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Abstract. Glutamine synthetase (GS; EC 6.3.1.2) fromSkeechococcuRF-1 was purified to homogeneity by ion
exchange, molecular sieving, and hydroxyapatite chromatographies. The native enzyme has a molecular mass of
about 456 kDa, and the molecular mass of its subunit was about 56 kDa. Electron micrographs of the enzyme
revealed two parallel protein layers in cubic symmetry with quaternary structure. The actual data indicated that the
enzyme could consist of eight identical subunits. The enzyme had an apparent Km value for L-glutamate of 2.33
mM, but it exhibited positive cooperativity for ATP (r 1.5 and g, = 0.94 mM) and NECI (n, = 2, and §, =

1.33 mM) in the biosynthetic assay. The enzyme had apparent Km values for L-glutamine and hydroxylamine of
8.70 mM and 7.04 mM, respectively, in the transferase assay. This enzyme was quite stable in Tris-HCI buffer
(pH 7.5) containing EDTA, MgCland 2-mercaptoethanol. The pH optima for both the biosynthetic and trans-
ferase activities of the enzyme were 8.1 and 8.4, respectively. The enzyme required a divalent metal ion as an
activator. M@ was the most effective metal ion for biosynthetic activity, followed b¥.Qw¥n?* was the most
effective metal ion for transferase activity. 2Cand Mr¥* strongly inhibited M@g-supported biosynthetic activity,

but Ca*stimulated it.

Keywords: Cyanobacteria; Glutamine synthetaSgnechococcuRF-1.

Abbreviations: DEAE, diethylaminoethyllEDTA, ethylenediamine tetraacetic acEPPS, N-(2-hydroxymethyl)
piperazine-N'-3-propanesulfonic aci@S, glutamine synthetas®, inorganic phosphat&DS,sodium dodecyl sulfate;
TCA, trichloroacetic acidJris, tris(hydroxymethyl)aminomethane.

Introduction 1990) have been purified and well characterized. All of
these GSs were quite similar in molecular mass, subunit
Glutamine synthetase (GS; EC 6.3.1.2) in collaboratiorcomposition, and the requirement of divalent metal ions
with glutamate synthase (EC 1.4.7.1) plays a central roléor enzyme activity. The activity of GSs fraascherichia
in ammonia assimilation in a wide range of cyanobacteriacoli (Shapiro and Stadtman, 1970a) and other gram-nega-
(Guerrero and Lara, 1987). GS carries out the ATP-depertive bacteria (Johansson and Gest, 1977) are regulated by
dent synthesis of glutamine from ammonium nitrogen anccovalent modification through adenylylation/de-
glutamate while glutamate synthase carries out the redu@denylylation, but the regulation of cyanobacterial GS ac-
tive transamidation from glutamine teketoglutaric acid  tivity does not follow the classical adenylylation
that assimilates one molecule of ammonium nitrogen. Thenechanism present in many prokaryotes. There is no evi-
incorporation of ammonium nitrogen into carbon skeletonsdence of covalent modification of GS from any
takes place a key junction between nitrogen and the caeyanobacterium (Fisher et al., 1981). By contrast, the ac-
bon metabolism. Although it does not directly link amino tivity of Synechocysti6803 GS is controlled by a differ-
acids with the carbohydrate metabolism, it influences theilent mechanism that involves the direct interaction of two
connection by regulating the glutaminefetoglutarate  inhibitory polypeptides with the GS (Garcia-Dominguez et
ratio. al., 1999).

GSs from both N-fixing and non-N-fixing The unicellular cyanobacteriuBynechococcuBF-1
cyanobacteria, such #nabaenaSampaio et al., 1979; fixes N, aerobically either under continuous light or in an
Orr et al., 1981)Anacystis nidulangEmond et al., 1979; alternating light/dark cycle (Grobbelaar et al., 1986; Huang
Florencio and Ramos, 1983 hormidium(Sawa et al., and Chow, 1986). Under continuous light, the culture fixes
1988; Blanco et al., 1989) asgnechocysti@iérida etal., N, continuously at a variable rate. In a diurnal light/dark
regimen, it fixes Nat a high rate but almost exclusively
during the dark periods. In this paper, we describe a com-
plete purification method of GS from tiss/nechococcus
*Corresponding author. Tel: 886-2-27899590; Fax: 886-2-RF-1. We also discuss the properties of the RF-1 GS and

27827954, the effect of divalent metal ions on enzyme activity.
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Materials and Methods eluted with a 500-ml linear gradient of 0.2-0.6 M KCl in
buffer B. Active fractions were combined and dialyzed
Chemicals against buffer C (10 mM K, Na-phosphate buffer, pH 7.0,

