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The glutamine synthetases from several Pseudomonas species were purified to
homogeneity, and their properties were compared with those reported for the
enzymes from Escherichia coli and other gram-negative bacteria. The glutamine
synthetase from Pseudomonas fluorescens was unique because it was nearly
precipitated quantitatively as a homogeneous protein during dialysis of partially
purified preparations against buffer containing 10 mM imidazole (pH 7.0) and 10
mM MnCl2. The glutamine synthetases from Pseudomonas putida and Pseudo-
monas aeruginosa were purified by affinity chromatography on Affi-blue gel.
Dodecamerous forms of the E. coli and P. fluorescens glutamine synthetases had
identical mobilities during polyacrylamide gel electrophoresis. Their dissociated
subunits, however, migrated differently and were readily separated by electro-
phoresis on polyacrylamide gels containing 0.1% sodium dodecyl sulfate. This
difference in subunit mobilities is not related to the state of adenylylation.
Regulation of the Pseudomonas glutamine synthetase activity is mediated by an
adenylylation-deadenylylation cyclic cascade system. A sensitive procedure was
developed for measuring the average number of adenylylated subunits per enzyme
molecule for the glutamine synthetase from P. fluorescens. This method takes
advantage of the large differences in transferase activity of the adenylylated and
unadenylylated subunits at pH 6.0 and of the fact that the activities of both kinds
of subunits are the same at pH 8.45.

The glutamine synthetase (GS) activity of
Escherichia coli is regulated by repression and
depression, by feedback inhibition, and by a
posttranslational modification which involves an
adenylylation of 1 to 12 of the subunits (20).
When E. coli is grown under conditions of nitro-
gen excess (high concentrations of NH4+), syn-
thesis of GS is repressed and the protein exists
in an adenylylated physiologically inactive form
(13,16). Conversely, under NH4-limited growth
conditions, biosynthesis of the enzyme is dere-
pressed, and most of the GS subunits are in the
unadenylylated (active) state.
This scheme ofregulation also exists in several

other Enterobacteriaceae, including Salmo-
nella typhimurium (5), Klebsiella aerogenes (1,
5), Shigella flexneri (5), and other gram-nega-
tive bacteria such asAzotobacter vinelandii (10,
18), Rhizobium spp. (12), and Rhodopseudo-
monas capsulata (9).

Biochemical and immunological studies (25)
suggest that the Pseudomonas aeruginosa and
Pseudomonasputida GSs may also be regulated
by similar mechanisms. The two Pseudomonas
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enzymes cross-react with an antiserum prepared
against the E. coli enzyme, and snake venom
phosphodiesterase is able to modify activity of
the Pseudomonas enzymes (16). However, the
existence ofadenylylated forms ofthese enzymes
has never been reported.
These considerations and preliminary studies

suggesting that the adenylylation of the GS in
P. fluorescens responds atypically to nitrogen
starvation (J. M. Meyer and E. R. Stadtman,
unpublished data), prompted a more detailed
investigation of the GSs from three major spe-
cies of psuedomonads: P. aeruginosa, P. putida,
and P. fluorescens. This paper reports the iso-
lation of the enzyme from P. fluorescens and
describes the physicochemical characteristics of
the adenylylated and deadenylylated forms of
the enzymes from P. fluorescens, P. putida, and
P. aeruginosa.

MATERILALS AND METHODS
Bacterial strains and growth conditions. P.

fluorescens (strain 2798 of the Czechoslovakia Collec-
tion of Microorganisms), P. aeruginosa (ATCC
15692), and P. putida (ATCC 12633) were used
throughout the experiments. Growth was at 25°C in
1-liter Erlenmeyer flasks which contained 500 ml of
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medium and which were incubated in a rotary shaker.
For nitrogen starvation, the growth medium (pH 7.0)
contained 34.4 mM K2HPO4, 22 mM KH2PO4, 0.81
mM MgSO4, and 33.9 mM succinic acid. Before inoc-
ulation with 1% (vol/vol) ofa 24-h culture grown under
the same conditions, sterile solutions of FeCI3 and
(NH4)2SO4 were added to final concentrations of 1.6
uM FeCl3 and 2.5 mM NH4+, respectively. To obtain
large quantities of cells for the enzyme purification,
the NH4 concentration of the medium was increased
to 10 mM. The cells were usually harvested at the
beginning of the stationary phase of growth (40 h).

