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ABSTRACT
The nucleatide sequence of the E. coli glnALG operon has been determined.
The 9lnL (ntrB) and ginG (ntrC) genes present a high homology, at the
nucleotide and amino-cdT levels, with the corresponding genes of Klebsiella
pneumoniae (1, 2). The predicted aminoacid sequence for glutamine synthetase
allowed Us to locate some of the enzyme domains. The structure of this
operon is discussed.

INTRODUCTION

EBcherichia coli and other enteric bacteria are able to respond to

nitrogen limitation by means of a complex global control system. The genes
and operons subject to nitrogen control encode proteins that permit the

utilization of various alternative nitrogen sources when ammonia is lacking
in the growth medium (reviewed in refs. 3-5). Among the nitrogen-regulated
(Ntr) operons is the complex g onMLGoperan, which contains glnA, the

structural gene for glutamine synthetase, the primary ammonia assimilating
enzyme, as well as two nitrogen regulation genes, glnL (ntr8) and glnG (ntrC)
(6-11). Other nitrogen-regulated genetic systems include aminoacid transport

components, degradative enzymes and nitrogenase with its associated factors
(3,5).

The activation of transcription of Ntr (nitrogen regulated) genes during

growth in a nitrogen-deficient medium requires the products of glnF (ntrA or
rpgN (d 60) (ntrC)(12~~~6ragiL), an RNA polymerase sigma subunit (0) and of g'lnO (ntrC) (12, 13).

The expression of the glnALG operan is regulated by the ginG product
(NR1) at three promoters: two located upstream of glnA (glnAp1 and g1nAp2)
and a third one localized upstream of glnL (glnLp) (9,14-19). Initiation of

transcription at glnApl is stimulated by the catabolite activator protein
(CAP) charged with cyclic AMP and it is repressed by NR I (18, unpublished
results). Transcription from glnApl and glnLp accurs when cells are growing
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under conditions of carbon deficiency and nitrogen excess, apparently, to

maintain basal intracellular concentrations of glutamine synthetase (GS), of

NRI and of the qlnL product (NRII) (13,14,16,18, unpublished results).
Transcription initiated at glnLp is also subject to repression by NRI

(13,20,21). Nitrogen deprivation conditions result in high intracellular

levels of GS; in this case transcription starts from glnAp2, which requires
C6 °and NRI (12,13,22).

It has been proposed that nitrogen excess converts NRI to a form unable

of activating transcription. The interconversion of the active and inactive

NRI forms is greatly stimulated by NR11, which in turn receives an accurate

assesment of the availability of cellular nitrogen from the products of glnB
(PII) and glnD (UTase) (8,18,20,23). Recently, it has been shown that the

conversion of NRI to a form capable of activating the initiation of

transcription at glnAp2 involves the NR11-catalyzed phosphorylation of NRI
(37). Furthermore, it has been suggested that NRII can be converted by PII
to an NRE-phosphate phosphatase (37). These two NR IIactivities suggest the

functioning of a cyclic cascade system responsible for the regulation of the

GS synthesis in response to the nitrogen availability.
In this paper we report the complete nucleotide sequence of the E. coli

glnALG operon (4320 bp). The nucleotide sequence of DNA fragments containing
the glnA and glnL regulatory regions have already been reported (16,25,26).
In this work we determined the sequence of 3488 bp needed to complete the

entire operon. Analysis of our data show that the glnL and glnG products

(NRII and NE , respectively) from E. coli are highly homologous to those from

K. pneumoniae (1,2). We also report the amino acid sequence of the enzyme

glutamine synthetase as deduced from the nucleotide sequence obtained.

METHODS AND MATERIALS

Cloning and DNA sequence

DNA's carrying glnA, glnL or glnG sequences were derived mostly from

plasmid pACR34 (25). Part of the glnL gene sequence was derived from plasmid
pACR3 (25).

