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In common with other plant symbionts, Frankia spp., the actinomycete N,-fixing symbionts of certain
nonleguminous woody plants, synthesize two glutamine synthetases, GSI and GSII. DNA encoding the
Bradyrhizobium japonicum gene for GSII (ginlI) hybridized to DNA from three Frankia strains. B. japonicum
ginlI was used as a probe to clone the ginlI gene from a size-selected Kpnl library of Frankia strain Cpl1 DNA.
The region corresponding to the Frankia sp. strain Cpll ginll gene was sequenced, and the amino acid
sequence was compared with that of the GS gene from the pea and ginlI from B. japonicum. The Frankia ginll
gene product has a high degree of similarity with both GSII from B. japonicum and GS from pea, although the
sequence was about equally similar to both the bacterial and eucaryotic proteins. The Frankia ginll gene was
also capable of complementing an Escherichia coli AginA mutant when transcribed from the vector lac
promoter, but not when transcribed from the Frankia promoter. GSII produced in E. coli was heat labile, like
the enzyme produced in Frankia sp. strain Cpl1 but unlike the wild-type E. coli enzyme.

In bacteria, glutamine synthetase (GS) plays dual roles in
providing glutamine for biosynthesis and in assimilating
ammonia. Escherichia coli GS is regulated at the transcrip-
tional level by the Ntr (nitrogen regulation) system and at the
posttranslational level through an adenylylation cascade in
which each of 12 identical subunits is reversibly adenyly-
lated (34). As the enzyme is progressively adenylylated, it
becomes increasingly sensitive to feedback inhibition by
metabolites downstream from glutamine (1). This pattern of
GS regulation is repeated in most members of the family
Enterobacteriaceae and in many other bacteria.

Several exceptions to the enteric model of GS structure
and regulation have been reported. For example, GSs in
Anabaena and Bacillus spp. are not adenylylated (16, 31,
49), and short-term regulation occurs through feedback
inhibition by metabolites that originate from glutamine and,
in the case of Bacillus spp., by glutamine itself. A novel
hexameric enzyme from Bacteroides fragilis has little DNA
or protein sequence similarity with other GSs and lacks an
adenylylation site (19).

Multiple GSs have been found in several bacteria. Two
similar GSs found in the thermophile Bacillus caldolyticus
are regulated in a complementary fashion (51, 52). Two GSs
in plant symbionts from the families Rhizobiaceae (including
Rhizobium, Bradyrhizobium, Agrobacterium, and Phyllo-
bacterium spp.) and Frankiaceae are dissimilar and are
regulated in response to the nitrogen source (14, 17). In
members of the Rhizobiaceae, total GS activity is modulated
by the differential transcription of glnA (GSI) and ginll
(GSII) (12, 15, 35). Like the enteric GS, GSI is regulated by
adenylylation, but it is expressed constitutively (12). GSII
resembles eucaryotic GSs; it is an octamer of identical
subunits and glnll is expressed from an Ntr-like promoter
during nitrogen limitation (15, 26, 35). In the plant symbiotic
actinomycete Frankia sp. strain Cpll, the pattern of GS
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regulation resembles that found in members of the Rhizobi-
aceae. Both GSI and GSII are produced; GSI is a classic GS
in the sense that it is regulated by adenylylation, and GSII is
biochemically similar to rhizobial GSIIs (17). GSII appears
to be specifically synthesized in response to nitrogen starva-
tion or in response to growth on a poor nitrogen source, such
as glutamate, in culture, whereas GSI is constitutively
present under all conditions tested (48).

To date, no role has been assigned to GSII in either group
of organisms that would help explain its apparent persistence
in plant symbionts. We show here that GSII from Frankia
sp. strain Cpl1 is similar in its DNA and protein sequence to
the GS from Pisum sativum (pea) and GSII from Bradyrhizo-
bium spp. Our results indicate that GSII is common among
Frankia strains and, together with companion papers (4, 22),
show that GSII is generally widespread among actino-
mycetes.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The
bacterial strains and plasmids used in this study are listed in
Table 1. All Frankia strains were grown as described previ-
ously, except that Ail7 and HFPCcI3 were grown on propi-
onate- rather than succinate-containing medium (29). E. coli
strains were grown on Luria medium (27) with 0.2% glucose
or on M9 minimal medium (25). Ampicillin was added to a
final concentration of 100 pg/ml.

Preparation of DNA. Plasmid DNA from E. coli strains
was prepared by the boiling lysis method (20). DNA from
Frankia strains was prepared by a modification of the
method of Ligon and Nakas (24) or by a modification of the
method of Stauffer et al. (43).

Restriction endonuclease analysis, electrophoresis of DNA,
and hybridization conditions. Restriction endonucleases
were purchased from Bethesda Research Laboratories, Inc.,
Gaithersburg, Md., and used as recommended by the man-
ufacturer. DNA was fractionated on 0.4% agarose (genomic
digests) or 0.8% agarose (plasmids) and transferred to nitro-
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TABLE 1. Plasmids, Frankia strains, and E. coli strains
used in this study

Strain or Relevant Reference
plasmid characteristics or source
Frankia spp.
Ail7 Isolated from alder (Alnus in- 6
cana subsp. rugosa)
Cpll Isolated from sweet fern 9
(Comptonia peregrina)
HFPCcI3 Isolated from casuarina (Ca- 54
suarina cunninghamiana)
E. coli
JM105 supE endA sbcB15 hsdR4 rpsL 53
thi A(lac-proAB) (F' traD36
proAB™ lacl® lacZAM15)
YMC11 thi endA hsr AlacUI69 3
hutCyeps” A(gInG-ginA)
Plasmids
pBJ196A Ap"; B. japonicum ginll in 10
pBR322
pFR101 Ap"; Frankia Cpll ginll in This study
pUC19
pFR121a Ap"; Frankia Cpll ginlI with This study
truncated 5’ regions in
pUC19
pUC18, pUC19 30

2 Klebsiella hutC gene.

cellulose filters (Millipore Corp., Bedford, Mass.) by the
method of Southern (42). Hybridization was done by stan-
dard methods with approximately 107 cpm of [a->*2P]dCTP-
labeled probe per ml of hybridization solution (25).