All biochemicals and hydroxyapatite were purchasedcontaining 10 mM 2-mercaptoethanol) with three changes

from Sigma Chemical Company (St. Louis, USA). InorganiCOf the buffer to remove salts. The dialyzed protein solution
chemicals of analytical grade were obtained from Merckwaj gpplled tqlihyd(rjoxya;]pgtl;l? columr& (2'5; Cécm)hthhat
(Darmstadt, Germany) or Wako Pure Chemical Industrie§1a eber}fequn rated with bu ler %an hwas € V;”lt the
(Tokyo, Japan). The DE-52 (DEAE-cellulose) was obtaineas"’m(;(.e u fer' Proteins were e l;]te ‘r’]‘”t %Zﬁ(c)O—m inear
from Whatman Biochemicals (United Kingdom). Sepharosegra lent o 10-200 mM K, Na-phosphate utter (pH .7'0)

6B, DEAE-Sephacel, Sephacryl S-300 HR and protein moSONtaining 10 mM 2-mercaptoethanol. Active fractions

lecular mass standards for molecular sieving and gel eledYer® combined and concentrated by membrane filtration

trophoresis were obtained from Pharmacia Fine ChemicaIgA”.1iC0n Diaflo 'mer.nbrane' PM10). They were then
(Uppsala, Sweden). subjected to gel filtration again through a Sephacryl S-300

HR column (1.6 x 80 cm) with buffer B. Active fractions
were collected and concentrated by membrane filtration.

Organlsm and Growth ConQ|t|ons The purified enzyme retained more than 90% of its activity
The unicellular cyanobacteriuynechococcuBF-1  for one month at 4°C.

strain (PCC 8801) was originally from Huang and Chow

_(1986). Axenic cultures of the R.F—.l strain were c_uItivatedEnZyme Assays
in 1000-ml culture bottles containing 800 ml of nitrogen-
free BG-11 medium (Stanier et al., 1971) supplemented witl
10 mM EPPS (pH 8.0). The cells were incubated at 28°
under continuous illumination with white fluorescent lamp 2 . e
(35 pmole photons2s?) and bubbled with a filtered airp tivity consisted of 40 mM imidazole-HCI (pH 7.0), 30 mM
stream (200 ml/min) about 13-14 days until they reached &-9lutamine, 3 mM MnC} 0.4 mM ADP, 20 mM sodium
stationary growth stage. The cultures were then harvestedf Senate, 60 mM NJOH and the enzyme solutlpn n a fi-
by centrifugation (8,00 for 10 min) and washed once nal volume of 3 ml. The L-glutamine was om|'tted in the
with buffer A (50 mM Tris-HCI buffer, pH 7.5, containing blank test. The reaction was.started by add".‘g@“”

2 mM EDTA, 5 mM MgC} and 10 mM 2-mercaptoethanol). (prepared freshly, and neutralized to pH 7.0 with NaOH)

The pelleted cells were re-suspended in buffer Ain a con.élnd incubated at 30°C. The reaction was stopped by add-

centration about 1.3 x 1@ells/ml and stored at -70°C un- "9 1.0 ml of a mixture (1:1:1) of 10% Fe@H,0 (in 0.2 N
iil use. HCI), 24% TCA and 6 N HCI after 15 min. The appear-

ance ofy-glutamyl hydroxamate was measured by the in-
; creased absorbance at 540 nm. The assay mixture for
Preparation of Cell-Free Extract biosynthetic activity consisted of 50 mM imidazole-HCI
The frozen cell suspension $fnechococcu8F-1was  (pH 7.0), 7.5 mM ATP, 100 mM L-glutamate, 50 mM )
thawed and sonicated with 15-s bursts (100 W, 20 kHz) i5o mMm MgCl, and the enzyme solution in a final volume
an ice bath until the cell suspension changed its color frondf 0.4 ml. The enzyme solution was omitted in the blank
blue-green to green-red. The total time of sonicating wagest. The reaction was started by adding the enzyme so-
30 min for 200 ml of the cell suspension. The cell-free ex4ytion and incubating at 30°C. It was stopped by adding
tract was then obtained by centrifugation at 16,980r 3.6 m| of FeSQ7H,0 (0.8% in 0.015 N £80,, prepared
20 min. The following operations were carried out at 4°C. freshly) after 15 min. The releasedwas determined by
o adding 0.3 ml of (NF) M0.0, #4H,0 (6.6%in 7.5 N 550,
Purification of GS and the absorbance was measured at 600 nm.
The cell-free extract was directly applied to a DEAE-
Sephacel column (2.0 x 20 cm) that was equilibrated withProtein Determination
buffer B (10 mM Tris-HCl buffer, pH 7.5, containing 2 mM | the cell-free extract and purification steps up to DE-
EDTA, 5 mM MgCl and 10 mM 2-mercaptoethanol). After 52 jon exchange chromatography, protein content was de-
washing with buffer B containing 0.2 M KCl, proteins were termined by the micro-biuret method (Itzhaki and Gill, 1964).
eluted with 500-ml linear grad|ent of 0.2-0.8 M KCl in buffer In the Subsequent puriﬁcation Stepsy protein content was
B. Fractions of 3 ml were collected, and these containingstimated by the dye-binding method (Bradford, 1976).