Restriction and DNA-modifying enzymes were obtained from commercial

sources and used according to the manufacturers' instructions or as

described by Maniatis et. al. (27).
Dideoxy sequencing reactions were carried out as described (28,29) using

clones prepared in M13mp18 and M13mp19 vectors (30). 35S-dATP or 32P-dCTP
were used as the labelled nucleotides.
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The DNA sequencing strategy to complete the nucleotide sequence of the

qlnALG operon was as follow: the 276 bp EcoRI-EcoRI and the 698 bp EcoRI-

BamHI fragments which are included in the qlnA gene were cloned into M13

vectors to be sequenced in both orientations. The results obtained were

confirmed by sequencing both chains of fragments EcoRI-BolII (317 bp), BqlII-

BamHI (376 bp) and the junction at the EcoRI sites. M13 derivatives

containing the 477 bp ClaI-SalI fragment and the 2260 bp SalI-PstI fragment

were used to obtain the qlnL and qlnG nucleotide sequences. The ClaI-SalI

fragment was sequenced in both orientations and the information obtained was

confirmed by sequencing HpaII subclones from this DNA fragment (the HDaII

sites used are located at positions 298 and 528 in Fig. 3). Most of the

nucleotide sequence of the SalI-PstI fragment (2260 bp) was obtained using

synthetic oligonucleotides, 32 P-labelled at their 5'-end, as primers for the

sequencing reaction. The primers used allowed us to sequence both chains of

this SalI-PstI fragment. M13 clones containing the ClaI and SalI sites at

positions 67 (Fig. 3) and 544 (Fig. 3) were used to confirm the sequence at

the corresponding junctions.

RESULTS

Sequence of QrlnA
The physical map of the qlnALG operon previously obtained in this

laboratory, was used as a basis for the sequencing strategy which is shown in

Fig. 1.

pInA glnL

R R Bg snB C HP*bS PV Ba Bo Pv Pv HP
,1 1 1 1,1 I,> 11~''I , I j1, j1

0 p000 2000 3000 4000
b~4 --

N 100 bp

Fig. 1. The physical and genetic map of the E. coli complex glnALG operon.
The precise location of some restriction sites is~indicated.TFiehatched
arrows indicate the localization, extension and direction of transcription of
the genes forming this operon. The M13 clones used for sequescing are shown
below the restriction map. The arrowheads indicate the sequencing direction.
The small lines above the SalI-PBtI M13 clones indicate the localization of
the synthetic oligonucleatides used as primers in the sequencing reaction.
R=EcaRI, B=BamHI, Ba=BalI, Bg=BglII, C=ClaI, H=HincII, S=SmaI, P=PstI,
Pv=PvuII, Hp=HpaII.
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-26 CAT6ACCArCC S6rTTAA6AAGTACCC6CT6AAC6TACACTAT6GC&6AC6A6MST6MATr6TTGArrTGC6CTTCACC
1 N S A E H U L T N L N E H E U K F U D L R F T

70 GATACTASATAAAACA'CACGTCACTATCCCT6CTCATCAG6TGAATBCTGAATTCTTCGAAAGAA CAAAAT6TTT6AC6GCTCCTC6AT
24 D r K 6 K E 0 H U T I P A H 0 U H A E F F E E 6 K N F D G S S I

l15 T ~CrTTSGAA6CATAC6AGTCCGCT06TCT6 ATOCATCCAGTCCWTATACCC6TTCTTCCCG CWTCCQCCCTGA
56 6 6 V K 6 I N E S D N U L N P D A S T A U I D P F F A D S T L

260 TTATC6TTKCATCCTT'6AACTG6CACCCTCAAGG6CTATGACC6T6WCC6C6CTCCATT6CGAA6IGC6CC6AA6ATTACCT6C6TTCC
87 1 I R C 0 1 L E P 6 T L Q 6 V D R D P R S I A K R A E 0 V L R S

355 ACT6GcATrscc6czeTACTS'C6CAMC6AATTCTcCCTcTTrcAG*Cc6ATGAACOTGTC66AkrTCA CGATCCC61CCCAC
119 T 6 I A D T U L F 6 P E P E F F L F D D I R F 6 S S I S 6 S H U

450 T6CTATC6AC6ATATcC6GA66CT6CTCTCCCCAATAC6A T66TA AAACAA6TCCCGTCCG6CA6T6AAA66C66TTACTTC'
151 A 1 0 D I E 6 A U N S S T 0 V E 6 6 H K 6 H R P A U K 6 6 V F

545 C66WTCCACC66IA6ACTC66CTCAG TATTC6THTCTGAATT6CT6GT6GAT'66AACAAT66OTC6I66T6ATGCMCCAICACCAC6AA
182 P U P P U D S A Q D I R S E N C L U N E 0 N 6 L U U E A H H H E

