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Aspartate transcarbamoylase (ATCase; EC 2.1.3.2)

catalyzes the formation of carbamoylaspartate and inorganic

phosphate from carbamoylphosphate and aspartate. ATCase

carries out the second step and generally the first

committed step in pyrimidine biosynthesis. As the first

committed step, ATCase is subject to feedback inhibition by

the end product of pyrimidine biosynthesis. ATCase has been

studied in detail from Escherichia coli and to lesser

degree from other bacteria. The E. coli holoenzyme has a

MW of 310,000, while the catalytic and the regulatory

subunits have MW's of 100,000 and 34,000 daltons

respectively.

Rhizobium ATCase was previously believed to be similar

to the Pseudomonas ATCase which has been studied

extensively. To facilitate the study of the Rhizobium

ATCase a pyrimidine-requiring (Pyr ) mutant of R. meliloti

was isolated and used in the purification of the enzyme.

The Rhizobium cell extract was treated with 2 % streptomycin

sulfate and 60 % ammonium sulfate before being passed over a

Sephadex G-200 column. The eluate fractions from the G-200



column with the greatest ATCase activity were pooled and

injected onto a Beckman Spherogel-TSK (7.5 mm x 300 mm) size

exclusion column and eluted with 50 mM Tris-HCI buffer, pH

8.0. This purification yielded homogeneous ATCase as

evidenced by a single band on a 9 % (w/v) polyacrylamide

gel.

The Rhizobium ATCase holoenzyme has a MW of about

300,000 daltons. On a denaturing gel, the purified ATCase

gave two bands at about 34,000 and 17,000 when visualized by

silver staining. The holoenzyme was feedback inhibited by

both CTP and ATP and its velocity-substrate plots showed

hyperbolic dependence on aspartate with a Km value of 4.8 mM

for aspartate.

Nucleotide pools were extracted and quantified from Pyr+

and Pyr strains of R. meliloti. Strains were grown in

Rhizobium-minimal medium, with or without pyrimidines, and

nucleotides were extracted using 6 % (w/v) trichloroacetic

acid. The pyrimidine requirement of the Pyr~ mutant was

satisfied by uracil, uridine, cytosine or cytidine. The

Pyr mutant was starved for uracil for two hours before

nucleotide pools were measured. This starvation depleted

the nucleotide pools and increased the ATCase concentration.

The pools were restored to their wild type levels by the

addition of pyrimidines to the medium.



Nodulation experiments were also carried out in this

study. It was discovered that mutant strains of R. meliloti

(Pyr) did not form nodules except on media supplemented

with uracil. The nodules thus formed were smaller than

those formed by the wild type strains. The essential

micronutrient, boron, was found to be absolutely required

for nodulation. In boron deficient soils, symbiotic

relationships between Rhizobium species and their preferred

host are unlikely.
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INTRODUCTION

Members of the genus Rhizobium are capable of forming

nitrogen-fixing symbioses with more than 110 species of

leguminous plants (Trinick, 1973; Vincent, 1974). Most

Rhizobium strains are specific in their association with

legumes and accordingly have been taxonomically grouped with

species designation being based on a cross-inoculation

concept proposed by Fred and coworkers (1932).

Metabolically, members of the genus Rhizobium can be divided

into two groups,namely, fast growers and slow growers (Allen

and Allen, 1950; Elkan and Kuykendall, 1982). Rhizobium

strains, isolated from legumes of temperate origin, such as

R. trifolii, R.leguminosarum, R. phaseoli, and R. meliloti

are designated fast growers with generation times of less

than six hours. Slow growers, such as R. japonicum and R.

lupini, isolated from legumes of tropical origin, have

generation times much longer than six hours (Table 1). Slow

growing rhizobia are now placed in a separate genus known as

Bradyrhizobium, so called because bradus, in Greek, means

slow. According to Bergey's Manual, the genus Rhizobium

contains Gram-negative pleomorphic rods.

Fast growing rhizobia can use a variety of carbon

sources including hexoses, pentoses, disaccharides,

1
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Table. 1. Rhizobium species and their preferred hosts

Rhizobium species Preferred host
(common name)

Fast-growing Rhizobium

Rhi zobiun rMeliloti "di

R. leguminosarum

R. trifolii

R. phaseoli

R. japonicum

Slow-growing Rhizobium (Bradyrhizobium

I

e vuAc-ago , meVi 21 oCu,

Trigonella
(alfalfa)

Pisum, Vicia,
Lathyrus, Lens (pea)

Trifol ium (clover)

Phaseolus (bean)

Vigna, Glycine
(rice)

)

JponUmCUM Glycine (rice)

R. lupini Lupinus
(bluebonnet)

Cowpea miscellany Arachis, Vigna,
Desmodium,
Parasponia (cowpea)



3

trisaccharides and organic acids. Mannitol is the preferred

carbon source for the fast growers (Stowers, 1985), while

glycerol is the most common source of carbon for all

Rhizobium species (Arias and Martinez-Drets, 1976). The use

of sugars and organic acids by rhizobia may be vital for

laboratory cultivation or energy production in the legume

nodule, while the growth and survival of the organisms in the

soil may be dependent on the utilization of aromatic

compounds. This is especially true for R. meliloti strains

which use only anthranilate, protocatechuate and quinate.R.

meliloti uses sucrose, maltose and trehalose by means of an

inducible transport system. They also possess a separate

transport system for lactose (Glenn and Dilworth,1981a;

1981b).

Whereas very little is known about carbon source uptake

and metabolism in Rhizobium (Mark, 1985), it is well known

that all wild-type Rhizobium species contain complete purine

and pyrimidine biosynthetic pathways. This points out again

the importance of purine and pyrimidine nucleotides as

precursors in the synthesis of RNA, DNA and bacterial

membranes. Recently, purine and pyrimidine auxotrophs,

isolated from Rhizobium strains, were found to be deficient

in nodulation as well (Finan et al., 1985; .Kerppola and Kahn,

1988).
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Since virtually nothing is known about pyrimidine

metabolism in Rhizobium, we decided to investigate the

pyrimidine biosynthetic pathway in this important genus. The

species chosen was R. meliloti because it 
had been used in

our earlier studies as the recipient for a Pseudomonas

plasmid bearing the parathion hydrolase gene 
(Gibson et al.,

1982). Using a Pyr strain of R. meliloti, we discovered

that nodulation takes place only in media supplemented 
with

uracil. This contradicts earlier findings that no nodulation

was possible even in the presence of uracil or uridine 
with

this strain (Finan et al., 1985; Noel et al., 1988).