Genomic size-selected library construction. A size-selected
library was made from Frankia sp. strain Cpll DNA by
excising the region of agarose gels corresponding to the
4.6-kilobase-pair (kbp) band of the Kpnl restriction enzyme
digest of CpIl DNA. DNA was isolated by the freeze-
squeeze method (46) followed by phenol-chloroform extrac-
tion and ethanol precipitation. The fragments were ligated
(21) into alkaline phosphatase-treated pUC19 that had been
digested with Kpnl. Competent E. coli JM105 cells were
prepared and transformed by the method of Dagert and
Ehrlich (13) with cells washed in 100 mM MgCl, prior to
calcium chloride treatment. Insert-bearing clones were
screened by hybridization with the insert from pBJ196A
carrying the Bradyrhizobium ginll gene. Screening was
performed on dot blots of DNA from individual clones
grown in 96-well microdilution plates, lysed with 1 M NaOH,
transferred by dot blot vacuum manifold to nitrocellulose
membranes, and treated by the method of Landers (23).

Subcloning. DNA restriction fragments were fractionated
in 1.0% low-melting-point agarose (NuSieve; FMC Corp.,
Rockland, Maine) and ligated in agarose to appropriately
digested vector (45).

Complementation of E. coli AginA. To express the ginll
gene, a construct was made by deleting the region 5’ to the
start of the putative Frankia ginlI gene on the 1.6-kbp Sall
fragment (44). This construct was directionally subcloned
into the HindIll and Sall sites of pUC18 and pUC19. The
resulting transformants were checked for the presence of the
construct by restriction digest. The expression plasmid was
termed pFR121a in pUC19 and pFR121b in pUC18. Approx-
imately 50 bp of Frankia DNA upstream of the start of
similarity with Bradyrhizobium glnllI is present in pFR121a
and pFR121b along with the entire Frankia ginlI region.

DNA sequence analysis. DN A sequencing was done by the
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FIG. 1. Southern blot of Frankia sp. strain Cpl1, CcI3, and Ail7
DNA hybridized to [a->*PJdCTP-labeled B. japonicum ginll DNA.
Lanes a, b, and ¢ correspond to CpIl, CcI3, and Ail7 DNA,
respectively.

dideoxynucleoside triphosphate chain termination method of
Sanger et al. (37), with [a-**S]JdATPaS as label and tem-
plates prepared from subclones made in pUC plasmids.
Sequencing reactions were done with T7 DNA polymerase
by following the protocol supplied by the manufacturer
(Pharmacia, Inc., Piscataway, N.J.). Since Frankia DNA
has about a 70% G+C content (2), sequencing reactions
were done with 7-deaza-2’'-dGTP and sometimes 7-deaza-2’-
dITP to relieve band compressions. E. coli JM105 was used
as the recipient strain. Software for analyzing the DNA
sequences included the IBI-Pustell program for the IBM and
IBI-MacVector program for the Apple Macintosh computer
(IBI, New Haven, Conn.).

GS assay. GS was assayed by the vy-glutamyltransferase
method (5), modified as described previously (17). Heat
lability of the enzyme in E. coli extracts was tested at 60°C
as described previously (48). Protein was determined by the
Bradford dye-binding assay (8).

RESULTS

Cloning of the Frankia ginll gene. Significant sequence
similarity between Bradyrhizobium japonicum ginll DNA
and Frankia DNA was observed by Southern blot analysis
(Fig. 1). Total genomic DNA from Frankia sp. strains Cpl1,

FIG. 2. Physical map and sequencing strategy for the Frankia sp.
strain Cpll ginlI region. The boxed area represents the ginlI gene.
The arrows represent the templates and direction of sequencing.
Restriction endonuclease site abbreviations: S, Sall; Sm, Smal.
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FRANKIA SP. STRAIN Cpll ginll GENE

VoL. 172, 1990

10 30 50 60 70 80 90 100

CCCAGGCCGA TCACGAAGTC GCACCGTTTC GTGCAGGACC AACCACGGGG AGTATTGA GTG AGT TAT CAG GCC GAG TAC ATC TGG ATC GAC GGC ACC GAG CCC
(start) Ser Tyr Gln Ala Glu Tyr Ile Trp Ile Asp Gly Thr Glu Pro

110 120 130 140 150 160 170 180 190 200
GAG CCT TTG ATG CGT AGC AAG ACG CGC ATC ATC AAG GAC GGC AAG GAG CCG GAG ATC TGG GGC TTC GAC GGC TCG AGC ACC AAC CAG GCG CCG GGA TCG
Glu Pro Leu Met Arg Ser Lys Thr Arg Dle Ile Lys Asp Gly Lys Glu Pro Glu Ile Trp Gly Phe Asp Gly Ser Ser Thr Asn Gl Ala Pro Gly Ser