GS activity were combined. Proteins were precipitated byrne crystalline bovine serum albumin was used as the
adding solid (NH),SO, to 70% saturation. Precipitates stgndard.

were collected by centrifugation and dissolved as well as

possible in a small volume of buffer A. They were then Polyacrylamide Gel Electrophoresis
subjected to gel filtration through a Sepharose 6B column
(2.6 x 80 cm) with buffer B. Active fractions were
combined and directly applied to a DE-52 column (2.0 x
20 cm) that had been equilibrated with buffer B. After
washing with buffer B containing 0.2 M KCl, proteins were

Both the transferase and biosynthetic activities of the
F-1 GS were determined on the basis of Shapiro and
Stadtman (1970b). The assay mixture for transferase ac-

Non-denaturing gel electrophoresis of the native en-
zyme protein was performed on a 7.5% polyacrylamide
slab gel as described by David (1964). SDS-Polyacryla-
mide gel electrophoresis was carried out on 12.5% poly-
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acrylamide slab gel in 0.1% SDS as described by Laemmlby the biosynthetic reaction; and those for L-glutamine
(1970). Protein bands were made visible on the slab gednd hydroxyamine were determined by the transferase
by means of Coomassie brilliant blue R staining. The GSeaction.

activity was detected on the non-denaturing slab gel by The stability of the enzyme activity was detected by
using the assay mixture for transferase activity as demcybating the enzyme at various designated temperatures

scribed by Barratt (1980). for 10 min. The enzyme was then cooled in an ice bath,
o and the residual activity was determined by biosynthetic
Molecular Mass Determination and transferase assays. To detect the thermostability of

Molecular mass of the native enzyme was estimated bjhe enzyme activity in the presence of stabilizing ligands,
molecular sieving on a Sephacryl S-300 HR column (1.6 xhe purified enzyme was dialyzed against 10 mM Tris-HCI
80 cm) with buffer A containing 0.1 M NaCl. The column buffer (pH 7.5) with three changes of the buffer. The en-
was calibrated with markers of known molecular massegyme was then incubated at 45°C in 10 mM Tris-HCI buffer
including aldolase (158 kDa), catalase (232 kDa), ferritin(PH 7.5) with or without stabilizing ligands. The biosyn-
(440 kDa), and thyroglobulin (669 kDa). The partition co- thetic and transferase activities of the enzyme were deter-
efficient (K_) of each protein was calculated. The molecu-mined at different time intervals.
lar mass of its subunit was estimated by The pH optima of biosynthetic and transferase activi-
SDS-polyacrylamide gel electrophoresis usiagctalbu-  ties were determined by assaying the enzyme activity at
min (14.4 kDa), trypsin inhibitor (20.1 kDa), carbonic an- various designated pH values in Tris-HCI and 2-amino-2-
hydrase (30 kDa), ovalbumin (43 kDa), albumin (67 kDa),methyl-1,3-propanediol-HCI buffer solutions.
and phosphorylase b (94 kDa) as markers of known mo- 1 getect the effect of divalent metal ions on the en-

lecular masses. The relative mobility XBf each protein zyme activity, the purified enzyme was dialyzed against
to the tracking dye was calculated. 10 mM Tris-HCI buffer (pH 7.5) containing 2 mM EDTA
) ) ) and 10 mM 2-mercaptoethanol with three changes of the

Electron Microscopy of Negatively Stained GS  pffer. The requirement of divalent metal ions for the en-