In order to study pyrimidine nucleotide biosynthesis in

any organism, one must first isolate appropriate pyrimidine-

requiring (Pyr~) mutants in that organism. Such mutants are

blocked in one of the six steps of the pathway (Fig. 1; Table

2) leading to uridine monophosphate (UMP). All such mutants

require uracil for growth. Since this proposal is to study

the enzyme aspartate transcarbamoylase (ATCase, EC 2.1.3.2,

Fig. 2), the first enzyme unique to pyrimidine biosynthesis

and one of the key regulatory proteins in all of metabolism,

it was important to be able to obtain large quantities of the

enzyme in relatively pure form. To achieve this, a Pyr

mutant with ATCase activity, was grown to late exponential

phase (100 Klett units = 109 cells/ml) in Rhizobium minimal

medium plus uracil The uracil was then removed and the
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Table 2 Genotypes and phenotypes of pyrimidine auxotrophic
mutants in bacteria

Enzyme (Abbreviation)
Activity

Carbamoylphosphate
synthetase (CPSase)

Aspartate
transcarbamoylase (ATCase)

Dihydroorotase (DHOase)

Dihydroorotate
dehydrogenase (DHOdehase)

Orotate
phosphoribosyltransferase
(OPRTase)

OMP decarboxylase (OMPdecase)

CTP synthetase (CTPSase)

CPSase and CTPSase

Nutritional
Requirement

uracil and
arginine

uracil

uracil

uracil

uracil

uracil

cytidine

uracil,
arginine and
cytidine

Genotype

pyrA

pyrB

pyrC

pyrD

pyrE

pyrF

pyrG

pyrA, G
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resupended culture was then starved for pyrimidines for two

hours.

This starvation decreased the amount of the endogenous

nucleotides, UTP and CTP, and thereby derepressed synthesis

of the pyr enzymes producing greater amounts of ATCase (Fig.

1). Figure 1 shows the de novo pyrimidine pathway in

Salmonella typhimurium which supplies UTP and CTP for RNA

synthesis, and dCTP and dTTP for DNA synthesis. Mutations in

any of the six pyrA-F genes encoding enzymes for the

biosynthesis of UMP give a Pyr phenotype and require a

pyrimidine for growth (Neuhard and Ingraham, 1968); mutations

in pyrA have an arginine requirement as well (Table 2).

Carbamoylphosphate synthetase (CPSase; EC 6.3.4.16) couples

the cleavage of two molecules of ATP to the formation of one

molecule of carbamoylphosphate from bicarbonate and NH4 + or

glutamine (Abdelal and Ingraham 1969,1975). In the enteric

bacteria, carbamoylphosphate is required for pyrimidine

biosynthesis and for arginine biosynthesis. A mutation in

the gene encoding CPSase (designated pyrA in S. typhimurium

and carAB in E.coli)- would have a dual requirement for

pyrimidines and for arginine (Anderson and Meister 1966).

Transfer of the carbamoyl group from carbamoylphosphate to

aspartate produces carbamoylaspartate and inorganic

phosphate. This step, the first unique to pyrimidine

biosynthesis (Gerhart and Pardee, 1962), is catalyzed by the
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enzyme ATCase encoded by the pyrBI genes in E. coli (Weber

1968a; 1968b) and S. typhimurium (Fig. 2).

Carbamoylaspartate is cyclized with the elimination of water

to form dihydroorotate. This step is catalyzed by

dihydroorotase (DHOase; EC 3.5.2.3) and is encpded by pyrC in

E. coli and S. typhimurium. Dihydroorotate dehydrogenase

(oxidase) (DHOdehase; EC 1.3.3.1) is a flavoprotein that

oxidizes dihydroorotate to orotate with oxygen as the

external oxidant. DHOdehase is encoded by the pyrD gene.

Orotate can then combine with the phosphoribosyl group from

5-phosphoribosyl-1-pyrophosphate (PRPP) to form the first

pyrimidine nucleotide, orotidine-5'-monophosphate (OMP).

This step is catalyzed by orotate phosphoribosyltransferase

(OPRTase; EC 2.4.2.10), the product of the pyrE gene. OMP is

next decarboxylated to uridine-5'-monophosphate (UMP) by the

enzyme OMP decarboxylase (OMPdecase; EC 4.1.1.23) which is

encoded by pyrF. Thus mutations in the pyrB, pyrC, pyrD,

pyrE, or pyrF genes cause a single requirement for

pyrimidines, which is satisfied by exogenously fed uracil or

uridine (Table 2). UMP is next phosphorylated using ATP to

form UDP. This enzyme, UMP kinase (EC 2.7.4.4), is highly

specific and is encoded by the gene pyrH. Complete mutations

in the pyrH gene are lethal since no nutrient could be fed

exogenously. UDP is further phosphorylated to UTP with ATP

by the enzyme, nucleotide diphosphokinase (EC 2.7.4.6) a non-
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specific diphosphate kinase encoded by ndk. As with pyrH,

strict mutations in ndk are also lethal, however it has been

possible to isolate leaky pyrH mutants (O'Donovan and

Gerhart, 1972). The final step of the pathway is the

amination of UTP to CTP, with glutamine serving as the amino

donor, by the enzyme CTP synthetase (CTPSase; EC 6.3.4.2).

Mutations in the pyrG gene, which encodes CTPSase, require

exogenous cytidine (not uracil, uridine, or cytosine) for

growth (Table 2). Since complex medium does not contain

sufficient cytidine to satisfy a pyrG requirement, exogenous

cytidine (50 pg/ml) must be added to all media for the

maintenance of pyrG strains. Moreover, all pyrG mutants must

be isolated in a cytidine deaminase (cdd) mutant, (EC

3.5.4.5) since the preferred metabolic route of cytidine is

deamination to uridine (O'Donovan and Neuhard, 1970).

Aspartate transcarbamoylase (encoded by pyrBI genes) is

one of the most studied regulatory enzymes in nature. It is

feedback inhibited by cytidine triphosphate (CTP) and

activated by adenosine triphosphate (ATP) (Yates and Pardee,

1956; Beckwith et al., 1962), (Fig. 2). The first indication

of regulation at level of enzyme activity in the pyrimidine

biosynthetic pathway came from Bolton and Reynard, (1954).

In isotope competition studies in E. coli they found that

non-radioactive uracil or uridine added to the growth medium

of E. coli immediately and extensively suppressed the
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bacterial synthesis of pyrimidines from 1 4 C-labeled CO2 -

Brooke et aL. (1954) found the same results in Aerobacter,

now known as Enterobacter. Later, Yates and Pardee (1956)

showed that uracil-requiring mutants of E. coli produced and

released large quantities of intermediates of the pyrimidine

pathway when uracil was absent and these mutants ceased

production of the first and all subsequent intermediates

within minutes after uracil was added. This suggested that

uracil or some other pyrimidine compound derived from it

(e.g. UMP, UDP, UTP,or CTP) inhibited the earliest enzymatic

step of the pathway, namely the formation of

carbamoylaspartate from carbamoylphosphate and aspartate.