210 220 230 240 250 260 270 280 290 300
AACTCG GAC TGC GTG CTG CGT CCC GTC TTC GAG ACG CCC GAC CCG ATC CGG GGA GGC GAC AAC CGC CTG GTG CTG TGC GAG GTC CAG CTG ACC GAC TTC
Asn Ser Asp Cys Val Leu Arg Pro Val Phe Glu Thr Pro Asp Pro Dle Arg Gly Gly Asp Asn Arg Leu Val Leu Cys Glu Val Gin Leu Thr Asp Phe

310 320 330 340 350 360 370 380 390 400
ACG CCA CCG ACG AAC ACC CGG GCG GOC GCC CTC GGT GTC GCC GAG CGG TAC GCC GAC ATG TCG CCC ATG TTC GGC ATC GAG CAG GAG TAC ACC TTC TTC
Thr Pro Pro Thr Asn Thr Arg Ala Ala Ala Leu Gly Val Ala Glu Arg Tyr Ala Asp Met Ser Pro Met Phe Gly Dle Glu Gin Glu Tyr Thr Phe Phe

410 420 430 440 450 460 470 480 490
AAG GAC GGC CGC CCG TAC GGC TGG CCG GAG GTC GGC TAC OCC GCG CCG CAG GGT CCG TAC TAC TGC GGC GTC GGC GGC TOG AAG ATG CCC GGT CGC CAG
Lys Asp Gly Arg Pro Tyr Gly Trp Pro Glu Val Gly Tyr Pro Ala Pro Gin Gly Pro Tyr Tyr Cys Gly Val Gly Gly Ser Lys Met Pro Gly Arg Gln

500 510 520 530 540 550 560 570 580 590
ATC GTC GAG CGG CAC ACC CAG GCA TGC CTC GAC GCC GGC CTC GCC ATC GAG GGC ACC AAC GCC GAG GTC ATG ATG GGC CAG TGG GAG TTC CAG ATC GGC
Ile Val Glu Arg His Thr Gin Ala Cys Leu Asp Ala Gly Leu Ala Ile Glu Gly Thr Asn Ala Glu Val Met Met Gly Gin Trp Glu Phe GIn Ile Gly

600 610 620 630 640 650 660 670 680 690
GTC CTG CCC GCG CCC GCC ATC GGC GAC CAG ATC TGG TTG GGC CGC TGG CTG CTC CAC OGG ATC GCC GAG GAC TAC GGC GTC GAG GTG TCC TTC GOC GCG
<p__.h=v3>—w_v3>_»HoQ_wgoguodﬂgm_!?w%ﬁ_h:_.g:w?muo2»0~=>%gﬁ_<<»_9=<amﬂ?oZ»Za

700 710 720 730 740 750 760 770 780 L)
AAG CCG ATC CCC GGT GAC TGG AAC GGT GOC GGC GCG CAC ACC AAC TTC TCC ACC AAG CAG ACG ATG GAG GGC TGG GACGCC ATC GTC ACG TGC TGC GAG

Lys Pro Tle Pro Gly Asp Trp Asn Gly Ala Gly Ala His Thr Asn Phe Ser Thr Lys Gin Thr Met Glu Gly Trp Asp Ala Ile Val Thr Cys Cys Ghu

800 810 820 830 840 850 860 870 880 890
GCG CTC GGC ACG CGC GTC ACC GAG CAC GTCACC CAC TAC GGG AAG GGC ATC GAG GAC CGG CTG ACC GGC AAG CAC GAG ACC GCC CCC TGG AAC AAG TAC
Ala Leu Gly Thr Arg Val Thr Glu His Val Twr His Tyr Gly Lys Gly Dle Glu Asp Arg Leu Thr Gly Lys His Glu Thr Ala Pro Trp Asn Lys Tyr

900 910 920 930 940 950 960 970 980 990
TOC TGG GGC GCC TCG GAC CGC GGC GCC TCG GTC CGC ATC CCC TGG GCC GTC GAG AAG GCC AAG AAG GGC TGG CTG GAG GAC CGT CGT CCG AAC GCG

Ser Trp Gly Ala Ser Asp Arg Gly Ala Ser Val Arg Ile Pro Trp Ala Val Glu Lys Ala Lys Lys Gly Trp Leu Glu Asp Arg Arg Pro Asn Ala

1000 1010 1020 1030 1040 1050 1060 1070 1080 1090
AAC ATG GAC CCG TAC CTG GTC ACC GCG CTC ATG ATC GAC ACC TGC TGC AGC GCC CTG GCC GGC GAC AAG CCG ACC CTG TTC GTG CCG TCA CAG ACC ACT
Asn Met Asp Pro Tyr Leu Val Thr Ala Leu Met Ile Asp Thr Cys Cys Ser Ala Leu Ala Gly Asp Lys Pro Thr Leu Phe Val Pro Ser Gin Thr Thr

1100 1110 1120 1130 1140 1150 1160 1170 1180 1190
CCG GCG CCC GOC GAG GCG AGC GTC TGA GCC TGA CCGACAC GTCTGCCCGGA COGGTCGGC CGAGCAGTCC GCCGGGCCGG AAACACGOCG GCGCGGCGGA
Pro Ala Pro Ala Glu Ala Ser Val End Ala End

) FIG. 3. UZ> sequence of the Frankia ginll gene (GenBank accession no. M35050) and inferred protein sequence of GSII. The coding sequence begins with GTG. A putative
ribosome-binding site is underscored, as are putative ATP-binding and glutamate-binding sites of the protein sequence (see text). A possible Ntr promoter sequence is overscored.
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CcI3 and Ail7 was digested with Kpnl and SstI, fractionated
by electrophoresis in 0.4% agarose, denatured, and trans-
ferred to nitrocellulose membranes. The 2.1-kbp Sall insert
of plasmid pBJ196A containing the B. japonicum ginlI gene
was used as a probe. The hybridization conditions used (45%
formamide and 40°C) should allow hybridization with about
a 40% mismatch. The hybridization patterns of the putative
ginll gene varied with the strain (Fig. 1). Kpnl digests
yielded single 4.6-, 8.4-, and 2.5-kbp bands from CplI1, CcI3,
and Ail7, respectively. SstI gave single 2.9- and 6.5-kbp
bands from Cpll and Ccl3, respectively, and two bands of
4.3 and 2.9 kbp from Ail7. We decided to clone the 4.6-kbp
fragment from the Kpnl digest of Cpll.