Prior to electron microscopy the purified RF-1 GS waszyme activity and the effects of various divalent metal ions
dialyzed against sodium phosphate buffer (50 mM, pHon the Mg@*-supported biosynthetic activity and ktn
7.0) for overnight with three changes of the buffer, andsupported transferase activity were examined. And
the enzyme solution was adjusted to 30 pg of protein peMgCl+6H,0, MnCl+4H,0, CaC|+2H,0, CuSQ-5H,0,
ml. A carbon-coated grid was then touched on to a drog-eSQ7H,0, CoCl+6H,0, ZnSQ+7H,0 and NiSQ7H,0
of the dialyzed enzyme solution for 30 s and blotted withwere used as the source of divalent metal ions.
a piece of filter paper to remove the excess solution. A
drop of 2% (w/v) phosphotungstic acid (pH 7.0) was Ioadeohesu“s
on to the grid for 1 min and also blotted with filter paper.
The grid was then dried at room temperature, and thEnzyme Purification
samples were examined with a Philips CM 100 electron mi-

croscope set at 80 kV. Electron micrographs of enzyme TEe G.S frr]onSynechocgchBF-l \;]vas purifie:j to Ielec.-
molecules were taken at a magnification of 105,000x. trophoretic homogeneity by ion exchange, molecular siev-
ing and hydroxyapatite chromatographies. The

s : successive purification steps are summarized in Table 1.
Chgragterlzatlon of Properties Elution profiles corresponding to DEAE-Sephacel and DE-
Kinetic measurement Of the enzyme was made on thgz Steps are Shown in Figure 1. On'y one GS peak was
protein purified to the Sephacryl S-300 step. Apparent K elyted at 0.37-0.47 M KCI from the DEAE-Sephacel column
values for L-glutamate, ATP and NEl were determined  (Figure 1A) and 0.30-0.38 M KCI from the DE-52 column

Table 1. Purification of glutamine synthetase fr@ynechococculF-1.

Purification step Total protein Total activity Recovery Specific activity  Purification
(mg) (unitsy (%) (units/mg protein) (fold)
Crude extract 462.77 141.25 100 0.305 1
DEAE-Sephacel eluate 59.40 130.10 92 2.190 7.18
0-70% (NH),SO, fraction 53.16 127.58 90 2.400 7.87
Sepharose 6B eluate 34.50 120.71 85 3.499 11.47
DE-52 eluate 13.70 106.50 75 7.771 25.46
Hydroxyapatite 4.12 87.59 62 21.241 69.64
Sephacryl S-300 eluate 3.56 89.76 64 25.200 82.60

aCrude extract was prepared from 114 ml of RF-1 cell suspension (1%celkiml).
bGlutamine synthetase activity was determined by the transferase assay. One unit of the enzyme was defined as the amount
enzyme catalyzing the formation of 1.0 umolesgfiutamyl hydroxamate per min at 30°C.
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(Figure 1B). Purification with Sephacryl S-300 HR column
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produced a homogeneous enzyme preparation that was A

checked with non-denaturating polyacrylamide gel electro- 12 I 1 kDa
phoresis (Figure 2A). Sample lanes contained only one

Coomassie brilliant blue-stained band that was identified S 0L

as GS by the activity staining (Barratt, 1980). The results
of the activity staining are not shown owing to the rapid

05 = —

_——kT.0

— = 5E 0

diffusion of they-glutamyl hydroxamate formed. When the
purified enzyme was subjected to SDS-polyacrylamide gel
electrophoresis (Figure 2B) and stained with Coomassie
brilliant blue, only one protein band was visualized on the
gel. The specific activity of the enzyme was routinely in-
creased about 83-fold with a recovery of about 64%.

— Y} [}
— = P |
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Substrate Affinity

Kinetic properties of the purified GS were studied by
analyzing both th'e'piosynthetic and transferage ag:tivities,;igure 2. Polyacrylamide gel electrophoresis of the
The substrate affinities were calculated from kinetic measynechococcuRF-1 GS with standard protein markers. A,
surements of the reaction rates by varying the concentrayondenaturing gel electrophoresis of the native GS on 7.5%
tion of one substrate with the other substrates in excespolyacrylamide slab gel; B, SDS-Polyacrylamide gel
The apparent K values were extrapolated from electrophoresis of the GS subunit on 12.5% polyacrylamide slab
Lineweaver-Burk plots of the data obtained. In the bio-gel in 0.1% SDS. The GS protein content in each lane was 7.0
synthetic reaction, the enzyme followed the Michaelis-Hd (lane 1) and 3.5 ug (lane 2) either in A or B. The standard
Menten kinetics for L-glutamate (Figure 3A) with an Protein markers are shown in lane 3.
apparent K value of 2.33 mM, and the L-glutamate exhib-
ited a somewhat inhibitory effect on the enzyme activity
when its concentration was higher than 20 mM. In contrastvalues of 8.70 mM and 7.04 mM, respectively. However,
the enzyme exhibited positive kinetic cooperativity towardthe apparent Kvalue for ADP was so low that no accu-
ATP and NHCI (Figures 3B and 3C). The Hill coefficient rate estimation could be made.
was estimated from the slope of log[v/(V)] against log - o
[S] plot. The estimated Hill coefficients for ATP and Ja  Stability of GS Activity
were 1.5 and 2.0, and Svalues were 0.94 mM and 1.33  The stability of the GS activity in buffer B at various
mM, respectively. In the transferase reaction, the enzym%mperatures was determined. The enzyme was quite
followed the Michaelis-Menten kinetics for L-qutamine stable within 10 min as the temperature was lower than
and hydroxylamine (Figures 4A and 4B) with apparent K 50°C, but the enzyme activity decreased markedly within