Using a pyrC mutant (lacking DHOase) of E. coli, Yates and

Pardee (1956) starved the Pyr cells for uracil and saw

massive production of carbamoylaspartate (up to 50% of the

cells dry weight in four hours). Minutes after the

readdition of uracil (40 pg/ml) the production of

carbamoylaspartate ceased. Since in the pyrC mutant the only

functional step was that catalyzed by ATCase, it was possible

for Yates and Pardee to suggest that ATCase was inhibited by

the added uracil. They then proposed that feedback control

of the pyrimidine biosynthetic pathway was based on end

product inhibition.' They showed that cytidine compounds

(e.g. cytidine, CMP, CDP, or CTP) but not uridine compounds,

inhibited ATCase.
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The end product control of pyrimidine biosynthesis in E.

coli does not depend on the interaction between CTP and

ATCase alone because the preceding step, catalyzed by CPSase,

is also inhibited by a different pyrimidine nucleotide, UMP,

(Fig. 2). Indeed, Gerhart (1970) stated that there are

frequently growth conditions in E. coli when CPSase is the

primary locus of control of the pyrimidine pathway with

ATCase assuming only a secondary role. This follows from the

fact that carbamoylphosphate is used for only one other

pathway in the cell, namely the carbamoylation 
of ornithine

by OTCase (encoded by argl) to produce citrulline for

arginine biosynthesis. But when exogenous arginine is

available to the bacterium, this use does not apply because

ornithine is not formed. Thus, during bacterial growth in an

arginine containing medium (e.g. casamino acids) CPSase

becomes the first step unique to pyrimidine biosynthesis,

with UMP as its major effector. When arginine is not

supplied extracellularly, ornithine accumulates and activates

CPSase as counter inhibitor to UMP (Pierard 1966), thereby

supplying carbamoylphosphate for arginine synthesis as well

as pyrimidines. Only when both pathways are functioning

simultaneously is ATCase the primary target of control for

pyrimidine production. Accordingly, in E. coli it is both

CPSase and ATCase together, and not either one alone, that

establish a balanced flow through the pyrimidine pathway.
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Much is known about the ATCases from the enteric

bacteria especially from E. coli. Bethell and Jones (1969)

did a taxonomic study of ATCase from different genera of

bacteria and divided the enzymes into three classes based

broadly on size. Class I ATCases were the largest size with

a MW around 380,000 daltons. This form of ATCase has been

found in Pseudomonas aeruginosa, P. putida and was presumed

to be in all the pseudomonads. Recently, another even larger

ATCase was observed in P. fluorescens (Bergh and Evans,

1990). This ATCase has a molecular weight of around 480,000

daltons and is presumably in the Class I ATCase group. UTP

was found to be the best inhibitor of the large pseudomonad

enzyme (Issac and Holloway, 1968). In earlier studies,the

enzyme was considered to be a dimer with a monomer MW of

180,000 daltons(Bethell and Jones, 1969). Class II ATCases,

to which the classic E. coli ATCase belongs, have a MW of

310,000 daltons are allosterically inhibited by CTP and are

composed of two kinds of separable protein subunits. One

subunit, (Fig. 3) namely the catalytic subunit, encoded by

pyrB, has a M.W. of 100,000 daltons and is fully responsible

for catalyzing the reaction: carbamoyl phosphate + aspartate

-> carbamoyl aspartate + Pi (Fig. 4). The second subunit has

no catalytic activity, is encoded by pyrl, has a MW of 34,000

daltons and binds the CTP or ATP at its allosteric site. The

catalytic subunit, of which there are two in the native
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A schematic representation of the in vivo
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polypeptides, encoded by pyrB, comprise the
catalytic subunit; two identical regulatory
polypeptides encoded by pyrI, comprise the
regulatory subunit.
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holoenzyme, has three identical polypeptide chains in its

100,000 daltons. The native enzyme therefore contains 2 X 3c

(c=catalytic chains) = 6c. The regulatory subunit, of which

there are three in the native holoenzyme, has two identical

regulatory polypeptides, each of 17,000 daltons. Thus, there

are 3 X 2r(=regulatory) = 6r in the native enzyme whose

overall structure is 2c3 3r2 with a MW of 310,000 daltons.

This native form can be separated into catalytic trimers and

regulatory dimers by treatment with mercury compounds such as

neohydrin or parachloromercuribenzoate (Fig. 5).

neohydrin

2c3 3r2 -) 2c3 + 3r2

$-mercaptoethanol

The separated subunits may be incubated in the presence of

the sulfhydryl compound Vmercaptoethanol (Gerhart and

Holoubek, 1967) for reconstitution of the native 300,000

dalton holoenzyme. This reconstituted enzyme has full

catalytic activity as well as full regulatory capability in

that CTP or ATP binds to its reformed allosteric site. All

enteric bacteria so far examined contain Class II ATCase

(Wild et al., 1980) of structure 2c3 : 3r2-

A third class of enzyme was discovered in Bacillus

species (Neumann and Jones, 1964). In this class, the enzyme

has the smallest MW at 100,000 daltons. It is not inhibited

by CTP or activated by ATP or any other nucleotide. It has



58

z-I

/
z -

w

0
t-4 (I)

z5d

E -

2E

~0

m o p omm

b

=

*
0

o o

16

E c
20

mo a

0)4

4-)

0

o-H
4-)

>1
0

Q)
4



54 -

Co

54 M (C
(N -q

(N

0

0
o
0

N
'-.

4-)
(0

to

(0

.0
4)

H

E--i4J

4-

0

0 .

4-

-H

4

to

E4

44e

-H a
4-)

(0

44

>1
54
0

N

4-)

0

Uo

HN

4 -)

cc)0 0
-,o 0 o

0 H(V') L)
c%op

co

%0

0
0
0

+ - Co

0 HH

-ri

0

54 +
6)

:i1

+ +

4.) U) 4.

(r0 4

->i5- 0

414o 44)

4H44
0 U)44

0 6
4

044

0 0

U) .Q 0

0 Ht H

U) 4--H
6) (0. '

0 -- o

-H

0

4) U)i
4 4.) 41J )(D

4.) m 4) 0 -H H 'H

0 0 0 04
$" --Q -
41 44 A0' 04

U) $- (44 4U) U>1 44 >
( 4 )44 ( oH OH

4-) r 0 44 (1) 0 0
OH- 0 (1) ()- J0 04 40
IV u C 4- 44 ()
-$ 4 )m 0 0

rQ H FOD$ 0 -) 6)OQ
,) . U) .:z z

CN I I +

17

0

N

H

to

z

0

A

0

Q0

0

4
4-4

(0

+ +

(0

-H

(0
A

4-

6)

N

(0 N

0 m

c4 N

I



-0

..- -

., ...

go.
-0 0

.
0)

18

- ..*

.:- - -

5.'