Size-selected libraries were screened for the presence of
gInlI hybridizable DNA. Although conventional colony hy-
bridizations failed to yield any clones hybridizing to B.
Japonicum ginll, several positive clones were readily iden-
tified from dot blots of DNA made from individual clones of
the size-selected library. One plasmid, designated pFR101,
was selected for further study. The insert from pFR101 was
about 4.6 kbp and hybridized to the same bands on genomic
blots of Cpl1 and CcI3, as did the insert from pBJ196A (data
not shown).

The putative Frankia ginll gene was localized to a 1.6-kbp
Sall fragment in the pFR101 insert by hybridization with
ginlI from pBJ196A. The Sall fragment and adjacent regions
were further subcloned and sequenced by dideoxynucleotide
sequencing by using the strategy shown in Fig. 2; the entire
gene was sequenced in the sense direction at least twice, and
about 60% of the gene was sequenced in the antisense
direction.

The Frankia ginll DNA and protein sequences are pre-
sented in Fig. 3. The gene is 1,056 bp in length and
corresponds to 352 amino acids. Using the sequence of the
Bradyrhizobium ginll as a guide, we tentatively identified
the start of the coding region of Frankia ginlI as correspond-
ing exactly to the start of the region of sequence similarity
with Bradyrhizobium glnll. The start codon in this alignment
is GTG. The use of this codon for translational initiation is
not unusual, since about 18% of characterized streptomycete
genes begin with GTG rather than ATG (38). A consensus
ribosome-binding sequence (5'-GGAG-3’) began 12 bases 5’
to the GTG start codon. Two TGA stop codons separated by
a single alanine codon were found in-frame beginning at
position 1057 downstream from the start.

GS requires ATP for its activity. The putative ATP-
binding site, Lys-Pro-Ile-Pro-Gly-Asp-Trp-Asn-Gly-Ala-Gly-
Ala-His-Thr is shown in Fig. 3; it resembles the consensus
ATP-binding site, Lys-X-X-X-X-Gly-X-X-Gly-X-Gly-X-Lys-
Thr (where X is any amino acid) found for several ATP-
binding proteins (50). This region of GSII is highly conserved
with similar regions found in virtually all GS proteins ana-
lyzed to date (19). Also indicated in Fig. 3 is a possi-
ble substrate-binding site, Asp-Arg-Gly-Ala-Ser-Val, that
closely resembles a sequence, Asp-Arg-Gly-Ala-Ser-Ile-Val,
near the Lys-27 residue in bovine glutamate dehydrogenase
that has been implicated in binding a-ketoglutarate (33, 47).
Of interest is the presence of two Arg residues that are
conserved in other GSs (19) in and near this sequence;
ADP-ribosylation of specific Arg residues inactivates eu-
caryotic GSs (28), so these residues may play a role in the
active site of Frankia GSII.

A sequence with similarity to Ntr promoters was identified
at position —31 before the start of translation. The putative
promoter has the sequence (5'-GTCGCAC...... GTGCA-3'),
which is quite similar to the consensus Ntr promoter (5'-
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TABLE 2. Summary of codon usage for Frankia sp.
strain Cpll ginll

Amino Count Amino Count

Codon  “4cid ) Codon i %)

TTT Phe 0 (0.0) ATT Ile 0 (0.0)
TTC Phe 10 (2.8) ATC Ile 18 (5.1
TTA Leu 0 (0.0) ATA Ile 0 (0.0)
TTG Leu 2 (0.6) ATG Met 9 (2.5)
TCT Ser 0 (0.0) ACT Thr 1(0.3)
TCC Ser 3(0.8) ACC Thr 17 (4.8)
TCA Ser 1(0.3) ACA Thr 0(0.0)
TCG Ser 7.0 ACG Thr 72.0)
TAT Tyr 1(0.3) AAT Asn 0 (0.0)
TAC Tyr 11 (3.1) AAC Asn 10 (2.8)
TAA End 0 (0.0) AAA Lys 0 (0.0)
TAG End 0 (0.0) AAG Lys 14 (4.0)
TGT Cys 0 (0.0) AGT Ser 1(0.3)
TGC Cys 8 (2.3) AGC Ser 4(1.1)
TGA End 1(0.3) AGA Arg 0 (0.0)
TGG Trp 12 (3.4) AGG Arg 0(0.0)
CTT Leu 0(0.0) GTT Val 0(0.0)
CTC Leu 6(1.7) GTC Val 16 (4.5)
CTA Leu 0 (0.0) GTA Val 0 (0.0)
CTG Leu 11 (3.1) GTG Val 5@1.9)
CCT Pro 1(0.3) GCT Ala 0 (0.0
CCC Pro 12 3.9 GCC Ala 21 (5.9
CCA Pro 1(0.3) GCA Ala 1(0.3)
CCG Pro 14 (4.0) GCG Ala 11 3.1)
CAT His 0 (0.0) GAT Asp 0 (0.0)
CAC His 6(1.7) GAC Asp 20 (5.7)
CAA Gln 0 (0.0) GAA Glu 0 (0.0)
CAG Gln 12 3.4) GAG Glu 25(7.1)
CGT Arg 4(1.1) GGT Gly 5@1.9)
CGC Arg 8(2.3) GGC Gly 28 (7.9)
CGA Arg 0(0.0) GGA Gly 2 (0.6)
CGG Arg 6(1.7) GGG Gly 1(0.3)

CTGGCAC.....TTGCA-3’) identified from enteric organisms
and Bradyrhizobium spp. (12).