Buffer mixtures. Buffer A contained 40 mM im-
idazole hydrochloride (pH 7.0), 10 mM MgCI2, and 0.1
M KCI. Buffer B was the same as buffer A but with
0.3M KCl. Buffer C was the same as buffer A but with
1.5 M KCI. Buffer D contained 30 mM Tris-hydro-
chloride (pH 8.0), 10 mM MgCl2, and 1 mM MnCl2.
Buffer E contained 10 mM imidazole hydrochloride
(pH 7.0) and 1mM EDTA-Mg. Mixed imidazole buffer
was prepared as previously described (22). The TEA-
DMG buffers were prepared by titrating di-
methylglutaric acid (DMG) with triethanolamine
(TEA) to the desred pH.
Assay of GS. Enzyme activity was measured by

the y-glutamyltransferase method described previ-
ously for assay of the E. coli enzyme (17), except that
the pH of the assay mixture was 8.45 instead of 7.57.
This change inpH was necessary because adenylylated
and unadenylylated forms of the P. fluorescens en-
zyme have identical activities at pH 8.45 rather than
at 7.57, as occurs with the E. coli enzyme. One unit of
enzyme activity is defined as 1.0 umol of glutamate
hydroxamate formed (absorbance at 540 nm, 0.360)
per min at 37°C. Protein concentration was deter-
mined by the method of Bradford (3), with bovine
serum albumin (BSA) as a standard. The average
number, if, of adenylylated subunits per enzyme mol-
ecule (e.g., GS2), referred to as the state of adenyly-
lation, was calculated from measurements of the -
glutamyltransferase activity at pH 8.45 (as described
above) and at pH 7.15 (see below).
Anti AMP-BSA antiserum precipitation. As de-

scribed previously (7), increasing amounts (0 to 200
Al) of anti-AMP-BSA antiserum, kindly provided by
R. J. Hohman, were added to samples containing 36
pg of P. fluorescens GS in 0.5 ml of buffer A. After 30
min at 37°C and 18 h at 40C, the samples were
centrifuged (10 min, 5,000 x g), and the enzyme left in
the supematants was measured by the transferase
assay at pH 8.45.
Snake venom phosphodiesterase treatment.

Snake venom phosphodiesterase (39 U/mg) was ob-
tained from Worthington Diagnostics. Before use, it
was further purified by being passed through a con-
canavalin A-Sepharose column (24). To prepare un-
adenylylated enzyme, 16 mg of P. fluorescens GS in
2.0 ml of buffer B was diluted 10 times with buffer D,
mixed with 15 U of snake venom phosphodiesterase,
and incubated at 370C. The reaction was stopped
when the transferase activity, as measured at pH 7.15
in the TEA-DMG-buffered system, reached a constant
minimal value, which was unchanged even after more
fresh snake venom phosphodiesterase was added. To
separate GS and snake venom phosphodiesterase, the

protein solution was concentrated to 6 ml by ultrafil-
tration (Amicon filter XM50), loaded onto a concan-
avalin A-Sepharose column (5 by 1 cm), and eluted
with 0.2 M sodium acetate (pH 6). Fractions contain-
ing GS activity were pooled, dialyzed against buffer B,
and concentrated by ultrafiltration. Recovery of the
enzyme was about 70%. To demonstrate that AMP
was released from GS by treatment with snake venom
phosphodiesterase, the filtrate obtained by ultrafiltra-
tion was concentrated by evaporation under reduced
pressure and passed through a Norite column (1 by 1
cm). The column was washed with distilled water and
then eluted with 10 ml of solution containing 50%
ethanol, 50% water, and NH4OH to pH 10. The eluate
was lyophilized, and the dry residue was redissolved
in 2 ml of distilled water and then analyzed by thin-
layer chromatography on polyethyleneimine-cellulose,
using 1 M LiCl as the developing solvent. The putative
AMP sample was compared with standards containing
3 pg each of AMP, CMP, GMP, and UMP. The loca-
tion of the nucleotides was visualized by UV light.

