) MSLLSDLINLNL 12 

I)TPFTDSIIAEYXWIGGTGIDVRSKSRTISKPVSHPSEVPKWNYDGSSTGQAPGEDSEVILYP~AIFKDPF 140 
2)TPFTDKIIAEYIWIGCTGIDVRSKSRTISKPVEHPSELPKWN~DGSSTG~APGEDSEVILYP~IFKDFF 139 
3)TPFTDKIIAE~IWVGGSGIDLRSKSRTISKPVEDPSELPK~N~DGSST~Ap~E~SEVIL~P~AKFKDpF 97 
4)SETTEKIIAEYIWIGGSGLDLRSKARTLPGPVTDPSQLPKWH~DGSSTGQAPGEDSEVIIYPQ~FKDPF 82 
5)SGTTEKIIAE~IWXGGSGLDLRCKARTLPGPVTDPSELPK~NYDGSSTG~APGQDSEVIL~P~A~FKDPF 82 
6)SDTTEKVIAEYIWIGGSGLDLRSKARTLPGPVKNPSELPKWHYOGSSTGOAPGQDSEVIIYPQA~FKDPF 82 
7)SDSTEKIIAEYIWIGGSGMDLRSKARTLSGPVTDPAKLPKWN~DGSSTGQAPGEDSEVILyPQAIFKDpF 82 

I)RGGMNILVV~DAYTPAGEPIPTNKRHR~AEIFSNPKVEAELPWYGIEQE~TLLQTNVKMPLGWpVGGYpG 210 
2)RGGNNILVICDAYTPAGEPIPTNKRHRAAEVFSNPRVIAEVPNFGIEQE~T~L~TNVMWPLGM~VGGYPG 209 
3)RGGNNILVICDTYTPQGEPIPTNKRHMAAQIFSDPKVTSQVPMFGIE~EYTLMQRDVNWPLGWPVGGYpG 167 
4)RRGNNILVMCDAYTPAGEPZPTNKRHAAAKIFSHPDVVAEVPWYGIE~EYTLLQKDIMWPLGWPVGGFPG 152 
5)RRGNHILVMCDA~SPAGEPIPTNKRHAAAKVFSHPDVVAEETWYGZE~E~TLLQKDIMWPLGWPAGGYpG 152 
6)RRGNMILVICDAYTPAGEPIPTNKRHNAAKIFSNPDYVAEEPWYG~E~,EYTLLQKEVNWPVGWPVGGFPG 152 
7)RRGMNILVMCDAYTPAGEPXPTNKRHAAAKIFSNPDVVAEEPWYGIEQEYTLLQRDIMWPLGWPIGGFPG 152 

1)PQGPYY~AAGADKSFGRDISDAHYKA~IYAGINISGTNGEVMPGQWEYQVGPSVGIEAGOHIWASRYILE 280 
2)P~G~YXCSAGADKSFGRDISDAHYKACLFAGINISGTNGEVNpG~wEY~VGPSVGIEAGDHIWASRYILE 279 
3)PQGPYYCAVGSDKSPGRDISOAHYKACLYAGIEIGGTNGEVKPOQWEYQVGPSVGIDAGDHIWASRYILE 237 
4)POGPETCGAGADKAF~RDIVOSH~KACLY&GINZ~GIHGE~MPG~WEFOVGPSVG~S~GDEIWVARYILE 222 
5)P~GPu165165 222 
6)P~GP~CGV~AOKAFGRDIVDAHYKACVYAGIMIS~INGE~MPG~WEF~VGPAVGISAGDELWVAR~ILR 222 
7)P~GP~YCGTGAD~A~R~IVDSHYKAYLYA~IM~SGING~PG~WEF~VGPS~GISAGDEVWVARYILE 222 