10 min as the temperature was higher than 50°C. The

08

transferase activity of the enzyme appeared to decrease
more rapid than the biosynthetic activity.

32F A N
vl 3 0_8?046 The thermostability of the enzyme in the presence or
T 20f Z absence of stabilizing ligands is shown in Figure 5. When
S 21 £ the enzyme was incubated at 45°C for 60 min in 10 mM
2ol 005 o2 & Tris-HCI buffer (pH 7.5) containing 2 mM EDTA, 5 mM
S 28 oo MgCl, and 10 mM 2-mercaptoethanol, about 96% and 98%,
;(,16: B l B 1o & respectively, of the biosynthetic and transferase activities
s 3| & were retained. When the enzyme was incubated for 60 min
g1 Pegt g in 10 mM Tris-HCI buffer (pH 7.5) with stabilizing ligands
£ o8 ® 5 {02 excluded, about 36% of the biosynthetic activity was re-
0‘6% 21, tained and no transferase activity was detected. When
ol B o the enzyme was incubated for 60 min in 10 mM Tris-HCI
B e N e 3027400 buffer (pH 7.5) containing 5 mM MgCbr 10 mM 2-

Fraction number

Figure 1. Elution profiles ofSynechococcuRF-1 GS on

i . R
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

U

mercaptoethanol, about 84% or 72% of the biosynthetic
activity was retained, and about 93% or 2% of the trans-
ferase activity was retained respectively. When the en-

DEAE-Sephacel (A) and DE-52 (B) columns in the size of 2.0 ;yme was incubated for 60 min in 10 mM Tris-HCI buffer

x 20 cm. Fractions of 3 ml were collected with a flow rate of
35 ml per hour. The enzyme activity was determined by th
transferase assay based on the rategbitamyl hydroxamate

formation.®-®, enzyme activity; *sss, absorbance at 280 nm;

and ----, KClI gradient.

e

land 10 mM 2-
mercaptoethanol, about 84% and 93% of the biosynthetic
and transferase activities were retained, respectively. The
results indicated that the Mfgs the most important sta-

(pH 7.5) containing 5 mM MgG
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bilizing ligand for both biosynthetic and transferase
activities.

Effect of pH

The effects of pH on the biosynthetic and transferase
activities of the GS are shown in Figure 6. The biosyn-

thetic activity had a pH optimum ranging from pH 7.9 to

e
3 4 5 6 7

8.4 and centered at pH 8.1 (Figure 6A). The transferas
activity had a pH optimum ranging from pH 8.2 to 8.5 and
centered at pH 8.4 (Figure 6B).
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Figure 3. Substrate saturation curves and double reciprocal plot
(insets) with L-glutamate (A), ATP (B) and NEl (C) as vari-
able substrates for the biosynthetic activitySyihechococcus
RF-1 GS.
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Figure 4. Substrate saturation curves and double reciprocal
plots (insets) with L-glutamine (A) and hydroxylamine (B) as
variable substrates for the transferase activitgyfechococcus
RF-1 GS.