Codon usage. The coding region for the Frankia ginll gene
had a G+C content of 68.7%, which agrees with an esti-
mated total G+C content of 68.4 to 72.1% for Frankia strains
in general (2). The genetic code permits the use of G or C in
the third position in codons for all 20 amino acids and in the
first position for Arg and Leu; no choice exists in the second
position. Forty-one codons were used in the Frankia ginll
sequence (Table 2). Of all codons used, 94.8% had either a G
or C in the third position. All of the Arg codons and 17 of 19
Leu codons began with C. Thus, there is a strong bias
toward the use of G and C in the first and third positions, a
circumstance which is not unusual for organisms with a high
G+C content. In the second position, 49.8% of the codons
had either an A or T. The absence of extreme bias in the
inferred second position provides strong evidence that the
reading frame determined by sequence comparison with B.
Jjaponicum ginlI is correct (7).

Comparison with Bradyrhizobium and P. sativum GSs.
Considerable amino acid sequence similarity was noted
between Frankia GSII and homologous proteins from B.
Jjaponicum and P. sativum (Fig. 4). The matrix patterns
reveal that the regions of highest sequence similarity are in
analogous positions in both the pea and bradyrhizobial
enzymes. The total numbers of identical amino acids found
when the Cpll ginll product was compared with the B.
Jjaponicum and pea proteins were 155 of 352 (44%) and 167 of
352 (47.4%), respectively. The pea (357 residues) and Cpll
(352 residues) sequences were somewhat longer than the B.
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FIG. 4. Protein matix plots showing amino acid similarity between Frankia sp. strain CpIl GSII (x axis) and GS from P. sativum (A) and
GSII from B. japonicum (B). Matrices were plotted by Pustell Matrix Analysis (32) with a pam250 scoring mitrix. Parameters: window size,

8; minimum percent score, 60% similarity.

Jjaponicum sequence (329 residues), so recalculating the
percent identity when using conserved regions only gave 155
of 316 (49%) and 167 of 320 (52%) for B. japonicum and pea,
respectively. Basing the calculation on the length of the
genes from B. japonicum and pea gave 155 of 329 (47.1%)
and 167 of 357 (46.8%), respectively. Calculating a percent
similarity by categorizing amino acids into functionally sim-
ilar groups (on the basis of charge and hydropathy) and using
only conserved regions gave 188 of 316 (59.5%) and 206 of
320 (64.4%), respectively. Therefore, in any method of
calculation the sequences from B. japonicum and pea were
about equally similar to those from Frankia Cpll, with a
slightly higher value for pea.

Expression of Frankia ginll. Plasmid pFR101 failed to
complement the E. coli AginA strain YMC11. The ginll
genes from B. japonicum and Rhizobium meliloti are simi-
larly not expressed from their own promoters in E. coli (12,
41). When pFR121a and pFR121b were transformed into E.
coli YMC11, pFR121a but not pFR121b complemented the
E. coli AginA mutant when grown on M9 medium, indicating

that ginll expression was being mediated by the lac pro-
moter. The vy-glutamyltransferase assay showed that cells
transformed with pFR121a had substantial GS activity (Ta-
ble 3). Unlike wild-type GS activity from E. coli K-12, the

TABLE 3. Sensitivity of cloned Frankia sp. strain Cpll GSII
to heat treatment

Extract source Heat treatment® Sp act®
E. coli YMC11 - 0
+ 0
E. coli YMC11(pFR121a) - 2.10
+ 0
E. coli K-12 - 0.243
+ 0.254

a Extracts were heated to 60°C for 5 min, allowed to cool to room
temperature, and then placed on ice until assay.

‘b Specific activity is given in micromoles of y-glutamylhydroxamate formed
per minute per milligram of protein at 30°C.
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activity in YMC11 containing pFR121a was heat labile, thus
confirming the presence of GSII. Complementation was
strongly enhanced by the addition of isopropyl-8-D-thioga-
lactopyranoside (IPTG) to the medium (data not shown),
further indicating that the gene was being transcribed from
the lac promoter on pUC19.