I 
I)RITEQAGVVLTLOpKPIEGDWNGAGCHTNu 350 
2)RITEQAGV~LSLDPKFIEODWNGAGCHTNu 349 
3)RITEQAGVVLTLDPKPIQGDWNG~GCHTNYSTLSMREDGGFDVXKKAILNLSLRHDLHIAAYGEGMERRL 307 
4)RITEVAGVVLSFDPK~KGDWNGAGAHTN~STKSMREDGGYEVILKAIEKLGKKHKEHIAAYGEGMERRL 292 
5)R,ITEvAGVVLTFDPK~KGDWNGAGAHTMu 292 
6)RITEV&GVVLSFDpK~IIKGDWMGAGAHTMYSTKTMRNDG~YEEIKS~EQKLGKRHKEHIAAYGEGNERRL 292 
7)RIAEIAGVVVSFDPKPIPGDWNGAGAHTNYSTKSMREDGGYEVILKAIEK~GLKHKEHIAAYGRGMERRL 292 

I 
I)TGKHETASINDFSWGVAMRGCSIRVGRDTEKNGKGyLED~RpASMNDPYVVTALLAESTLLWEPTLEAEA 420 
2)TGK~TASINTFSWG~AMRGCSIRVGRPTEKNGKGyLRD~R~ASNMOpyVVTSLLAESTLLWEPTLEAEA 419 
3)TGLBE~ASISDFSMG~NRGCSIRVGRnTEAKGKGYLED~RPASNMDPYTVTALLAETTILWEPTLEAEA 377 
4)TGR~KTADINTFLMG.V~NRGASIRVGRDTEKAGEGYFEDRRpSSNMDPYVVTSMIADTTILWKP 355 
5)TGKHETADINTFSWGVANRGASVRVGRDTEKEGKGYFEORRpASMNDPYVVTSMIAETTILLKP 355 
6}TGRHETADINTFLWGVANRGASIRVGRDTEKAGKGYFEDRRPASNNDPYVVTSMIADTTILWKP 355 
7)T~KHETANIST~KWGVANRGASVR~GRDTEKAGE~FEORRPASNNO~YVVTAMIADTTIIGKS 355 

1 ) L A A Q K I A L K V  1 ) pisum chloroplastic 
2 ) L A A Q K L A L K V  2) Phaseolu$ chlOroplastic 
3 ) L A A K K L A L K V  3) Hordeum chloropJastic 
4 ) 4 )  Medicago cyto$oiic 
5 ) 5) Pisum cytosolic 
6 ) 6 )  Phaseolus cytosolic pR| 

7) Nicotlalna cytosolic 

Figure 5. Comparison of the deduced primary structure of higher plant glulamine synthetases from pea (22, 23), 
bean (6, 10), barley, alfalfa (24) and tobacco (21 ). Asterisks indicate cysteins common to all glutamine synthetases; 
arrows indicate cysteins unique for chloroplastic glutamine synthetases. I and II mark regions highly conserved in 
both prokaryotic and eukaryotic glutamine synthetases (24). 
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and 1.7 kb). Hybridization under high stringen- 
cy conditions of poly A" enriched RNA with the 
pGS8 probe from barley was exclusively with 
transcripts of 1.7 kb, suggesting that the pGS8 
insert corresponds to a cDNA coding for the 
higher molecular weight glutamine synthetase 2 
located in the chloroplasts. This is substantiated 
by the closer similarity of the primary structure 
of this enzyme with the chloroplastic glutamine 
synthetase from pea and bean (Fig. 5) than with 
that of the cytosolic isoenzymes in these species. 

The presence of a 1.7 kb transcript in the 
"dark" poly A" RNA and the fact that the pGS8 
insert was actually isolated from the "dark" 
library reveals that some glutamine synthetase 2 
mRNA must be present in etiolated leaves even 
though MA.~N et al. (13) could not detect any 
glutamine synthetase 2 activity. The increase in 
the steady state level of the 1.7 kb mRNA upon 
illumination of etiolated leaves might reflect an 
increase in transcription and/or mRNA stabili- 
ty. 