Adenylyltransferase reaction. To prepare fully
adenylylated GS, the unadenylylated enzyme, ob-
tained by snake venom phosphodiesterase treatment
(see above), was dialyzed overnight at 40C against
buffer E. Adenylylation of the dialyzed enzyme was
obtained by incubating it with a partially purified
adenylyltransferase preparation from E. coli (kindly
provided by S. G. Rhee) under the previously de-
scribed adenylylation conditions (15).
Gel electrophoresis. Tube gel electrophoresis (8%

polyacrylamide) of native proteins was performed by
the method of Davis (4). The protein bands were
visualized with 0.04% Coomassie blue G250 in 3.5%
perchloric acid. On duplicate gels, GS was located by
its glutamyltransferase activity, as previously de-
scibed (14). Slab gel electrophoresis on sodium do-
decyl sulfate-polyacrylamide (10%) gels was as de-
scribed by Laemnli (11). The proteins used for molec-
ular weight standardization were phosphorylase b,
BSA, ovalbumin, carbonic anhydrase, soybean trypsin
inhibitor, and lysozyme.

RESULTS

Purification of GS of P. fluorescen& At-
tempts to purify GS from P. fluorescens by the
method of Woolfolk et al. (27) or by the zinc
precipitation method of Miller et al. (14), origi-
nally used in the purification of E. coli enzyme,
were unsuccessful. The yield in both methods
was less than 10%; a 30% loss occurred during
the first streptomycin step. A more efficient
method for the purification of the P. fluorescens
enzyme was developed by taking advantage of
the heat resistance of this enzyme and its insol-
ubility in a low-ionic-strength environment in
the presence of manganese.
Step 1: crude extract preparation. Twenty

grams of celLs (wet weight), grown as described
above, were suspended in 50 ml of buffer A,
adjusted to pH 7.2, and passed twice through a
French press. Before centrifugation (10 min at
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30,000 x g, 4°C), the extract was sonicated for
three 30-s pulses to decrease the viscosity of the
preparation.
Step 2: heat treatment. The supernatant of

step 1 was incubated for 30 min in a water bath
at 630C, with intermittent shaking. The material
was then centrifuged for 10 min at 30,000 x g,
and the precipitate washed once with the ex-
traction buffer. The two supernatant fractions
were pooled for the next step.
Step 3: ammonium sulfate precipitation.

Solid ammonium sulfate was added to the en-

zyme solution to 60% saturation, and after 30
min at room temperature, the mixture was cen-

trifuged at 30,000 x g for 10 min. The superna-
tant was discarded, and the precipitate was dis-
solved in 20 ml of the extraction buffer.
Step 4: acetone precipitation. The dis-

solved precipitate from step 3 was brought to
room temperature, and acetone was slowly
added to a final concentration of45% by volume.
After 5 min, the precipitate was recovered by
centrifugation and suspended in 10 ml of the
extraction buffer. After 2 h of being gently
stirred at 40C, the suspension was centrifuged
and the insoluble material was discarded.
Step 5: dialysis. The enzyme solution from

step 4 was dialyzed overnight at 40C against 2
liters of pH 7.0 buffer containing 10 mM imid-
azole and 10 mM MnCl2 (no KCl). Under these
conditions, the GS precipitated in the dialysis
sac and was recovered by centrifugation after
one washing with the imidazole-MnCl2 buffer.
The precipitated enzyme was redissolved in
buffer B. After step 5, the enzyme appeared to
be homogeneous; only one band was obtained
on polyacrylamide electrophoresis in the pres-
ence or absence of sodium dodecyl sulfate. The
purified enzyme could be stored at 40C for sev-
eral months without losing activity.
The yield and specific activity of the enzyme

after the various purification steps are summa-
rized in Table 1. Routinely, between 13 and 15
mg of pure enzyme was recovered from 20 g of
starting material.
GS of P. aeruginosa and P. putida failed to

precipitate by dialysis as in step 5. For these two
enzymes, the extracts obtained after step 4 were
purified by chromatography on Affi-blue gel
(column [4 by 0.6 cm] equilibrated with buffer
C; the enzyme eluted with 10 mM ADP in the
same buffer). This last procedure was not used
for the P. fluorescens enzyme because the recov-
ery was only 20 to 30%. Chromatography on
Affi-blue gel has been used successfully in the
purification of GS from Azotobacter vinelandii
118), cyanobacteria (19), and E. coli (21).