DISCUSSION

On the basis of the nucleotide sequence analysis, the
complementation of the E. coli AginA strain YMC11, and the
characteristics of the enzyme when expressed in E. coli, we
conclude that the coding region isolated from the Frankia
size-selected library corresponds to the GSII enzyme that
was described previously from Frankia strain CplIl (17). The
presence of hybridizing bands in two other Frankia strains,
one from Alnus incana subsp. rugosa and the other from
Casuarina cunninghamiana, strongly implies that GSII is
widespread among Frankia strains. We have also found
hybridizing bands from the related nonsymbiotic soil actino-
mycete Geodermatophilus (18; data not shown), and we note
that ginlI has been cloned and sequenced from at least two
Streptomyces species (4, 22).The finding of glnII sequences
in several actinomycetes suggests that GSII is generally
widespread among this group of orgamsms

The presence of GSII genes in actinomycetes and in
members of the Rhizobiaceae raises several important ques-
tions. The first question concerns the role of GSIIs in general
metabolism. Their primary role seems to be that of ammonia
assimilation during nitrogen limitation (48). This general role
is suggested by in-depth studies on glnll expression in B.
Jjaponicum, R. meliloti, and Agrobacterium tumefaciens, in
which transcriptional control is exerted by the ntzrC (NR1)
gene product of the Ntr system (15, 26, 35); the Ntr system
itself is involved in global responses to nitrogen starvation
(34). The physiological behavior of GSII in Frankia sp. strain
Cpll resembles that of an Ntr-controlled enzyme (48), and
the identification of a putative Nir-like promoter in the
Frankia ginll gene described above supports the proposal
that Frankia spp. possess the essentials of an Ntr system.
Further characterization of the transcriptional regulation of
glnll in Frankia sp. strain Cpll is necessary before the
extent to which comparisons can be made with the Ntr
system in gram-negative organisms becomes clear.

Another question concerns the role of GSII in plant
symbioses. The discovery of GSII first in members of the
Rhizobiaceae and then in Frankia spp., which are also plant
root nodule symbionts, implied a role in symbiotic function
(14, 17). In light of present knowledge, however, the limita-
tion of GSII to plant symbionts seems more apparent than
real, perhaps because relatively few studies have been
published on the nitrogen metabolism of actinomycetes and
related organisms; those that have been published have not
indicated the presence of a second glutamine synthetase
(39). Therefore, GSII may have no special function in
symbiotic organisms aside from assimilating ammonia under
nitrogen-poor conditions. Evidence for this view comes from
studies with rhizobial and bradyrhizobial mutants defective
in GSI and/or GSII synthesis. Different Nod phenotypes
have been observed depending on the organism. Mutants of
R. meliloti 104A14 or R. meliloti 1021 with mutations in ginA
or ginll, or double mutants lacking both GSs, are fully
functional in symbiosis (15, 41), as are mutants of R. meliloti
1021 lacking a third GS encoded by the ginT locus (15). A.
tumefaciens mutants with mutations in either ginlI or ginA
are similarly unaffected in their virulence (35).
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Double mutants (glnA, ginll) of B. japonicum that are
GIn™ are also Nod™ (12), suggesting that Bradyrhizobium
GIn™ strains may be unable to obtain glutamine from the
host, in contrast to glnA ginll double mutants of R. meliloti
1021, which are GIln~ Fix*. The latter observation may
indicate either that the gInT locus is involved in synthesizing
glutamine in symbiosis or that R. meliloti is able to obtain
glutamine from the host plant (15). In any case, GSII in these
organisms seems not to be specific for the symbiotic state,
but rather to be involved during growth on poor nitrogen
sources (12). The enzyme may yet have some less specific
role in symbiosis; GSII may reflect a type of nitrogen
metabolism that predisposed certain bacteria to form plant
symbioses.

Another question that arises concerns the origin of GSII.
A proposal suggesting that ginll, the gene encoding GSII
(10), was transferred to procaryotes from plants has been
recently questioned on the basis that the protein sequence
similarities between GSII from bacteria and the GSs from
plants and from mammals are proportional to the phyloge-
netic divergence of these major groups (40). The observation
that the Frankia GSII protein sequence has about as much
similarity with the pea GS as with the bradyrhizobial GSII
argues that the enzyme is highly conserved among procary-
otes and eucaryotes and that a recent gene transfer between
bradyrhizobia and frankiae is unlikely. A comparison of the
Frankia and Streptomyces sequences may shed additional
light on the relationships between GSII-like proteins.

It may be argued that GSII was a normal part of the
ancestral procaryotic ammonia-assimilating enzyme comple-
ment and that members of the Rhizobiaceae and actino-
mycetes are among the few bacterial groups to maintain both
enzymes. Support for this view is provided by a preliminary
finding that glnA and glnlI are separated by about 500 bp in
Frankia sp. strain Cpll (D. A. Rochefort, T. J. Hosted, and
D. R. Benson, unpublished data). It is unlikely that ginA and
glnlI could have come together during the course of evolu-
tion. No such linkage has been found in B. japonicum (11),
R. meliloti (15), or A. tumefaciens (35, 36).

ACKNOWLEDGMENTS

We thank Barry Chelm for pBJ196a, John Torrey for Frankia sp.
strain CcI3, Susan Fisher for YMC11, and the University of
Connecticut Macromolecular Characterization Facility for the use
of their equipment. We also thank Paul Betts, Thomas Hosted, and
Jack Leonard for many helpful discussions.

This research was supported by the U.S. Department of Agricul-
ture grant 89-37120-4824 from the Competitive Research Grants
Office.

LITERATURE CITED

1. Almassy, R. J., C. A. Janson, R. Hamlin, N.-H. Xuong, and D.
Eisenberg. 1986. Novel subunit-subunit interactions in the struc-
ture of glutamine synthetase. Nature (London) 323:304-309.

2. An, C. S., J. W. Wills, W. S. Riggsby, and B. C. Mullin. 1983.
Deoxyribonucleic acid base composition of 12 Frankia isolates.
Can. J. Bot. 61:2859-2862.

3. Backman, K., Y.-M. Chen, and B. Magasanik. 1981. Physical
and genetic characterization of the glnA-ginG region of the
Escherichia coli chromosome. Proc. Natl. Acad. Sci. USA
78:3743-3747.