The deduced amino acid sequence of the 
open reading frame of clone pGS8 from barley 
has 85% identity with the chloroplastic glu- 
tamine synthetases of Phaseolus vulgaris and 
Pisum sativum, similarity at the nucleotide level 
being 75% and 74%, respectively (Fig. 5). A 
corresponding comparison of pGS8 with the 
deduced amino acid sequences for cytosolic 
glutamine synthetases of Phaseolus vulgaris, 
Pisum sativum, Medicago sativa and Nicotiana 
plumbaginifolia yields a lower degree of identity 
ranging from 74% to 76% and at the nucleotide 
level the similarity is only 69% to 70%. 

It is apparent from Figure 5 that the primary 
structures of chloroplastic and cytosolic glu- 
tamine synthetases of the dicotyledonous spe- 
cies have large conserved domains also present 
in the barley enzyme. The chloroplastic glu- 
tamine synthetases of pea and bean have an 
N-terminal extension of 58 and 57 amino acids 
when aligned with their cytosolic counterparts. 
The deduced amino acid sequence for the barley 
glutamine synthetase has the extension beyond 
the amino terminal methionine of the mature 
cytosolic glutamine synthetases. It has been 
suggested that the N-terminal extension of the 
leguminous chloroplastic glutamine synthetases 
constitutes the transit peptide for import into the 

chloroplast (10, 23) and that the cleavage site 
according to the consensus sequence of KARLIN- 
NEUMANN and TOBIN (9) is located in the tripep- 
tide FRV (cf. Fig. 5). The barley sequence 
extends beyond this point and contains at this 
position the tripeptide FKV. The replacement 
of the arginine residue with a lysine residue is 
considered as a conservative amino acid replace- 
ment. The barley clone misses the coding region 
for the major part of the putative transit peptide. 
If the FKV tripeptide indeed is the cleavage site 
the 16 amino terminal residues of the mature 
barley enzyme show little sequence similarity to 
the chloroplastic glutamine synthetase of pea 
and bean. 

The mature chloroplastic glutamine syn- 
thetases are characterized by a 16 amino acid 
extension of the carboxyterminal end when 
aligned with the cytosolic isoenzymes (Fig. 5). 
Fifteen of the 16 amino acids of this carboxyter- 
minal peptide are identical, while a glutamine in 
the leguminous enzyme is replaced by a lysine in 
the barley glutamine synthetase at position 7 
upstream from the carboxyterminal valine. 

According to EVSTIGNI:EVA et al. (4) the bind- 
ing of ammonia and ATP to glutamine syn- 
thetase involves cystein SH-groups. Complete 
inhibition of the enzyme occurred upon modifi- 
cation of two SH-groups in the chloroplastic 
glutamine synthelase monomer. In Lemna mi- 
nor, which only has glutamine synthetase 2 
activity (14), and in barley the chloroplastic 
glutamine synthetases are inactivated by thiol 
reactive agents, while the cytosolic isoenzyme is 
not affected by these treatments (13, 18). This 
specificity of thiol reagents may be related to the 
extra cystein residues consistently found in the 
chloroplastic enzyme (positions 263 and 328 in 
barley glutamine synthetase), whereas the four 
cytosolic enzymes studied contain an alanine 
residue in these two positions. 

Comparisons of the amino acid sequences of 
eukaryotic and prokaryotic glutamine syn- 
thetases led TISCHER et al. (24) to suggest an 
ATP-binding domain which is marked I in 
Figure 5. This domain shows faint similarities to 
the ATP-binding sites of other proteins. Domain 
II shows sequence relationships to the substrate 
binding site of bovine glutamate dehydrogenase 
and is therefore proposed as part of the substrate 
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b inding  site of  g lu tamine  synthetase (24). It is 
interesting to note  that the two addit ional  cys- 
teine residues of  the chloroplastic g lu tamine  
synthetases are located within these two do- 
mains. 
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