-)

e 4

*.4

>1

0
41)

01
H

C)
5.4

+

N 0

So

,q C

4-4 .

U 4)
0 a)U*

44 a
o

o o,4

.9.4 (

.9. -) 0
U

>1 >1
-4N

So.

4 0
a)

a) a)&
40

S44

44 .'.( 0
0 10

.9r.

4 0

0

.a o -)

4 U

4 .

e. .4.,
,"'I

0'' o

54 ...

G)

a)

0
0

w

C)

04

0 *-

is
A-

-0 - -- 92
-l. :o t-

-*:s
600.0 6 ..
06%0-*

.. go.%-O-e



19

been shown to be analogous to the catalytic subunit of the E.

coli Class II enzyme and is found only among aerobic

sporeforming bacilli (Brabson and Switzer, 1975).

Rhizobia are soil microorganisms with metabolic

versatility like that of Pseudomonas so it was of interest 
to

explore the possibility of obtaining Class I 
ATCases in a

soil organism. However, because rhizobia exist in the soil

in symbiotic association with leguminous plants, 
it has been

suggested that R. meliloti was "the E. coli of soil bacteria"

(Noel et al., 1988). Therefore, a study of the ATCase from

R. meliloti to discover if the rhizobial enzyme belonged to

Class I or Class II ATCases was deemed appropriate. The

objectives of this study are

1. To isolate a Pyr- mutant in the soil bacterium R.

meliloti

2. To characterize this mutant as follows:

(a) Locate the block in pyr pathway

(b) Study nucleotide pools in pyrimidine-sufficient

and pyrimidine-starved cells

(c) Perform preliminary nodulation experiments

3. To use this Pyr mutant to starve the cell of

pyrimidines and produce derepressed levels of the

enzyme ATCase for purification.

4. To purify and characterize the ATCase from this Pyr

mutant of R. meliloti.



20

There were two important reasons for doing this work.

One reason was to determine which type of ATCase enzyme was

found in Rhizobium. It was reported by Neumann and Jones

(1964) that the Rhizobium ATCase was similar to the

Pseudomonas Class I enzyme with a molecular weight of about

380,000 daltons. Other workers (Wild et al., 1980) have

predicted that the enzyme was like the E. coli Class II

ATCase, with a molecular weight of 300,000 daltons. The

second reason was to see if HPLC,routinely used in the

laboratory could be exploited as a means of rapid

purification of ATCase. This had not been done previously.

This would be significant if rapid purifications of the

Pseudomonas enzyme were needed for comparisons with the

enzyme from E. coli.
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MATERIALS AND METHODS

Chemicals and Reagents

Pyrimidine bases, nucleosides, trichloroacetic acid,

aspartate, carbamoylaspartate, carbamoylphosphate,

antipyrine, diacetyl monoxime, Trizma@ base, dithiothreitol,

bovine serum albumin, Sephadex G-200, DEAE cellulose, uracil,

imidazole, agarose, P-mercaptoethanol, Folin reagent,

bromophenol blue, tri-N-octylamine, para-

chloromercuribenzoate, tetracycline, ampicillin and biotin

were purchased from Sigma Chemical Company St. Louis, Mo,;

1,1,2-trichloro-1,2,2-trifluoroethane (freon) and ammonium

phosphate-monobasic were from Mallinckrodt Inc. Paris, KY,;

and potassium chloride was purchased from Eastman 
Kodak

Company (Rochester, NY,). ATP and CTP were obtained from

Calbiochem, La Jolla, CA. Acrylamide, ammonium persulfate,

TEMED, and N,N',-methylene-bis-acrylamide were purchased from

BioRad Laboratories, Richmond, CA. Enzyme grade ammonium

sulfate and Coomassie brilliant blue were from Schwartz-Mann,

Orangeburg, N Y. Neohydrin was obtained from ICN, K&K

Laboratories, Inc. The remaining proteins utilized in this

study were purchased from Pharmacia, Piscataway, NJ. All

other chemicals used were of analytical grade and purchased

from Fisher Scientific Company Fairlawn, NJ.
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Bacterial Strains and Maintenance

Rhizobium meliloti ATCC#10311 was obtained from American

Type Culture Collection, Maryland, USA. All strains were

derived from R. meliloti ATCC #10311. Yeast Mannitol Broth

(YMB) plus 1.5 % agar was used to maintain the wild-type

strain of R. meliloti . YMB consisted of yeast extract 1 g,

D-mannitol 10 g, K2HP04 0.5 g, NaCl 0.1 g , and MgSO4 - 7 H2 0

0.2 g in 1000 ml of deionized water (Somerville and Kahn,

1983).

Rhizobium Minimal Medium

The Rhizobium minimal medium (RMM) for the growth of R.

meliloti was based on that used by van Egeraat (1977) with

only slight modifications. RMM contained the following

compounds in one liter of deionized water: sodium gluconate,

5.0 g; mannitol, 5.0 g; NaH2 PO4 - H20, 172.5 mg; KNO3 , 2.5 g;

(NH4)2 SO4 , 134 mg; MgS04 - 7 H2 0, 255 mg; 20 pg KI; 147 mg

CaCl2 - 2 H2 0; 392 pg KCl; 154 ig H3B03 ; 845 pg MnSO4 - H20;

575 pg ZnSO4 - 7 H2 0; 125 ig CuSO4 - 5 H20; 184 pg (NH4 )6 Mo7

024 - 4 H20; 200 pg casamino acids. Stock solutions of KI

(20 mg per ml), CaCl2 .2H20 (1M) , casamino acids (0.2 gm per

ml) and micronutrients were made and sterilized separately.

The micronutrient stock solution contained the following

inorganic salts in mg per liter of stock:
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KC1 392.8

H3 B03  
154.6

MnSO4 - H2 0 845.0

ZnSO4 - 7 H2 0 575.0

CuSO4 - 5 H2 0 125.0

(NH4 )6Mo7024 - 4 H20 184.0

The final pH is 6.8-7.0. The medium was supplemented with 50

jig of uracil per ml for the growth of the Pyr~ R. melliloti.

Isolation of Pyrimidine Auxotroph

Auxotrophic mutants of R. meliloti, were isolated using

nitrous acid mutagenesis followed by penicillin enrichment.