/ Im unoprecipitation with anti-AMP-

TABLE 1. Purification of P. fluorescens GS

Protein fraction Sp a Yil

Crude extract .................... 0.9
Heat treatment ............ ...... 4.0 82.5
(NH42S4 precipitation ......... 6.0 68.7
Acetone precipitation ........ ..... 14.7 67.8
Dialysis precipitation ............. 47.3 52

a The specific activity, expressed in units of GS per
milligram of protein, refers to the transferase activity
at pH 8.45 in a TEA-DMG-buffered system of mea-
surement (see text).

specific antibodies. Previous studies (7)
showed that the fraction of E. coli GS that can
be precipitated by anti-AMP-specific antibodies
is proportional to the average number of aden-
ylylated subunits per dodecamer; no precipitate
occurs with unadenylylated enzyme, whereas
fully adenylylated enzyme is quantitatively pre-
cipitated. The P. fluorescens enzyme isolated
from ammonia-rich medium (10 mM NH4) was
almost completely precipitated by the anti-AMP
antibodies (Fig. 1, lower curve), whereas no pre-
cipitation occurred when the enzyme was first
treated with snake venom phosphodiesterase to
remove covalently bound adenylyl groups (Fig.
1, upper curve). The antibodies precipitated only
50% of another enzyme preparation which was
isolated from cells also grown in the 10 mM
NH4' medium but harvested earlier, during the
exponential phase of growth (Fig. 1, middle
curve). By analogy to the immunoprecipitation
patterns of E. coli GS preparations, it may be
concluded that the upper, middle, and lower
curves in Fig. 1 correspond to GS preparations
containing 12, 6, and 0 covalently bound aden-
ylyl groups, respectively.
pH profiles of Pseudomonas GS. As was

demonstrated for the E. coli enzyme (20, 22),
the pH profile of the Pseudomonas GS varied
with the average state of adenylylation. The
fully adenylylated enzyme exhibited maximnum
y-glutamyltransferase activity at pH 7.15 in the
TEA-DMG-buffered system, whereas unadenyl-
ylated enzyme exhibited only about 10% as much
activity at this pH (Fig. 2). All forms of the
enzyme had the same activity at pH 8.45 (the
isoactivity pH). The -y-glutamyltransferase ac-
tivity observed at pH 8.45 was, therefore, a mea-
sure of the total amount of enzyme present,
regardless of the state of adenylylation. Other
studies showed that pH 8.45 was also the isoac-
tivity pH of the y-glutamyltransferase in crude
extracts of P. fluorescens.
For these studies, extracts containing GS with

both low and high states of adenylylation were
obtained by the NH4' shock procedure of Jans-
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FIG. 1. Precipitation of P. fluorescens GS prepa-

rations by anti-AMP antiserum. The concentration

of antiserum formed against adenylylated BSA was

varied from 0 to 200 IL as indicated. Symbols: 0, GS
purified from stationary-phase cells grown on 10mM
NH4-; U, GS from stationary-phase cells grown on 10
mM NH4' after treatment with snake venom phos-
phodiesterase and repurification; A, GSpurifiedfrom
exponential-phase cells grown on 10 mM NH4'. The
activity was measured by the transferase assay atpH
8.45 in TEA-DMG buffer.
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FIG. 2. ThepHprofiles of the transferase activity
(TEA-DMG buffer) of purified P. fluorescens GS
(GS,-) preparations with different states of adenyly-
lation (ni). Symbols: *, GSI-2; A, GS5.3; A, GSo-8.

sen and Magasanik (8). Stationary-phase cul-
tures (in NH4+-deficient medium, 2.5mM NH4+)
were divided into two equal parts, one of which
was supplemented with 20 mM (NH4+)2SO4 5
min before harvesting. The cells were harvested
by centrifugation, and the cell-free extracts were
prepared by procedures (to be described else-
where) that prevent further changes in the state
of adenylylation. As expected from the results of
Janssen and Magasanik (8), the NH4+-treated
and nitrogen-starved cells exhibited pH proffies
characteristic of the adenylylated and unade-
nylylated enzymes, respectively (isoactivity pH
8.45).
The NH4+ shock procedure was also used to