640 6TA6C6ACT6CT6OTCAGAACGAA6T6GCTACCC6CTTCAATATCAT6ACCAAAACT6ACGAAATTCAGATCTACAAATAT6TT6T6CACAA
214 U A T A 6 0 N E -U A T R F H 1 N T K K A 0 E I Q I Y K V U V N N

735 C6TA6TCCCCAAMcTTCC 6IAAAACCOrCCITTAT0CCAAAAC T6TI6C66TOATACT66CICC T6ACTOCCAUCGTCTCI6T
246 U U R H R F 6 K T A T F N P K P N F 6 D H 6 S 6 N H C H N S L

830 CTAAC6OITTACCT6TTC6CA66I6ACAAATACGCA66TCTGTCT6AGCA6C6T6TACTACATT6GCG6C6TAATCAAACA6CCTAAA
2?7 S K N 6 U N L F A 6 D K V A 6 L S E Q A L V V I 6 6 U I K 0 P K

925 6CGOAIIAAC6CCCT6CAAICGACCACCATACCGATAA6ICT6TCCC666CIATAGW6CA 6TAAT6CT66CTTACICICGCGTAA
309 A I N A L A N P T T N S V K R L U P 6 V E A P U N L A V S A R N

1028 CC6TTCT6C6TCTATCC6TATTCC66T66TTICTTCTCC6AAACA6TC6TATC6AA6TARC6TTTCCC6ATCC66CA6CTAACCC6TACCT6T
341 R S A S I R I P U U S S P K A R R I E U R f P D P A A N P V L

1115 6CTTTGCTGCCCIGCTOA GOCCG6rCTT6AT66TATCAAM6TCCATCC GGC6W TG6CAAGGAAAC1TAGCCTGCC6CCA
372 C F A A L L N A 6 L D 6 I K N K I H P 6 E A N D K N LQ D L P P

121 6AA6GAA6C6AAA6TCCCACA66TTIGC CTCTCT66AA6AA6CACTAAC6AACT66ATCT66ACC6C6A6TTCCT6AAA6CC6G6T66CT
404 E E A K E I P Q U A 6 S L E E A L N E L D L D R E F L K A 6 6 U

1305 6TICACT6ACGAAGCTTGATC6iaCATC6CTC6CGIC6C6A T6ACCCC6C6CTAi6ACTCCOCATCC66IA6AIGTT6A6CTGT
436 F T D E A I D A V I A L R R E E D D R U R N T P H P U E F E L

1461 ACTACA6C6TCTAA6T6TTTTA6TT6CC6T66AAACTTTTC6CCT6TCTCT66CAG6CCT66GATC66T66CAAGCACATCACGCC66ATGCG6C
467 V V S U

1495 MAi6CCTr 6OCCTACACCOTGA T6T(MTWU' TG'NTCGCTCTC'CW;rc TITTCAOCTATCr6rPEC

1590 f[CTCI6RI TTTTTTCTfl TCAATTCTC

Fig. 2. The nucleatide sequence of the E. coli glnA gene. The initiation
cadon is in agreement with the reported GS N-terminal aminoacid sequence
(31). The wavy line indicates the possible SD sequence. The circled tyrosyl
residue is the one to which AMP is covalently bound (31,32). The squared
aminoacid sequence corresponds to the peptide containing the oxidizable
histidine of GS (33). The underlined sequence downstream the stop codon
corresponds to a potential transcription termination signal.
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rGA6CrTGCTTCGCTCTTT rAATCC6A TAAATcTACTrGOTGcACTOTTCiTkGCTTT