The protocols were similar to those described for E. coli

(Miller, 1972). The medium used for mutant isolation were

supplemented with an additional 10 mM (NH 4 )2SO4 (Kerppola and

Kahn, 1988). A 10 ml culture was grown to approximately 5 x

108 cells per ml in YMB. The cells were washed in 0.1 M

sodium acetate buffer (pH 4.6) and resuspended in 1 ml of a 7

mg per ml solution of NaNO2 in the same buffer. Samples were

withdrawn from the mixture at 30 second intervals between 8

and 12 min after the start of the mutagenesis, washed to

remove the nitrous acid, and then grown in YMB medium for 8

hours to allow recessive mutants to segregate. The cells

were then washed in 0.85 % NaCl and grown for 6 hours in RMM

to deplete nutrient pools. Penicillin G was added to final

concentration of 300 pg per ml and the culture was shaken for
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2 hours to kill bacteria that were still growing in 
the

minimal medium. After the cells had been washed twice in

0.85 % NaCl, appropriate dilutions were plated on YMB medium.

The survival rate was determined by serially diluting and

plating the culture before and after mutagenesis. 
Colonies

from mutagenized cultures with survival rates between 
0.01%

and 0.1 % were replica-picked onto minimal and YMB 
medium and

those that could grow only on YMB were classified by testing

for growth on minimal medium plus 50 pig/ml uracil.

Screening for Pyr Mutant

Yeast mannitol agar plates were used for recovery of

mutants after mutagenesis with nitrous acid and treatment

with penicillin to enrich for auxotrophs. Cells surviving

mutagenesis could be the wild-type, Pyr mutants or any other

unselected mutants. Single colony isolates were picked from

the survivors with sterile toothpicks on to minimal agar

plates and minimal agar plates supplemented with uracil.

Sterile toothpicks were used to transfer simultaneously

potential mutants to minimal agar plates and minimal 
agar

plates supplemented with the desired compound (e.g. uracil

50 pig per ml). Cells able to grow on supplemented plates but

unable to grow on the minimal agar plate would be auxotrophic

for that particular compound. The phenotype of these mutants

was checked to confirm their genotype. Of 3,750 colonies

tested, 10 grew on YMB medium but failed to grow on RMM.
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Determination of Enzyme Blocked in the Pyr Mutants

The metabolic block in the pyrimidine biosynthetic

pathway was determined both by nutritional studies and enzyme

assays. Minimal liquid and agar media, supplemented with the

intermediates of the pyrimidine pathway as well as uracil

were used to grow the mutants. Mutants growing on a

particular intermediate but not on those preceding it 
in the

pathway indicated that the metabolic block involved the

enzyme producing that particular intermediate, assuming that

all preceding intermediates can be transported into the cell.

Determination of Pyrimidine Bases and Nucleotide Suoporting

Growth of Pyr - Mutants

Pyr mutants grown in minimal plus uracil (50 pg/ml),

were millipore-filtered, washed with sterile distilled water

and resuspended in sterile water. This suspension was used

to inoculate liquid and agar media consisting of minimal and

minimal supplemented with various pyrimidine bases and

nucleosides. The cultures were incubated at 30 0 C for 96

hours and were examined for growth daily against appropriate

controls of the wild strain.

Nodulation Experiments

Relatively little is known about the biochemical

interactions required for the formation of the complex

Rhizobium -legume symbioses which allow the legume to grow

without the addition of nitrogen fertilizer.
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Seedlings of alfalfa (Medicago sativa ) were grown in

vials containing sterile vermiculite in sterile 
Jensen's

medium (Vincent, 1970). A sterile Whirlpac plastic bag

(Nasco, Inc., Oakville, Conn) was placed over the vials which

were incubated at room temperature close to an open 
window

for one week. One-week-old seedlings were inoculated with

approximately 102 cells of different R. meliloti, namely the

wild type and the Pyr auxotrophs without uracil and the Pyr

auxotrophs supplemented with uracil (50 pg/ml). After

inoculation, the seedlings were taken to the greenhouse in

the Department of Biological Sciences, for growth. Each vial

was placed separately on the growing chamber table 
and

watered twice a week. Nodules were visible in four to five

weeks . ,

To test for reversion to the Pyr+ phenotype, five-week-

old plants from the Pyr auxotroph supplemented with uracil

(50 pg/ml) at the time of inoculation, were uprooted. The

nodules were dissected from the plants, washed in 50% bleach,

twice in sterile saline and crushed. A sample of the crushed

nodules was then plated on RMM. Confluent growth was taken

as evidence of the reversion of Pyr mutants to the Pyr +wild

type.

Nodulation and Boron Deficiency

During the course of these studies it was discovered

that boron, a natural micronutrient element in the soil, was
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absolutely required for nodulation. This is true for all

soils with high deficiency of boron (Table 
4), which do not

support the symbiotic relationship between 
Rhizobium species

and its preferred hosts. This is particularly applicable to

many Texas soils.

Alfalfa, (Medicago sativa) seeds were germinated in a

full strength complete nutrient solution modified 
after Arnon

and Hoagland (1940), solution (1.02 g KNO3, 0.49 g Ca(N03)2,

0.23 g NH4 H 2 PO4, 0.49 g MgSO4 .7H20, 2.86 mg H3BO3 , 1.81 mg

MnCl2 .4H20, 0.08 mg CuSO4.5H20, 0.22 mg ZnSO4 .7H20, 0.09 mg

H2 MO04 .H20 and trace of FeSO4
.7H20 per liter of Milli Q

water). The pH of the nutrient solution was adjusted to pH

4.7 by either 0.1N NaOH or 0.1N HC1.

Preparation of Cell Extract for AspartateTranscaramoylase

Assay

Cultures are grown in RMM as described above. In each

case 500 ml of cells were incubated in two liter Erlenmeyer

flasks shaken at 200 RPM in a New Brunswick Controlled

Environment Incubator at 3 0 C. The growth of the strains was

monitored by following the change in Klett units on a Klett-

Summerson colorimeter equipped with a number 54 (540 nm)

green filter. Uninoculated medium was used for the control.

Cells were harvested during mid-exponential growth at

approximately 100 Klett units (one Klett unit equals 1X10
7

cells/ml) , by centrifugation at 40C at 18, 000 X g in a
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Sorvall superspeed RC-5B centrifuge for 5 minutes. The cells

were washed once with 25 ml of sterile 50 mM of Tris-HCl, pH

8.0 and either frozen at -20Cc overnight or used immediately

to make cell extracts.