4. Behrmann, 1., D. Hillemann, A. Piihler, E. Strauch, and W.
Wohlleben. 1990. Overexpression of a Streptomyces viridochro-
mogenes gene (glnll) encoding a glutamine synthetase similar to
those of eucaryotes confers resistance against the antibiotic
phosphinothricyl-alanyl-alanine. J. Bacteriol. 172:5326-5334.

5. Bender, R. A., K. A. Janssen, A. D. Resnick, M. Blumenburg,
F. Foor, and B. Magasanik. 1977. Biochemical parameters



VoL. 172, 1990

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

of glutamine synthetase from Klebsiella aerogenes. J. Bac-
teriol. 129:1001-1009.

. Benson, D. R. 1982. Isolation of Frankia strains from alder

actinorhizal root nodules. Appl. Environ. Microbiol. 44:461-
465.

. Bibb, M. J., P. R. Findlay, and M. W. Johnson. 1984. The

relationship between base composition and codon usage in
bacterial genes and its use for the simple and reliable identifi-
cation of protein-coding sequences. Gene 30:157-166.

. Bradford, M. M. 1976. A rapid and sensitive method for the

determination of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72:248-254.

. Callaham, D., P. DelTredici, and J. G. Torrey. 1978. Isolation

and cultivation in vitro of the actinomycete causing root nodu-
lation in Comptonia. Science 199:899-902.

Carlson, T. A., and B. K. Chelm. 1986. Apparent eukaryotic
origin of glutamine synthetase II from Bradyrhizobium japoni-
cum. Nature (London) 322:568-570.

Carlson, T. A.,, M. L. Guerinot, and B. K. Chelm. 1985.
Characterization of the gene encoding glutamine synthetase I
(glnA) from Bradyrhizobium japonicum. J. Bacteriol. 162:698—
703.

Carlson, T. A., G. B. Martin, and B. K. Chelm. 1987. Differen-
tial transcription of the two glutamine synthetase genes of
Bradyrhizobium japonicum. J. Bacteriol. 169:5861-5866.
Dagert, M., and S. D. Ehrlich. 1979. Prolonged incubation in
calcium chloride improves the competence of Escherichia coli
cells. Gene 6:23-28.

Darrow, R. A., and R. R. Knoetts. 1977. Two forms of glutamine
synthetase in free-living root-nodule bacteria. Biochem.
Biophys. Res. Commun. 78:554-559.

de Bruijn, F. J., S. Rossbach, M. Schneider, P. Ratet, S.
Messmer, W. W. Szeto, F. M. Ausubel, and J. Schell. 1989.
Rhizobium meliloti 1021 has three differentially regulated loci
involved in glutamine biosynthesis, none of which is essential
for symbiotic nitrogen fixation. J. Bacteriol. 171:1673-1682.
Deuel, T. F., and E. R. Stadtman. 1970. Some Kinetic properties
of Bacillus subtilis glutamine synthetase. J. Biol. Chem. 245:
5206-5213.

Edmands, J., N. A. Noridge, and D. R. Benson. 1987. The
actinorhizal root-nodule symbiont Frankia sp. strain Cpll has
two glutamine synthetases. Proc. Natl. Acad. Sci. USA 84:
6126-6130.

Hahn, D., M. P. Lechevalier, A. Fischer, and E. Stackebrandt.
1989. Evidence for a close phylogenetic relationship between
members of the genera Frankia, Geodermatophilus, and *‘Blas-
tococcus’’ and emendation of the family Frankiaceae. Syst.
Appl. Microbiol. 11:236-242.

Hill, R. T., J. R. Parker, H. J. K. Goodman, D. T. Jones, and
D. R. Woods. 1989. Molecular analysis of a novel glutamine
synthetase of the anaerobe Bacteroides fragilis. J. Gen. Micro-
biol. 135:3271-3279.

Holmes, D. S., and M. Quigley. 1981. A rapid boiling method for
the preparation of bacterial plasmids. Anal. Biochem. 114:193—
197.

King, P. V., and R. W. Blakesley. 1986. Optimizing DNA
ligations for transformations. Focus 8:1-3.

Kumada, Y., E. Takano, K. Nagaoka, and C. J. Thompson.
1990. Streptomyces hygroscopicus has two glutamine syn-
thetase genes. J. Bacteriol. 172:5343-5351.

Landers, T. A. 1987. Cloning in Streptomyces lividans: colony
lifts and replica plates. Focus 9:13.

Ligon, J. M., and J. P. Nakas. 1987. Isolation and characteriza-
tion of Frankia sp. strain FaCl genes involved in nitrogen
fixation. Appl. Environ. Microbiol. 52:2310-2327.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Martin, G. B., K. A. Chapman, and B. K. Chelm. 1988. Role of
the Bradyrhizobium japonicum ntrC gene product in differential
regulation of the glutamine synthetase II gene (ginll). J. Bacte-
riol. 170:5452-5459.

Miller, J. H. 1972. Experiments in molecular genetics. Cold

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

41.

42.

43.

45.

46.

47.

FRANKIA SP. STRAIN Cpll ginll GENE 5341

Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

Moss, J., D. A. Watkins, S. J. Stanley, M. R. Purnell, and W. R.
Kidwell. 1984. Inactivation of glutamine synthetase by an NAD:
arginine ADP-ribosyltransferase. J. Biol. Chem. 259:5100-5104.
Noridge, N. A., and D. R. Benson. 1986. Isolation and nitrogen-
fixing activity of Frankia sp. strain Cpl1 vesicles. J. Bacteriol.
166:301-305.