ASCArGG KG CCAGCCCGATGCTWG TCCTC AACCOC0TGATTAACAOTATTTOTGrTCATC6AT
N A T G T O P D A G 0 I L N S L I N S I L L D D

CAACCTGGCGATCCATTACCCAACCCTGCCGCCCAACAACTGCTCGCCCAAAGCTCCCGCAATTGTTTGGTA
N L A I H Y A N P a A Q Q L L A Q S S R K L F G

CACCGrrACCOGAACTOTGNrCTACTTCTCATTAATATCGWGCGATGCMGAAAGrCT06AGGCOGCA
T P L P E L L S Y F S L N I E L N Q E S L E A 6 Q

G F T o N E U T L U I D 6 R S H I L S U I A Q RJ

GCCOGGCGtrzcA TGTCOCTG[GOICGCTOrTAC6^GRCGOC rrRAGrCAGOAcrcTACA
P D 6 N I L L E H A P H D N O R R L SO E 0 L 0

ACGCCCA6CAGGTTGCTBCCCOTBATTTAGTGC CGCCTAATAGATTAAATCCGCTT6GCGGTTTA
H A Q Q U A A R D L U R G L A H E I K N P L 6 6 L

cOTG6cGcG TGCTCA6CAAA6CTACCGcACCCATCACrACTC0 TATACCAAAGrGATTATCGA
R 6 A A Q L L S K a L P D P S L L E Y T K U I I E

ACA06C66AC6GOCTC6AAATCTGGTC0ACC0TCT6TT666CCOCA6CT6CCC66TAC6CGC6TTACCGAAA
0 A D R L R N L U O R L L P O L P 6 R U T E

6rArTTCACA6GTACOC6Tr666TrACOCr66r CA6AATC66CA6xcur6cxM6cG6rr ArTTC6T
S I H K V A E R U V T L U S N E L P D N U R L I R

GATTAATCCCAGCCTACCWGCTrGGCC TCAAATTGAACAG TCTTGCTGAATATT6TGC'O
D V D P S L P E L QAH D P D Q I E Q U L L N I U t

741 CAATGCGCTAAGC
248 N A L 0 A

815 TACAC66CGA6C6CTO
272 L N 6 E R i

889 CGGATrKc6cTTTI
297 0 D T L F

963 TTTGATTGATCAGCA
322 L I D 0 H

1037 CATACAGAAATAA
346 P I R K N

6CGOGOCCoooeCGGTGrTarrcArrcrcccCracccrTrrcAAcTrGcCT
I L 6 P E G G E I I L R T R T A F Q L T

[ICCGGCTG6C6GCGCGGATTGAT6TG6AA6ATAAiR6OGCGGGCATTCC6CCTCATTTG
Y R L AA R I D u E D N G P 6 I P HN I

rTMAGT
.

. . ..TGCTACCTGCCGA
Y P U S G R E FG G T 6 L GIL S I A R N

ITTCAGOCAATTGMTTTACCAOGTT66CCAO6CATACCAGTTCTCGrTTTACCTGC
S oljlI E F r S u P 0 H T E F S U V L

Fig. 3. The nucleotide sequence of the E. cali glnL gene. The wavy line
indicates the possible SD sequence. The underlined aminoacids corresponds to
those which are not homologous to the K. pneumaniae sequence. Numbers at the
far left of the figure correspond to the positions of the nucleotides (up)
and aminoacid residues (down). The squared aminoacid residues correspond to
the glycine-rich region and the lysine highly conserved in all kinases
described until now. The nucleotide sequence in this figure is contiguous to
that shown in Fig. 2.
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-11 A6GT6AB6TTTAr6CACMGGATA6TOCTGG6rM0TCT ATA6TTCCATCCTT6G6CTr6TGAAC6T6C6CTc6CT6OGG66CA6 AA
I H Q R 6 I UVU UU D D D S S I R V U L E R A L A 6 A 6 L

86 CCT6TAC6AC6TTTGA6AACGC6CACAATCTGCtAG6CT66CCA6CAAACCGGAT6T6CT6CTTTCAGATATCCU6TATGCCXS6AT6
29 r C T T F E N 6 A E U L E A L A S K r P 0 U L L S D I R N P G N

182 AC66ICGCTOCTCcAACATTAAACA696CCAAT6TTTCC66TCATCATrrAT6ACCCACAITCC6ATCT66AT6CTOCC6rCA6CG
61 D G L A L L K 9 1 K 9 R H P N L P U I I N T A H S D L D A A U S

278 CCTATCAACAA6666C6TTTGATTATCT6CCCAAACC6TTTGATATC6AC6AA6CA6TG6CGCt6TTT6GAC6C6CTATCA6TCATACCAOAAC
93 A V 9 9 6 A F 0 V L P K P F 0 I D E A U A L U E R A I S H V 9 E

374 AC6GCA6CA CGTAAT6TTCAOCTTAAC6 CCACACCATAICATCOC6AAGCCA6CCAT6CAG6AC6T6TCC6TATTATC66rCGCTU
125 9 9 9 P R N U 9 L N G P T T D I I A K P A N 9 D U F R I I 6 R L