Cells were harvested (1-3 liters) at 100 KU and

centrifuged at 4cC for 10 min at 16,490 X g. The pellet was

washed with 100 ml of 50mM Tris, pH 8.0 per liter of liquid

culture harvested. Washed cells were recentrifuged and the

pellet was stored by freezing. After thawing, the pellet was

resuspended in 50 mM Tris, pH 8.0 containing 
0.02 mM zinc

sulfate 4.0 mM, -mercaptoethanol, using 2 to 3 ml of buffer

per gram wet weight of cells, resulting in a final volume of

approximately 10 ml. Cells were broken by using a French

Pressure Cell Press (SLM/AMINCO, Illinois, USA). The broken

cells were centrifuged at 16,490 X g for 10 min at 4C. The

supernatant was collected and recentrifuged at 
41,851 X g for

one hour at 40C. Then the supernatant was collected again.

The sample was dialyzed for two hours against 40 mM KH2PO4,

pH 7, containing 0.02 mM zinc acetate.

ATCase Enzyme Assay

The activity of ATCase was determined by monitoring 
the

enzymatic production of carbamoylaspartate using 
the method

of Prescott and Jones (1969). Each assay tube contained the

following components in a final volume of 2.0 ml; 40 mM

K2 HPO4 (pH 7.0), 4 mM carbamoylphosphate, 0.2 ml of
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appropriately diluted enzyme preparation 
or cell extract, 1.0

mM aspartate to 200 mM aspartate and 
2.0 mM to 10.0 mM ATP or

CTP when effectors were used. The effect of pH on the

enzymes was measured by substituting 40 mM Tris-phosphate

buffers of varying pH values as indicated 
in the Results.

All assay tubes were prepared in advance 
(without

carbamoylphosphate) and pre-incubated at 30 0 C for two

minutes. The reaction was started by the addition 
of

carbamoylphosphate, and that was freshly prepared )ef ore

addition. At 10 min intervals, 0.5 ml samples were withdrawn

and the reaction terminated by dilution 
with 0.5 ml of ice

cold water. One ml of acid color mix was immediately 
added

and the tube was thoroughly mixed on a vortex 
mixer.

Individual samples were kept on ice until all further samples

were taken. Colorimetric analyses were developed by

incubating the tubes capped with marbles in a 60C 
water bath

exposed to room lighting. After 110 min, the assay tubes

were cooled to room temperature and stored in the 
dark until

their optical density was read. The absorbance at 466 nm

(A466) was determined in a Beckman DU-40 spectrophotometer

against a water blank. Controls to determine the

contribution of water, buffer, substrates, and cell extracts

were performed and subtracted from the experimental values

obtained when necessary. The concentration of

carbamoylaspartate formed was calculated from a standard
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curve of A466 plotted against carbamoyl 
aspartate

concentration. The assay is sensitive enough to detect as

little as 2-5 nanomoles (nmol) of product formed. The

specific activity of the enzyme is 
expressed as nmol of

carbamoylaspartate formed per min per mg 
protein.

ATCase "SPOT ASSAY"

The above ATCase assay was modified from that previously

described by Prescott and Jones (1969) for the assay of

ATCase activity in column fractions where only 
the relative

amount and location of enzyme activity was desired. 
An assay

mix containing both substrates and buffer was prepared.

Typically, 20 mM aspartate and 8 mM carbamoylphosphate were

added. Volumes of 0.5 ml of each column fraction were added

to each assay tube containing 0.5 ml of assay mix. 
The

samples were incubated at 30T for 20 min and the reaction

stopped by the addition of 1.0 ml of acid mix. 
Color was

developed at 60C until the samples became visually yellow.

The tubes were cooled to room temperature and the absorbance

was determined as above. The method of Lowry et al. (1951)

was used to estimate the total amount of protein using bovine

serum albumin as the standard.

Purification of ATCase

ATCase holoenzyme was purified from a Pyr mutant of R.

meliloti. The Pyr mutant was grown in limiting uracil (4

pg/ml) to about 100 KU at which point all uracil was used.
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The cells were shaken for another two hours 
which derepressed

the amount of ATCase 35-fold that found 
for uracil grown.

cells (see Results) . Approximately 50 g of frozen cells were

resuspended in 50 mM Tris, pH 8.0 containing 0.02 mM zinc

sulphate and 4.0 mM, S-mercaptoethanol, using 2 to 3 ml of

buffer per gram wet weight of cells. Cells were broken by

using French Pressure Cell Press (SLM/AMINCO, Illinois, USA).

The broken cells were centrifuged at 16,490 X g for 10

min at 40 C. The supernatant was collected and recentrifuged

at 41,851 X g for one hour at 40 C. The harvested

supernatant collected was treated with 2 % streptomycin

sulphate and 60% (w/v) ammonium sulphate. The precipitate,

removed by centrifugation, was resuspended in ATCase buffer

and dialyzed for two hours against 0.04 M KH2 PO4, pH 7,

containing 0.02 mM zinc acetate. After dialysis the sample

was passed over a calibrated 2.5 cm x 75 cm Sephadex 
G-200

column and eluted with 50 mM Tris-HCl buffer, pH 8.0 (Fig.

6).

Final Step of Purification of R. meliloti ATCase by Size

Exclusion Hih-Performance Liauid Chromatograhv.

Size-exclusion (SE) high performance liquid

chromatography (HPLC) separates proteins based on molecular

size in descending order from large to small (Unger 1984).

Protein mixtures are applied to SE column containing a

chromatographic matrix of defined pore size. Proteins are
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?UR TFICATION SCHEME

Rhizobium melfloti, (Pyr)

grown in RMM with 20%
and uracil(4 pAg/rml)

casamino acid

bacterial culture with a density of 100 KU,
harvested and starved for 2 hours.

centrifuge at 40 C at 8000g for 5 min.

-
cI

supernatant (discarded)

pellet, washed with 50 mM Tris-HCl, pH 8.0.
centrifuge at 8000g for 5 min.

Fupernatant (discarded) pell t, frozen overnight.

suspended in ATCase buf-
fer, pH 8.0.

Cells broken inside a French Pressure cell
Press.

centrifuge at 4C at
17,934 g for 10 rmin.

pellet
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Pellet (discarded) Supernatant

centrifuge at 40C at 37,073g
for 1 hour.

Pellet (discarded)Supernatant

add 2% streptomycin sulfate at 40 C with constant
stiring for 30 min. Centrifuge at 37,073g for
30 min

Supernatant

Pellet, suspended in ATCase buffer, pH 8.0

dialyzed overnight at 4* C
VS ATCase buffer, pH 8.0

Dialyzed sample ready for Sephadex G-200 column.

add 60% ammonium
sulfate at 4"C with con-
stant stiring for 4 hours.
Centrifuge at 37,073g for
30 min.