determine the isoactivity pH (transferase assay)
for the P. aeruginosa and P. putida enzymes.
The pH activity profiles of GS from both orga-
nisms were similar to that observed for P. fluo-
rescens; however, the pH optima as well as the
isoactivity pH of all three organisms were
slightly different. Thus, with the TEA-DMG
buffer system, the isoactivity pH values of P.
fluorescens, P. aeruginosa, and P. putida were
8.45, 8.75, and 8.85, respectively, and the pH
optima were 7.15, 7.37, and 7.14, respectively. In
a mixed imidazole buffer system (22), the cor-
responding isoactivity pH values were 8.10, 8.35,
and 8.30, respectively, and the pH optima were
6.85, 7.35, and 7.15, respectively. The pH activity
profiles with the latter buffer were shifted to
lowerpH values but were otherwise qualitatively
similar to those observed with the TEA-DMG
buffer.
Determination of the state of adenylyla-

tion of GS of P. fluoresens. (i) Measure-
ment of transferase activity at pH 7.15 and
8.45 in TEA-DMG buffer. It is evident that at
pH 8.45, the transferase activity of GS was in-
dependent of the state of adenylylation, whereas
at pH 7.15, the activity depended on the amount
ofenzyme present and the state of adenylylation
(Fig. 2). The ratio of activity at pH 7.15 (where
the adenylylated subunits are the more active)
to the activity at pH 8.45 is therefore propor-
tional to the state of adenylylation. For fully
unadenylylated enzyme obtained by treatment
with snake venom phosphodiesterase, this ratio
is 0.36, whereas for the fully adenylylated GS,
the ratio is 4.12.
From these values, it can be shown that the

average state of adenylylation (ni) of the enzyme
is given by the formula ni = [3.2(x/y)] - 1.2,
where x and y refer to the transferase activities
measured at pH 7.15 and 8.45, respectively.

Validity of this calculation was indicated by
the fact that a preparation only half of which
was precipitated by the anti-AMP antibodies
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(middle curve, Fig. 1) yielded an *i value of 6.0.
Ten determinations gave values from 5.3 to 6.5
by this formula.

(ii) ADP ratio method. From double-recip-
rocal plots of transferase activity versus ADP
concentration (pH 8.45), it was demonstrated
that the apparent Km values of unadenylylated
and adenylylated subunits for ADP were 0.04
and 4.0 uM, respectively. From the measured Km
values, it can be calculated that at a concentra-
tion of 1 uM ADP in the assay mixture (TEA-
DMG buffer), the adenylylated enzyme subunits
will be 20% saturated with ADP, whereas the
unadenylylated subunits will be 96% saturated.
Therefore, the state of adenylylation can be
calculated by the expression n = 15.15 - 15.80
y, where y is the ratio of the transferase activity
at pH 8.45 in the TEA-DMG buffer system with
1 uM ADP to the activity under the same con-
ditions but with 400 ,LM ADP (saturating con-
dition).
In vitro adenylylation and deadenylyla-

tion of the P. fluorescens GS. When the GS
isolated from cells grown in nitrogen-rich me-
dium (10 mM NH4+) was incubated with snake
venom phosphodiesterase, the y-glutamyltrans-
ferase activity as measured at pH 7.15 declined
to a low constant value, whereas the activity at
pH 8.45 (isoactivity point) remained constant.
Variations in the ratio of these activities corre-
spond to a change in the adenylylation state
from 11 to 1.0 in a 2-h experiment (Fig. 3). At
the end of this experiment, AMP was isolated
from the incubation mixtures, as described
above. It is therefore evident that, as was dem-
onstrated for the E. coli enzyme (16), the GS
from cells grown in a nitrogen-rich medium ex-
ists in a highly adenylylated state and that the
adenylyl groups can be removed by snake venom
phosphodiesterase.
Other data in Fig. 3 (closed circles) show that

when unadenylylated P. fluorescens GS isolated
from nitrogen-starved cells was incubated with
a partially purified preparation of adenylyltrans-
ferase from E. coli (15) and an ATP-generating
system, the state ofadenylylation increased from
about 0.5 to 11.0.
Mobility of GS of Pseudomonas spp. on