470 CGCGTTCTTCTATTA6CTGCTGATTA CGMTCCGtCMAAAACt6G TCGCTCATGCCCT6CATCGCCACA GTCCGCCCA
157 S R S S I S U L I H 6 E S 6 T 6 K E L U A H A L H R H S P R A K

566 CGCCO6TIATC6C6CTGAATAT66CAOCTATCCCAAA;AATt6ATC0AATCAM6AT6T66GCCAC6AMAAA6GCCtTACT60CC6AATA
189 A P F I A L H N A A I P K D L I E S E L F 6 N E K 6 A F T 6 A N

662 CCATTC6TCAGG6GCGTTTT6GAACA6CC6ATG6C66TACATTATTCCTG6ACGAAATT66T6ATATOCC6CT6CAT6T6CA6ACOC6TTTOCT6C
221 T I R 9 6 R F E 9 A 0 6 6 t L F L D E I 6 D H P L 0 U 9 I R L L

758 6C6T6CT6CA6AC6TCAGTTTTACI6C6TT6 CtAT6TCCC66TGAA 616AT6CGGAttATC6CT6CCACTCACCA6AATCTC6AAC
253 R U L A D 6 9 F V R U 6 6 V A P U K U D U R I I A A T H 9 N L E

854 AGCAG6TGCA6AA66TAA6TTCC6TG6A6ATCT6TTCCACC6CCTAA CTTATRCCC6T1CATCT6 CCC6CT6CGC6AACGTC666AAGATA
285 9 R U 9 E G K F R E 0 L F H R L H U I R U H L P P L R E R R E 0

950 1TCCCCTCTG6CGCGCCATTTTTTAA666CC6GCG6GCAA6CTGAGACGG6AAGTTACTGCATCCG6AAACCG6AGCtGCTCTAG
317 I P R L A R H F L9 U AA R E L 6 U E A K L L H P E T E A a L T

1046 6TCT6GTG6CCGGGCAAC6TGCGCCA6CTG6AAAAACT6CC6CTGGCTAACG6TG6ATCC6CCGGGCAG6AT6TTGATTCAG6ATTT6C
349 R L A V P 6 H U R 9 L E H t C R V L t U H A A 6 9 E U L I 9 D L

1142 CC CG6AACTTTATiCAACTT6C6G6AATACITGTCAATACACCGGACA6CTGG1 CTAC TTGCGC6AT6G6CAACA C
381 P 6 E L F E S T U A E S T S 9 H 9 P D S V A t L L A 9 V A D R A

1238
413

1334
445

1430

T6C6TTCCG6TCATCAAAATCT6CTTTCCGAA6C6CA6CCA6A6CT66A6Ct6AC6TTACTGAC6ACCGC6T6TGCG6ACATAC6CA66ATAAAC
L R S G H Q N L L S E a Q P E L E R T L L T T A L R H T Q G H K

AGGAG6CGMWTCTGCOCT66CTGCACCTOACTAAGTTAAGTOTG6 GATGATTCACACTT6rTGTOTWA
Q E a a R L L 6 V G R N T L t R K L K E L 6 H E N

T@SAATATAT RTT ATTALCHTCTTT
tGTRTgCr6rG4rtCCfRTtCTRrCG*0CTG-RGGCTa6t6

Fig. 4. The nucleotide sequence of the E. coli nG gene. The signs are as
indicated in Fig. 3. The nucleotide sequence in this Figure is contiguous to
that shown in Fig. 3.

The nucleatide sequence containing the qlnA and olnL control regions

have already been reported. These sequences include the DNA regions from -26

bp to 130 bp and from 1,096 bp to 1,631 bp at the 5'-end and 3'-end of 2lnA,
respectively (25,26) (Fig. 2). In this work we added 966 bp to complete the
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NRjr

NRI

I;hnl^ t2,ILI I

I-I 1

II wit- I vy I I91 1y ,

I

I0U 000
Aminoacid residues

400 50

Fig. 5. Hydropathy profiles of the deduced aminoacid sequences of the E. coli
GS, NRII and NRI

sequence of the qlnA gene. The amino acids sequence of the E. coli GS was

deduced. According to this data the E. coli GS monomer is a protein of 470

amino acids with a predicted molecular weight of 52,222 daltons (Fig. 2).
Sequence of glnL and ginG.