Molecular Mass

The molecular mass of the native enzyme was deter-
mined by molecular sieving on a Sephacryl S-300 HR col-
umn as indicated in Materials and Methods. The column
was calibrated with marker proteins of known molecular
masses. Then about 280 g of purified enzyme protein (7
units) was loaded onto the column, and the enzyme activ-
ity was determined by its transferase activity. The enzyme
activity eluted from the column as a single peak coinci-
dent with a peak in absorbance at 280 nm (data not shown).
The partition coefficient (K) of each marker protein and
the GS were calculated. The molecular mass of the GS was
estimated from the logarithm of known molecular mass
against the K plot. The native enzyme showed a mo-
lecular mass of about 456 + 2.7 kDa (n = 4). When the
enzyme was subjected to 12.5% SDS-polyacrylamide gel
electrophoresis, the denatured enzyme showed a single
protein band indicating that the native GS is composed of
polypeptides of equal molecular mass (Figure 2B). The
relative mobility (R) of each marker protein and the
polypeptide to the tracking dye were calculated. The mo-

Yecular mass of the polypeptide was estimated from the

logarithm of known molecular mass againspkt. The
polypeptide showed a molecular mass of about 56 + 1.3
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kDa (n = 8). Therefore, the native enzyme appears to have

A eight identically-sized subunits.
100

Electron Microscopic Examination of GS Molecules

The image processing of electron micrographs of nega-
tively stained GS molecules showed the presence of these
molecules in various projections (Figure 7A). These pro-
jections can be classified into four types (Figure 7B). The
first type is the frontal projection showing a round shape
with many protrusions over the molecule circumference
and a distance about 11.8 + 0.5 nm (n = 11) across each
side (Figure 7C1). The three other types are the lateral
projections showing a tetrahedral arrangement with two
B parallel protein layers in different shapes. There appears
to be a 1.6 + 0.3 nm (n = 7) space between two protein
layers. The second and third types of projections are
rectangular, but they differ in length and image details
(Figures 7C2 and 7C3). The fourth type of projection is in
the form of a trapezium (Figure 7C4). These micrographs
are very similar to micrographs of GSs from the cytosol of
pea leaf (Pushkin et al., 1985) and soya-bean root nodules
(McParland et al., 1976). Therefore, we considered the na-
tive enzyme to have an octameric structure according to
the actual data of molecular masses. However, some mi-

o2}
(=)

N P
(=] (=]
T

(&}

Enzyme activity remaining (%)

0 L ' 'O A'O 5'0 %0 crographs still seem to have a dodecameric structure com-
10 20 . 3 . pared with micrographs of other cyanobacterial GSs
Time (min) (Sampaio et al., 1979; Sawa et al., 1988; Mérida et al., 1990).

Figure 5. Thermal inactivation on the biosynthetic (A) and Thus, though the actual data indicate the enzyme has an
transferase (B) activities &ynechococcuBF-1 GS in the pres-  octameric structure, the dodecameric structure cannot be
ence or absence of stabilizing ligands. The enzyme was inClexcluded. Further study is required to clarify this
bated at 45°C in 10 mM Tris-HCI buffer (pH 7.5) containing 2 ambiguity.

mM EDTA, 5 mM MgC|, and 10 mM 2-mercaptoethan@);
or in Tris-HCI buffer containing 5 mM MgChlnd 10 mM 2- .
mercaptoethanol®); or in Tris-gHCI bufferggontaining 5mM Effect of Divalent Metal lons

MgCl, (A); or in Tris-HCI buffer containing 10 mM 2- Various divalent metal ions were added into the reac-
mercaptoethanol4); or in Tris-HCI buffer without any ligand  tion mixture individually with four different concentrations
(m). The enzyme was then cooled in an ice bath at designatee[ mM, 5 mM, 10 mM and 50 mM) to detect the effect of
time intervals, and the residual activity was determined by bothyiyajent metal ion on GS activity. The relative reaction
biosynthetic and transferase assays. rates of biosynthetic activity showed that Mwas the
most effective ion, and the next was?Gavhich could

A B -'g support about 56% of the enzyme activity at a 50 mM con-
o8l 0 2 centration relatively to Mg. At 50 mM of each ion, the
2201 m {8 > ¢  observed order of effectiveness of different metal ions was
Z g 632 % Mg?>Ca*>Fe>Mn?>Cu*>Zn?*. Ca&* and N#*had no
% fo‘s' e g E effect on biosynthetic activity. The relative reaction rate
28T ‘ 2 g of transferase activity showed that Mivas the most ef-
E 204 1o g S fective ion. Mg@*, C@*, C&* and Fé&" were less effective,
%‘% 03 -O-BE g and the Ni* had no effect on transferase activity.
g 5oz zf £z The effect of different divalent metal ions on the?g
o1l 1. ; supported biosynthetic activity and the ¥supported
_ R g transferase activity of the enzyme are given in Table 2.
70 75 80 85 90 95 70 75 80 85 90 95 2