Supernatant
(discarded)

Pellet (discarded)



Dialyzed sample ready for Sephadex C-200 column.

Sephadex G-200 column, equilibrated with Blue dextran,

MW 2,000,000 in ATCase buffer, pH 8.0.

Fractions collected

pool highest ATCase activities and concentrate.

Dialyzed overnight VS. ATCase buffer, pH 8.0.

Dialyzed sample ready for HPLC, against 50 mM Tris-HCl, pH 8.0.

(HPLC, Waters, Chromatographic Division, Milford, MA)

Filter through Acro LC 13 (0.45pm)

Inject sample onto HPLC column and collect fractions

(Beckman size- exclusion column, Spherogel-TSK G3000SW (7.5 mm X

mm).

Pool highest ATCase activities and concentrate.

Pure ATCase enzyme ready for further studies.

Fig. 6. Schematic diagram of purification
procedure for ATCase holoenzyme from R. meliloti.
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eluted with 50 mM Tris-HCl buffer, pH 8.0, collected as

individual chromatographic fractions, and analyzed

separately.

The HPLC equipment used in this research (Waters

Chromatography Division, Milford, MA, USA) consisted of two

Model 510 pumps, a Model 680 Automated Gradient Controller, a

U6K injector and a Waters 740 Data Module or Apple IIe with

Chromatochart Program. Proteins were detected by monitoring

the column effluent at 280 nm with sensitivity fixed at 0.1

AUFS (absorbance units full scale). Separations were to be

performed on Beckman, Spherogel-TSK G3000SW (7.5 mm x 300 mm)

SE column, using a Waters Radial Compression Z-Module system.

The elution buffer system was of Eluent A, 20 mM Tris-HCl (pH

= 8.0), and Eluent B, 250 mM Tris-HCl (pH = 8.0).

The eluate fractions from the G-200 column, with the

highest ATCase activity, were pooled and injected onto a

Beckman Spherogel-TSK G3000SW (7.5 mm x 300 mm) SE column

(Unger, 1984). The protein sample was suspended in SE buffer

(20 mM sodium acetate plus 150 mM NaCl, pH 8.0) before

injecting onto SE column. A linear gradient of Eluent B was

applied for 20 minutes followed by an isocratic period of 10

min with Eluent B (Khym,1975). The flow rate is maintained

at 0.5 ml per minute. Analyses are performed at 250 C. Peaks

are integrated on a Waters 740 Data Module. This procedure
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yielded adequate quantities of enzyme of sufficient purity to

be used for further enzymatic studies.

Purified enzyme was stored at 40 C in 40.0 mM phosphate

buffer (pH 7.0), 0.02 mM zinc acetate, and 1 mM V-

mercaptoethanol. Enzyme to be retained for periods longer

than one month was stored in the above buffer either 
frozen

at -200 C or at 40 C as an ammonium sulfate (2.20 M)

precipitate. Enzyme stored under these conditions was stable

for up to two years.

Polyacrylamide el electrophoresis

Denaturing 9 % SDS-polyacrylamide gel electrophoresis

(SDS-PAGE) was used to check for the presence of ATCase 
in

samples of cell-free extracts in the final stages of

purification. The stock solution of acrylamide contained:

30 % (w/v ) acrylamide, and 0.8 % (w/v

N, N'-bis-methylylene acrylamide in distilled water; 1.5 M

Tris-HCl, pH 8.8; 0.5 M Tris-HC1, pH 6.8; 10 % (w/v) SDS; 10%

ammonium persulphate; and 0.5% (w/v) bromophenol blue. The

sample buffer contained: distilled water (4.7ml), 0.5 M Tris-

HCl, pH 6.8 (4.0 ml), glycerol (4.0 ml), 10 % SDS (4.0 ml),

and S-mercaptoethanol (0.4 ml). Electrode buffer, pH 8.3

contained: Trizma base (12.0 g ), glycine (57.6 g), SDS (2.0

g)and distilled water to 2000.0 ml. Color silver staining

solution and the working solution volume (WSV) contained :

silver (300.Oml); reducer aldehyde (150.0 ml); reducer base
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(150.0 ml); and stabilizer base (900.0 ml). Dilutions were

as follows, silver (20.0 ml WSV : 280.0 ml water); reducer

aldehyde (20.0 ml WSV : 130.0 ml water); reducer base (20.0

ml WSV : 130.0 ml water); stabilizer base (20.0 ml WSV

880.0 ml water) and 50 % ethanol + 5 % acetic acid.

The 9 % separating polyacrylamide gel solution

contained: distilled water (13.5 ml), 1.5 M Tris-HCl, pH 8.8

(10.0 ml), 10 % SDS (0.4 ml), acrylamide: BIS (30:0.8) (16.0

ml), 10 % ammonium persulfate (0.2 ml), TEMED (0.01 ml) with

a total volume of 40.0 ml. The 3 % stacking gel solution

contained: distilled water (12.6 ml), 0.5 M Tris-HCl , pH

6.8 (5.0 ml), 10 % SDS (0.2 ml), acrylamide : BIS (30:0.8)

(2.0 ml), 10 % ammonium persulfate (0.2 ml), TEMED (0.01 ml).

The separating gel was made using gel solution sufficient for

two 14 cm x 10 cm x 0.75 mm slab gel. The solution was

aspirated for 15 min while in the ice container and TEMED 
was

added with gentle swirling to, avoid trapping air bubbles.

Next,18.0-20.0 ml of the separating gel was injected into the

casting apparatus. Water was layered carefully onto the

solution allowing polymerization to proceed for 2-3 hours.

After polymerization, the stacking gel was prepared and

aspirated for 15 min. TEMED was added with gentle swirling

so as not to trap air bubbles. The water layer was removed

from the top of the separating gel, the stacking gel was

poured and the well forming comb was inserted. The stacking
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gel was allowed to polymerize for 30-45 min. Then, the upper

chamber was filled with electrode buffer and allowed 
to sit

overnight. Protein samples were diluted 3:1 (sample : sample

buffer) with sample buffer and heated in a boiling 
water bath

for 2 min. The comb was removed from the gel, the wells

washed once with electrode buffer and the core unit was

placed into the tank. One liter of electrode buffer was

added to the upper buffer tank. Protein samples were added

to the bottom of the wells slowly. Five drops of 0.05 %

bromophenol blue were added to the upper buffer tank. The

electrophoresis was started and run at 15 mA to stack the

proteins. As the dye front entered the separating gel the

current was increased to 30 mA. The gel was terminated run

when the dye front approached 0.5 cm from the bottom of the

gel. Each run was carried out at 4C. Silver stain was used

to stain the gel after fixing proteins in the gel with 50 %

ethanol and 5.0 % acetic acid overnight. Gels were washed

with four changes of deionized water (with a 0.75 mm gel

thickness, washed 30.0 min per wash). Silver stain was

applied 30 min, rinsed 10 seconds with water, and then placed

in a reducer solution (reducer aldehyde and reducer base

mixed 50 : 50, prior to use) for 5 min. Stain stabilizer

solution was applied for 1.5 hour at 30 min intervals. Gels

were wrapped in saran wrap and sealed in a ziplock bags for

storage.
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Samples of the cell-free extract were mixed with

tracking dye containing glycerol, bromophenol blue, xylene

cyanol before being loaded onto a 9 % non-denaturing

polyacrylamide slab gel in a single Tris-glycine buffer, pH

8.3 (Foltermann et al., 1981). The samples were run until

the bromophenol blue of the tracking dye in the cell-free

extract reached the bottom of the gel.