The sequence downstream nn revealed two extensive open-reading frames.

The start codon of the first one is located 284 bp downstream the stop codon

for glnA and it extends 1,050 bp. It encodes a protein of 349 amino acids

with a predicted molecular weight of 38,647 daltons as corresponds to the

i product or NRII (8) (Fig.3).
The second open-reading frame start is 11 bp downstream of qlnL stop

codon and extends 1,408 bp. This encodes for a protein of 468 amino acids
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with a molecular weight of 52,205 (Fig. 4). The predicted molecular weight

for this protein corresponds to that determined for the ginS product or NF

(8, 20).

The 11 bp region that separates the glnL and ginS genes does not show

any obvious transcription termination signals, which confirms that these two

genes are transcribed as a bicistranic message.

DISCUSSION

The DNA sequence obtained for the E. coli glnALG operon indicates that

it occupies a region of aproximately 4,320 bp, from which 1,414 bp, 1,050 bp

and 1,407 bp correspond to glnA, glnL and ginG coding regions, respectively.

The deduced molecular weights of 52,222 for GS, 38,647 for NRII and 52,205

for NRI are in close agreement with the estimate of 55,000, 36,000 and

50,000, respectively, derived from the analysis of the polypeptides in SDS-

PAGE electrophoresis (8, 20).
Figure 5 shows the plats of hydropathies of GS, NRI and NR The

profiles of these plots do not show long stretches of hydrophobic or

hydrophilic amino acids, as expected for globular-soluble proteins.

The deduced amino acid sequence for GS indicates that this protein is

formed of 470 amino acids with the composition shown in Table 1.

It has been reported that mixed-function oxidation of GS from E. coli

causes loss of catalytic activity. This inactivation correlates with the

loss of one histidine residue per subunit (33). The peptide, MHCHM, which

contains the oxidizable histidine and may form part of one of the well-

studied cation-binding sites of GS, is located from residues 270 to 274 (Fig.
2). The loss of the catalytic activity upon oxidative modification is

probably due to alteration of binding of divalent cations essential for

activity. On this basis, it has been proposed that this peptide constitute

part of the active site of the enzyme (33). This proposition is confirmed by

the X-ray crystallography studies made by Almassy et al (38) which identify

the GS active site in the electrodensity map. The distance between this
peptide and the tyrosil residue to which AMP is covalently bound is of 125
amino acids (Fig. 2).This location is in agreement with the X-ray

crystallography data and, as indicated by Almassy et al (38), it explains how

the adenylyl group at Tyr399 could affect the active site by interacting with

N-domain residues, restricting the structure or motion of part of the N-

domain with respect to the C-domain.

The comparison of the predicted amino acid sequences between the
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AMINOACID COMPOSITION AND CODON USAGE

Anino codon ginA gInL ginG
acid
---------- --- ---- --- --- -- -

F UUU 4
UUC 19

L ML

CU 3

CUG 28

I AUU 12
AUC 16
AUA -

M AUG 7

V GUU 8
GUC 4
GUA 9
GUG 12

S UCU 12
UCC 12
UCA 1

UCG 2

AO

P CCU 4

ffAX 6
CCG 14

T ACU 6
ACC 12
ACA -

ACG 1

A GCU 12
GCC 9
GCA 13
GCG 9

5 10
2 4

9 6
8 5
3 8
4 5
4 2

25 33

13 10
11 13

1

8 11

3 7
4 5
1 2

10 15

1 2
2 5
3 3
4 2
5 4
5 4

4
3 3
2 6

13 22

-..; 3
9 9
2 1
6 1

5 8
6 10
2 7

13 24

Amino codon ginA gInL ginG
acid

Y UAU 5 1 3
UAC 10 6 2

H CAU 4 6 11
CAC 10 4 4

Q CAA 2 7 6
CAG 9 16 23

N MU 2 6 5
MC 18 8 7

K AAA 19 7 10
AMG 5 0 5

D GAU 13 12 17
GAC 19 8 8

E GM 29 16 24
GAG 7 6 10

C UGU 1 - 1

UGC 3 - 1

W UGG 2 1 7

R CGU 15 7 15
CGC 9 11 14
CGA - 1 3
CGG - 4 5
AGA 1
AGG - 1 -

G GGU 15 6 8
GGC 19 12 15
GGA 1 1

GGG 1 8 8

The underlined codons correspond to rare codons. Aninoacids are
designated according to the one letter code.