Norrander, J., T. Kempe, and J. Messing. 1983. Construction of
improved M13 vectors using oligonucleotide-directed mutagen-
esis. Gene 261:101-106.

Orr, J., and R. Haselkorn. 1982. Regulation of glutamine
synthetase activity and synthesis in free-living and symbiotic
Anabaena spp. J. Bacteriol. 152:626-635.

Pustell, J., and F. C. Kafatos. 1982. A high speed, high capacity
homology matrix: zooming through SV40 and polyoma. Nucleic
Acids Res. 10:4765-4785.

Rasched, H., H. Jornvall, and H. Sund. 1974. Studies on
glutamate dehydrogenase: identification of an amino group
involved in the substrate binding. Eur. J. Biochem. 41:603—-606.
Rietzer, L. J., and B. Magasanik. 1987. 20. Ammonia assimila-
tion and the biosynthesis of glutamine, glutamate, aspartate,
asparagine, L-alanine, and D-alanine, p. 302-320. In F. C.
Neidhardt, J. L. Ingraham, K. B. Low, B. Magasanik, M.
Schaechter, and H. E. Umbarger (ed.), Escherichia coli and
Salmonella typhimurium, cellular and molecular biology. Amer-
ican Society for Microbiology, Washington, D.C.

Rossbach, S., J. Schell, and F. J. deBruijn. 1987. The ntrC gene
of Agrobacterium tumefaciens C58 controls glutamine syn-
thetase (GSII) activity, growth on nitrate and chromosomal but
not Ti-encoded arginine catabolism pathways. Mol. Gen. Genet.
209:419-426.

Rossbach, S., J. Schell, and F. J. deBruijn. 1988. Cloning and
analysis of Agrobacterium tumefaciens C58 loci involved in
glutamine biosynthesis: neither the glnA (GSI) nor the ginll
(GSII) gene plays a special role in virulence. Mol. Gen. Genet.
212:38-47.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

Seno, E. T., and R. H. Baltz. 1989. Structural organization and
regulation of antibiotic biosynthesis and resistance genes in
actinomycetes, p. 1-48. In S. Shapiro (ed.), Regulation of
secondary metabolism in actinomycetes. CRC Press, Inc., Boca
Raton, Fla.

Shapiro, S. 1989. Nitrogen assimilation in actinomycetes and the
influence of nitrogen nutrition on actinomycete secondary me-
tabolism, p. 135-211. In S. Shapiro (ed.), Regulation of second
ary metabolism in actinomycetes. CRC Press, Inc., Boca Raton,
Fla.

. Shatters, R. G., and M. L. Kahn. 1989. Glutamine synthetase II

in Rhizobium: reexamination of the proposed horizontal transfer
of DNA from eukaryotes to prokaryotes. J. Mol. Evol. 29:422—
428.

Somerville, J. E., R. G. Shatters, and M. L. Kahn. 1989.
Isolation, characterization, and complementation of Rhizobium
meliloti 104A14 mutants that lack glutamine synthetase II activ-
ity. J. Bacteriol. 171:5079-5086.

Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

Stauffer, G. V., M. D. Plamann, and L. T. Stauffer. 1981.
Construction and expression of hybrid plasmids containing the
Escherichia coli ginA gene. Gene 14:63-72.

. Steggles, A. W. 1989. A rapid procedure for creating nested sets

of deletions using mini-prep plasmid DNA samples. Biotech-
niques 7:241-242.

Struhl, K. 1985. A rapid method for creating recombinant DNA
molecules. Biotechniques 3:452-453.

Thuring, R. W. J., J. P. M. Sanders, and P. Borst. 1975. A
freeze-squeeze method for recovering long DNA from agarose
gels. Anal. Biochem. 66:213-220.

Tischer, E., S. DasSarma, and H. M. Goodman. 1986. Nucleo-
tide sequence of an alfalfa glutamine synthetase gene. Mol. Gen.



5342

49.

50.

51.

ROCHEFORT AND BENSON

Genet. 203:221-229.

. Tsai, Y.-L., and D. R. Benson. 1989. Physiological characteris-

tics of glutamine synthetases I and II of Frankia sp. strain CpI1.
Arch. Microbiol. 152:382-386.

Tumer, N. E., S. J. Robinson, and R. Haselkorn. 1983. Different
promoters for the Anabaena glutamine synthetase gene during
growth using molecular or fixed nitrogen. Nature (London)
306:337-342.

Walker, J. E., M. Saraste, J. J. Runwick, and N. J. Gay. 1982.
Distantly related sequences in the a- and B-subunits of ATP
synthetase, myosin, kinases and other ATP-requiring enzymes
and a common nucleotide binding fold. EMBO J. 1:945-951.
Wedler, F. C., D. S. Shreve, K. E. Fisher, and D. J. Merkler.

52.

53.

54.

J. BACTERIOL.

1981. Complementarity of regulation for the two glutamine
synthetases from Bacillus caldolyticus, an extreme thermophile.
Arch. Biochem. Biophys. 211:278-287.

Wedler, F. C., D. S. Shreve, R. M. Kenney, A. E. Ashour, and J.
Carfi. 1980. Two glutamine synthetases from Bacillus caldolyti-
cus, an extreme thermophile. J. Biol. Chem. 255:9507-9516.
Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mp18 and pUC19 vectors. Gene 33:103-119.
Zhang, Z., M. F. Lopez, and J. G. Torrey. 1984. A comparison
of cultural characteristics and infectivity of Frankia isolates
from root nodules of Casuarina species. Plant Soil 78:79-90.