gel electrophoresis. The purified enzyme
preparations obtained from P. fluorescens, P.
aeruginosa, and P. putida were analyzed on
native polyacrylamide gels by using the Davis
system (4), with E. coli enzyme as a standard.
Visualization of the native protein on the gels
with Coomassie blue by the activity staining
technique (see above) revealed only one protein
band in each case, which migrated exactly at the
same place that the E. coli GS migrated (data
not shown).
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FIG. 3. Variations ofthe adenylylation state (fn) of
P. fluorescens GS by treatment of the fully adenyly-
lated enzyme with snake venomphosphodiesterase or
by treatmnent of unadenylylated enzyme with adenyl-
yltransferase from E. coli. The assay for snake venom
phosphodiesterase treatment contained (in a final
volume of200 ,ul of buffer D) 75 pg ofadenylylated GS
(GS,-) and 0.2 U of snake venom phosphodiesterase.
Temperature ofincubation was 37°C. The 1-mi assay
mixture for adenylyltransferase reaction contained
20 mM imidazole (pH 7.5), 0.3 M KCI, 210 pg of
unadenylylated GS, 20 mMMgCl, 1 mMATP, 2mM
phosphoenolpyruvate, 10ilO ofpyruvate kinase (38 U),
and 20 mMglutamine. A crude preparation (10 ul) of
adenylyltransferase from E. coli (15) was added be-
fore glutamine and the reaction mixture was incu-
bated at 370C. At the times indicated, 10-,ul portions
of the incubation mixtures were diluted 10-fold with
buffer A and kept on ice until the transferase activi-
ties atpH 7.15 and 8.45 were measured. Symbols: A,
snake venom phosphodiesterase reaction;@, adenyl-
yltransferase reaction.

However, with slab gel electrophoresis in 10%
polyacrylamide, containing 0.1% sodium dodecyl
sulfate, the subunits of the three Pseudomonas
enzymes migrated in identical manners that
were significantly different from that obtained
with the E. coli enzyme. As can be seen in Fig.
4, subunits of Pseudomonas and E. coli GS are
very well separated. By comparing their mobil-
ities with standard proteins, an apparent molec-
ular weight of 62,000 was calculated for P. fluo-
rescens and P. aeruginosa GS subunits, and
61,000 was calculated for the P. putida subunit.
In this system, the E. coli GS subunit, which
was reported to have a molecular weight of
50,000 (20), has an apparent molecular weight of
56,500. This last result is in agreement with the
value previously reported by Bender and
Streicher (2), who calculated an apparent mo-
lecular weight of 57,000 for the E. coli subunit
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FIG. 4. Comparative mobilities during sodium do-
decyl sulfate-polyacrylamide (10%) gel electrophore-
sis of various GS preparations. Preparations as fol-
lows: (A) P. fluorescens, (B) P. aeruginosa, (C) P.
putida, (D) E. coli, (E, F, G, H, and I) equal mixtures
of A + D, B + D, C + D, A + B, and A + C,
respectively. Each slot was loaded with 3 pg ofpro-
tein. (S) Molecular weight standard proteins, top to
bottom: phosphorylase b (94,(0)), BSA (68,000), and
ovalbumin (48,000).

in the sme Tris-buffered system of gel electro-
phoresis. Figure 5 shows the electrophoretic pat-
tern of both adenylylated (GS72) and unadenyl-
ylated (GS- 2) forms of P. fluorescens and E. coli
GS. The mobilities of adenylylated and unade-
nylylated subunits were identical for both en-
zymes. Therefore, the slower migrations of the
Pseudomonas enzymes, compared with the E.
coli GS, are due to a higher molecular weight
and not to a difference in the state of adenyly-
lation.

DISCUSSION
From the results of immunodiffusion studies

with antibodies prepared against E. coli GS,
Tronick et al. (25) ordered the GS from different
microorganisms according to antigenic similar-
ity, as follows: E. coli = S. typhimurium = K.
pneumoniae > Serratia marcescens > Proteus
mirabilis > P. putida = P. aerugiosa = A.
vinelandii > Bacillus polymyxa > Rhizobium
japonicum. According to this order, the GS from
Pseudomonas spp. is much more closely related
to the GS from A. vinelandii than to the GS
from E. coli or S. typhimurium. This order of
relatedness is also suggested by comparisons of
the pH activity profiles, molecular weights, and
kinetic parameters.
The pH activity profiles of the adenylylated

forms of GS from the three pseudomonads ex-
amined here are similar to those observed with
E. coli (22) and A. vinelandii (18). The profiles
of the unadenylylated Pseudomonas enzymes
are significantly different from that of the un-
adenylylated E. coli enzyme, but are signifi-
cantly similar to the proffle of the unadenylyl-
ated A. vinelandii enzyme. Furthermore, the
isoactivity pH values of the P. fluorescens and
A. vinelandii enzymes are similar (8.45 and 8.60,