Ca&*and Mrt* strongly inhibited biosynthetic activity.
When 1 mM of C& or Mr** was in the reaction mixture
individually, about 13% or 29% of the relative biosynthetic
tivity was expressed as pmolegPoduced in 15 min. The trans- ?‘C“V“y was r'etained, rgspectively. When.the Concen'tra-
ferase activity was expressed as pumefgutamyl hydroxamate 10N Of each ion was higher than 20 mM in the reaction
formed in 15 min. The enzyme activity was assayed at variounixture individually, Cé, Fe&*, Zr?*, and Nf* also showed

designated pH values in Tris-H@) and 2-amino-2-methyl-1, Strong inhibitory effects on biosynthetic activity.
3-propanediol-HCI Q) buffers. However, Cé* showed a stimulatory effect on biosyn-

pH

Figure 6. Effect of pH on the biosynthetic (A) and transferase
activities (B) ofSynechococcuBF-1 GS. The biosynthetic ac-
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thetic activity when its concentration was below 20 mM. al., 1989; Mérida et al., 1990) cyanobacteria have been pu-
The relative biosynthetic activity increased to 158% wherrified to homogeneity and characterized. The
5 mM of C@* was present in the reaction mixture, but*Co cyanobacterial GSs purified so far are soluble except that
also showed an inhibitory effect at concentrations of 5ahe enzyme fromnacystis nidulangEmond et al., 1979;
mM. Cw*, F&* and Zi3* strongly inhibited transferase ac- Florencio and Ramos, 1985) was membrane-associated.
tivity when the concentration of each exceeded 1 mM inThe GS fronSynechococcuRF-1 was apparently soluble
the reaction mixture individually, but Mg C@*, C&*, and  and was easily extracted without any detergent. The GS
Ni2* had less inhibitory effect on transferase activity. could be purified to electrophoretic homogeneity (Figure
2) by a relatively rapid and facile procedure (Table 1) in
Discussion the presence of EDTA, MgChnd 2-mercaptoethanol.
According to yield and specific activity in the final purifi-
GSs from a number of Mixing (Stacey et al., 1977; cation step, it was estimated that the GS represented ap-
Sampaio et al., 1979; McMaster et al., 1980; Orr et al., 1981yroximately 1.2% of the total soluble protein in extracts of
and non-N-fixing (Florencio and Ramos, 1985; Blanco et Cells grown in the nitrogen-free medium. Its comprising

Figure 7. Electron microscopy oBynechococcuRF-1 glutamine synthetase negatively stained with 2% phosphotungstic acid at

pH 7.0. The Philips CM 100 electron microscope was set at 80 kV. Electron micrographs of the enzyme molecules were taken at :
magnification of 105,000%. Further magnifications by photographic enlargements are shown as Figures 7A (210,000x; the bar

marker represents 50 nm) and 7B (420,000x, arrows indicating: 1, the frontal projection of particles in round shape; th@ and 4,
lateral projection of particles in different shapes from different sides). Electron micrographs are shown as Figure 7@§),700,0
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Table 2. Effect of divalent metal ions on the Kesupported biosynthetic activity and Rirsupported transferase activity of
glutamine synthetase froBynechococculF-2.

Divalent Metal Relative biosynthetic activity (%) Relative transferase activity (%)
ion added Concentration of metal ions (mM) Concentration of metal ions (mM)

1 5 20 50 0.1 1 5 10

None 100 100

Mg?* no' no no no 96 100 84 62

Mn2* 29 10 6 3 no no no no

Co* 119 158 121 72 97 94 68 37

cw* 76 47 1 3 82 36 10 4

Fer 77 39 23 11 97 56 10 7

(oF- 13 0 0 0 101 96 47 24

Zn? 78 29 1 1 91 87 12 2

Ni2* 87 35 8 1 94 92 74 47

2A series of designated concentrations of various divalent metal ions were added to both reaction mixtures for assayyof the bios
thetic and transferase activities. The glutamine synthetase was preincubated with those reaction mixtures at 30°C fai 10 min an
assays were performed as described in Materials and Methods except that the biosynthetic reaction was started by adding the L-
glutamate. The biosynthetic and transferase activities were determined from the ratedytdtutamyl hydroxamate formation,
respectively.

5The relative activity is expressed as a percentage of the activity in the standard reaction mixture.

°None: The activity in the standard reaction mixture.