Anabaena (34) and E. coli glutamine synthetase indicate that they share an

homology of 53%. This homology increases up to 71% if we consider those

amino acids which are functionally equivalent. The peptide MHCHM as well as

2765
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Lb. 1 USDISIVFDLIIUDVK*-YDQLIT FD ILDTIT... Y?*LNIDIDVF.IDOIKFDGSSIAOVEIANIS TNILDQLNP?AVHPDTtSAPT.. . . ......... . . .......... ...No. I NIAIIYLtLNUL-lEV-.FVDLBUtDtKGK..--IQIV.t1PAIQVNAIFFlIKIIDOSIOGVGINBZDKVLNPDASTAYI9PFFLDSt

An. 1 1TtPQEYLKlI--QDtIKIL1DLKPI9TVG-.-*TIILtLtYQNQIDISSF.SDOV?FDC3SIIOVA1NAI3DKtKVLDP1?AVIDP?NEY?t

Lb. 8? L91LCDV1IPSThQPYARCPIO1AI^AAIKYNA3AGAD?AY?GPBAIPF?VDDVKYIK9IVsSTIV89lSIGPY?DIDYI-DG-ILOIIPGV

Ic. 16 LLIRCDILIPO?LQGYDIDPRSIADAIDYLSTOIAD?VLFOIPI??FLfDII?aGSSISGSYA[DD[IGAVIS8TQTI.O.KIBIPPAV

An. 81 LSIYCSIKEPIsTSCEVHPRYIAQKAIDYLYS?&GDTAPGFFC?A?I!DSAU?AQIAIIGYYFLDSYCVIGwSaK!O?ADKPNLAY!PI!

Ab. 1?8 IOOYFPYVAPVD3SDL1AILSWLAIN.GVPYIIIUIIYAAS-QIELOIlFDTLYTODNXQYYTYVYYI1YARAT-01TAT?IPKPY?OD9OSG

8c.. I1?? OGQYFPYPPVDSAQDIRSIKCLVIIQRLVVIAIIIIVAtAGQMIYAtIFIIIT[KADgIIQlYY[YKYVUIVIFOITA?PPKPGFDNaOS

A. 180 IIOPPYVPTDS?QDIIT?ILL?TAKLGYPISIKNhiYAt?oQcsLroFQKLIIAMDVLfhITvYYIIYAIIT-ITYTFP[PtI?DuQOb

Ab. 269 KDNDQSIVIBOQPLTAONQYADLSILALYYIGQIIKIgAINAfl" PThSYIRLYPGTUAPYLLAYSAUISASCRIPTVAS-PKOUYIY

Ic. t10 HCIISI!IIGQIILFAGDLYAOSQALY?SIOOVIKOPKAIALANPTTSYKLV?OYIAPVNLAYSAII1SASXII[PVVSS*PKAlII

An. 2fl NICRQIVsIDG[PLFAGDQ!AGL9SKOLTYIGOLLlUAPALLAI?NPS?NSTULVPOYIAPVILATSQQGISAIIRIPWTPLSGIKILFU

Lb. 361 1FPDPSAII?TLAFAALLllAOLDGIQNllUPIIIPGADLYDL.PALAKYPtYCOSU.ALDSLWDSAFL*IGDVF?IDNIIIY1ID.L1tI

la. 112 "PDPMIPYLCFAALUAOLDOI1KIIIPGIAIDULYDL-PPI31.AUIPQVAOILIIALILDLDRIIFLIAOVYFDIAIDAYIA--LI3

AA. 365 CPDATSIPYLAFAANLCAOIDOIKKIIIPQIPLDUIYILSP-BUI-.V?3T?OSLILALALiDIAFLDTOtQY!TDFIQNVIDYKLUAI

Ab. 449 ILLAFITHPIPIIYIKYYSV

lc. 451 IDDIYRORPIPYVFELTSY

An. 456 YIQNQLR-PIPYEFSIYDY

Fig. 6. Alignment of the E. coli (Ec.), A. brasilense (Ab.) and Anabaena (An)
GS aminuacid sequence. = identical residues;: functionally equivalent
residues.

the region around are highly conserved between the GS of Anabaena and E.

cgli. Also, the tyrosil residue (Tyr399) which is adenylylated in the E.
coli GS is found in the Anabaena GS at a similar position. The region

upstream of Tyr399 shows a very high degree of homology (Fig. 6) . In the

case of the Azospirillum brasilense GS these regions are also found highly

conserved (42) (Fig 6). Although the MHCHM peptide in the E. coli GS in A.

brasilense has the sequence MHMHQ, the oxidizable histidine residues are

still present. Neither adenylylation nor mixed-function oxidation of GS have
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been shown in A. brasilense; the conservation of the regions involved in

those functions might imply that they in fact take place.