FIG. 5. Comparative mobility of adenylylated and
snadenylylated subunits from GS of P. fluorescens
and E. coli. Each slot was loaded with a total of 3
Mg ofprotein. (A) Unadenylylated GSofP. fluorescens
(GSJ); (B) adenylylated GS of P. fluorescens (GS&);
(C) equal amounts ofA + B; (D) unadenylylated GS
of E. coli (GS); (E) adenylylated GS of E. coli
(GS&j); (F) equal amounts ofD + E; (G) equal amounts
of A + D; (H) equal amounts of B + E; aI) equal
amounts of A + B + D + E; (S) molecular weight
standard proteins, top to bottom: phosphorylase b
(.94,000), BSA (68,000), ovalbumin (48,000).

respectively), but are much higher than the
isoactivity pH of 7.57 for the E. coli enzyme (22).
Owing to the marked difference in these isoac-

tivity points, the methods developed for deter-
mination of the average state of adenylylation of
the E. coli enzyme (22) cannot be used to deter-
mine the state of adenylylation of the Pseudo-
monas enzyme. However, by taking advantage
of the facts that at pH 7.15 the adenylylated
enzyme is about eight times more active than
the unadenylylated enzyme and that at pH 8.45
the activity is independent of the state of aden-
ylylation, a method was developed (see above)
for determining the average state of adenylyla-
tion of the enzyme from P. fluorescens. With
only slight modifications to correct for slight
shifts in the isoactivity pH, the method is appli-
cable also to the enzymes from P. putida, P.
aeruginosa, and A. vinelandii.
By electron microscopy, it has been estab-

lished that the GS from E. coli (26), A. vinelan-
dii (18), and P. fluorescens (A. Segal, E. Shelton,
and E. R. Stadtman, unpublished data) are all
composed of 12 apparently identical subunits
arranged in two hexagonal arrays. The native
enzyme from all species migrates with similar
mobilities during the disc gel electrophoresis;
however, in the presence of sodium dodecyl sul-
fate, subunits of the E. coli GS migrate faster
and are readily separated from subunits of the
GS from either P. fluorescens (this report) or A.
vinelandii (18). These results agree with those
of Streicher and Tyler (23), showing that pure
preparations of GS from A. vinelandii (18) and
Klebsiella have identical mobilities which are
slower than that ofthe E. coli enzyme and which
are identical to one of two major protein bands
in a partially purified preparation of the enzyme
from P. putida. In light of the present results, it
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is likely that the slower of the two protein bands
in the Streicher and Tyler preparation of P.
putida corresponds to the GS. The apparently
higher molecular weights of the P. fluorescens
and A. vinelandii GS subunits compared with
that of the E. coli enzyme are probably not
attributable to the presence of glycosyl groups,
since neither enzyme is retarded on concana-
valin A-Sepharose columns. Moreover, the dif-
ferences in mobilities are not due to differences
in the states of adenylylation, since under the
condition of electrophoresis used here, the ad-
enylylated and unadenylylated subunits of GS
from either E. coli or P. fluorescens could not
be separated from one another, as they could be
according to Bender and Streicher (2) and Gold-
berg and Hanau (6). We have repeatedly tried
and failed to detect separation of adenylylated
and unadenylylated subunits of the E. coli GS,
following as nearly as possible the procedure
described by Bender and Streicher (2). We have
no explanation for the discrepancy between their
results and ours.

Finally, we note that the apparent Km of the
adenylylated form of the P. fluorescens enzyme
for ADP (4 uM at pH 8.45) is about an order of
magnitude lower than that for the E. coli en-
zyme (30 uM at pH 7.57). Whether this differ-
ence reflects intrinsic characteristics of the two
enzymes or is a manifestation of the measure-
ments being made at different pH levels (the
respective isoactivity pH values) has not been
determined.
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