9no: Without any other divalent metal ion added into the standard reaction mixture.

such a large portion of the total soluble protein demon-Garcia-Dominguez et al., 1997; Crespo et al., 1998). On the
strates the importance of GS to the cell undgfiking other hand, the GS from photosynthetic bacterium
conditions. The elution pattern from the ion exchange colRhodospirillum rubrun{Soliman and Nordlund, 1989) has
umn indicated that the GS was eluted with the KCI con-a molecular mass of 500-530 kDa, and its subunit has a
centration higher than 0.3 M (Figure 1). It was very similarmolecular mass of 52 kDa, indicating that the GS possibly
to the enzyme from some other cyanobacteria (Florencidhas a decameric structure. Furthermore, the GS Anoen

and Ramos, 1985; Blanco et al., 1989). GSs from botlbaena flos-aquaéMcMaster et al., 1980) has a molecular
prokaryotic and eukaryotic sources are always purified bymass of 430 kDa and appears to belong to a GS-II type
various types of affinity chromatography such as Blueenzyme. The GS froi8ynechococculF-1 has a molecu-
Sepharose, Affi-gel Blue, and 2'5’ADP-Sepharose affinity lar mass of 456 kDa, and its subunit has a molecular mass
resins (Dowton and Kennedy, 1994). However, the RF-1of 56 kDa. Therefore, the RF-1 GS appears to fall into the
GS did not bind to either of these resins even under a vasS-Il type enzyme that consists of eight apparently iden-
riety of different conditions (data not shown). tical subunits with octameric structure, and many electron

Three types of GS (GS-I, GS-Il and GS-IIl) have beenmicrogra}phs indicate that the RF-1 C_;S has a cubic sym-
described based on the molecular size and the number §1etry with a quaternary structure (Figure 7). However,
subunits in the holoenzyme (Woods and Reid, 1993). GSS0me micrographs also seem to have a dodecameric
|Is are found unique|y in prokaryotes as dodecameric enstrUCtUre. ThUS, the aCt!Ja.I data could indicate that the
zymes with molecular masses of approximately 600 kDa thalRF-1 GS has an octameric structure, but the dodecameric
are composed of 12 identical subunits ranging between 44tructure cannot yet be excluded. The interesting thing
60 kDa arranged in two superimposed hexagonal ringss that the molecular mass of the native RF-1 GS is much
(Valentine et al., 1968; Yamashita et al., 1990). GS-lis aréower than that of the GS-I type enzymes, but the molecu-
found typically in eukaryotes as octameric enzymes withlar mass of its subunit falls into the range of GS-I type
molecular masses of approximately 350 kDa that are comr@nzymes. Therefore, ti&ynechococcugF-1 strain pro-
posed of eight identical subunits ranging between 35-5¢yides an interesting system for studying the molecular
kDa arranged in the vertices of two superimposed tetra€volution from prokaryotes to eukaryotes.
hedron (Meister, 1974; Forde and Cullimore, 1989). The RF-1 GS showed significant differences in substrate
However, GS-lIs are also found in plant symbiotic bacte-affinities in comparison with other cyanobacterial GSs. In
ria Rhizobiaceae (Darrow and Knotts, 1977; Fuchs andhe biosynthetic reaction, the apparent Km value for L-
Keister, 1980; Carlson and Chelm, 1986; Shatters and Kahiglutamate (2.33 mM) was similar to other reported
1989), Frankiaceae (Rochefort and Benson, 1990) and freeyanobacterial GSs, but the enzyme showed positive
living StreptomyceéBehrmann et al., 1990; Kumada et al., cooperativity for NHCI and ATP. The g values for
1990). GS-llIs are also found uniquely in prokaryotes asNH,Cl (1.33 mM) and ATP (0.94 mM) were higher than the
hexameric enzymes with molecular masses of approximatelgpparent Km values reported for other cyanobacterial GSs
500 kDa that are composed of six identical subunits rang¢Stacey et al., 1977; Sampaio et al., 1979; Orr et al., 1981,
ing between 70-80 kDa (Goodman and Woods, 1993Florencio and Ramos, 1985; Mérida et al., 1990). In the
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transferase reaction, the apparent Km values for Ling the axenic culture of the RF-1 strain. We also thank Dr. W.
glutamine (8.70 mM) and hydroxylamine (7.04 mM) were N. Jane for assistance in processing electron micrographs, and
lower than that reported for other cyanobacterial GSgVs- H-M. Huang for assistance in computerized image process-
(McMaster et al., 1980; Mérida et al., 1990). The excep-ing of electron micrographs. This research was financed by the
tion is that the.,enzyn”,le frorﬁhormi.(,jium Ieiminosum Institute of Botany, Academia Sinica, Taipei, Taiwan, ROC.
(Blanco et al., 1989) had ap Salue for ATP of 1.90 mM
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