The comparison between the nucleotide sequence of the E. coli and K.

pneumoniae alnL and alQGgenes shows 81% and 82% homology, respectively,

indicating that those genes are highly conserved in these organisms. This

homology is higher than that expected according to DNA reassociation studies

which indicate that the percent relatedness between E. coli and K. pneumoniae

is 30-38% (40). The high conservation found for these two genes may be due

to the different domains with very specific functions in both gene-products

(NRI, and NRC) (11,18,26,37,39). Also a very high homology (93% in both

cases) is found between their amino acid sequences suggesting that these

proteins (NR, and NRII) have identical roles in both organisms. Our

analysis indicates that NRI has a structural domain common to DNA-binding

proteins, localized from residue 444 to 465 (Fig. 4), as it is the case for

NRI of K. pneumoniae (35) and Bradyrhizabium parasponiae (39). This

observation is supported by experimental evidence which shows the ability of

this protein for DNA-binding (18,26,41). In a recent work (35,39) it has

been reported that the NR and NRII proteins of B. parasponiae and K.

pneumoniae share homology with other regulatory proteins. Many of these

proteins function in pairs to regulate gene expression in response to

environmental stimuli such as nutrient limitation (phoR/phoB), altered

osmolarity (envZ/ompR) and plant exudate (virA/virG). As expected, this

homology is also found in the E. coli NRI and NRII proteins, between residues

7 and 120 for NR I (Fig. 4) and between residues 86 and 349 for NRII (Fig. 3)
Although, the analysis of the amino acid sequences of the E. coli and K.

pneumaniae (2) NR IIalso shows and extensive homology to the DNA-binding

domains of other site-specific DNA-binding proteins, there is not any

experimental evidence which support these observations. Recently, it has

been shown that NRII controls the activity of NRI by covalent modification.
II~~~ ~ ~ ~ ~ ~ ~~~~I

NR11 is and NR1-inase that can be converted by the glnB product (PI san
NRI-phosphate phosphatase (37). It has been observed that all the protein

kinases present a glycine-rich region followed by a lysine residue which may

form part of the ATP binding site (43). We have found a region with these

characteristics in the NRII amino acid sequence between residues 306 and 331.

This region is also observed in the C-terminal portion of other gene

products homologous to NRII which form part of two-component regulatory
systems (39). This opens the question whether protein phosphorylation is a

more common regulation mechanism in bacteria than is recognized at present.
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As other complex operons in E. coli, the glnALG operon is formed by

regulatory (glnL and ginG) and non-regulatory genes (glnA). In order to

adjust the expression of genes in the nitrogen-regulated network the glnALG

operon can be transcribed from two promoters upstream glnA and an internal

promoter which allows the expression of the regulatory genes separately from

glnA. The levels of the glnL and ginG products are always kept lower than

those of the glnA product (18, unpublished results). The termination signal

located between glnA and glnL (16, 26) is a way to keep these levels low when

the three genes are transcribed from the same promoter. The analysis of the

codon usage in the glnA, glnL and glnG coding reading frames indicates that

glnL and glnG contains an unusually large number of rare cadons, 26% for glnL

and 20% for glnG (Table 1). The use of rare codons in these genes may be one

of the mechanisms, at least in some physiological conditions,to mantain their

products at low molar concentration compared with GS. This is in agreement
with the finding that the regulatory genes usually contain higher percentages
of rare codons (24%) than non-regulatory ones (12%) (36).

Special attention is being paid to the glnALG operon due to the major

participation of NR1 and NRII in ensuring harmonic regulation of nitrogen

assimilation genes, and to the central role of GS in the nitrogen metabolism.

The availability of the complete nucleotide sequence of this operan will

help to answer questions concerning the identification of specific domains

in the proteins, their evolution and their relations with other components of
their own and other regulatory networks.
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