Activity Stain

Gels were specifically stained for ATCase activity by a

procedure developed by Bothwell (1975; PhD dissertation,

University of California, Berkeley), and modified by K.

Kedzie, (1987; PhD dissertation, Texas A & M University

College Station) who used lead nitrate rather than lead

sulfate. Following electrophoresis, the gel sandwich was

dismantled and the gel placed in a pyrex dish, with one of

the glass plates used as a support. The gel was then

equilibrated with 250 ml ice cold 50 M Tris-HCl, pH 8.5,

(1.513 g Tris-Base per 250 ml deionized H2 0) for 20 min.

Five ml of 1.0 M aspartate and 10 ml of 0.1 M

carbamoylphosphate (0.78g of aspartate per 5mls deionized H2 0

and 0.153g of carbamoylphosphate per 10 ml deionized H2 0,

respectively) were then added. the gel was then incubated

for 20 min on ice, and then washed three times using ice cold

deionized H20. Enzymatic release of orthophosphate trapped

in the gel was precipitated by the addition of ice cold 3 mM
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lead nitrate in ice cold 50 mM histidine, pH 8.5, (0.25 g of

lead nitrate/250 ml in 50 mM histidine pH 8.5, 2.62 g

histidine/250 mls deionized H2 0). After 15 min, lead nitrate

was removed using three changes of ice cold deionized H2 0.

Gels were stored overnight at 4C in deionized H2 0 prior to

interpretation. At times an increased resolution of the

white water-insoluble lead phosphate precipitate was obtained

by converting it to a dark lead sulfide precipitate 
with 300

ml of 1 % sodium sulfide. When utilized the sodium sulfide

solution was removed by flushing with tap water after 5-10

minutes exposure. The gel were washed for 30 min, following

exposure to sodium sulfite, to reduce the dark background.

Occasionally the background still remained high and the gel

was placed in 0.7 % nitric acid to allow destaining overnight

at 40 C.

Lowry Protein Estimates

Estimate of the protein content of various cell-free

extracts was determined by the method of Lowry (Lowry et al.,

1951). Reagents: Alkaline Copper reagent, (mixed 0.5 ml of

2 % Na/K and 0.5 ml of 1% CuSO4 - 5 H2 0 before adding 49 ml

of 2 % NaCO3 in 0.1 N NaOH); Folin reagent, ( diluted 1:1

with water for 1N Folin reagent); 0.1 % bovine serum albumin

(0.9 ml double distilled H2 0 plus 0.1 ml 1 % dessicated BSA

in water to yield 1mg per ml solution of BSA). To construct

the standard curve for the Lowry assay standard tubes were



42

set up from 0-100 ig BSA in 10 ig increments. To assay the

samples dilutions were made to a total volume of 200 pil (for

example to make 1:10 dilution of typical cell free 
extract,

add 20 pl sample plus 180 p1 double deionized H20). For

assay, add 0.8 ml of alkaline copper reagent to standards of

0-100 pg BSA and let stand for 10 min. Add 0.1 ml of 1 N

Folin reagent to all of the tubes and let stand for 30 min

at room temperature and then read the absorbance at 660 nm on

a Beckman DU-40 spectrophotometer model against a water

blank.

Molecular Weight Estimation

Molecular weights were estimated using Sephadex G-200

ascending flow column chromatography.(Whitaker 1963)

Sephadex G-200 was hydrated in 40 mM potassium phosphate, pH

7.0, by heating at 900 C-1000 C for 4.0-5.0 hours. 'After the

gel was equilibrated at 40 C and the fines had been removed,

the gel was degassed and poured into a Pharmacia column (2.5

cm x 75.0 cm). The gel was allowed to settle for 30 min and

the recommended flow rate of 15 ml per hour was established.

Elution buffer (50 mM Tris,pH 8.0 containing 0.02 mM zinc

sulfate and 4.0 mM, P-mercaptoethanol), elution was continued

until packing was stabilized, at which point upward flow was

begun.

Enzymes used in column calibration were : Lysozyme, MW

14,400 daltons (d); Bovine serum albumin d, MW 68,000 d;
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Ovalbumin, MW 45,000 d; Myosin, MW 200,000 d; ane E. coli -

galactosidase,MW 116,300 d. These standard enzymes (5 to 20

mg of each) were prepared in 1.5 ml amount of 50 mM Tris, pH

8.0 containing 0.02 zinc sulfate, and applied to the column.

Blue dextran, MW 2,000,000 d, was used to determine the void

volume of the column .

Purified ATCase sample, (1.5 ml) was applied to the

column. The column was eluted with the elution buffer and

fractions (3.0 ml) were collected at a flow rate of 15 to 18

ml per hour. The absorbance of the samples collected were

read at 280 nm on a Beckman DU-40 model spectrophotometer

against a water blank and used to construct the elution

profiles.

Growth of Cells for Nucleotide Extraction

Bacterial cells were grown in RMM with 0.5 % (w/v)

sodium gluconate as a carbon source. Volumes of 100 ml of

bacterial culture with a density of 100 KU were harvested and

centrifuged at 40 C at 12,000 X g for two minutes. The

supernatant was decanted and the cell pellet used for

nucleotide extraction.

Trichloroacetic Acid Extraction Procedure

Two ml of ice-cold 6 % (w/v) TCA was added to the cell

pellet, which was mixed on a vortex mixer for 2 min and

allowed to stand at 40 C for 30 min before further

centrifugation at 12,000 X g for 10 min. The pH of the clear



44

supernatant was adjusted with ice-cold Freon-amine 
(Pogolotti

et al., 1982; Bagnara and Finch, 1973). The Freon-amine

sample mixture was treated on a vortex for 2 min and then

allowed to separate for 15 min at 40 C. The top aqueous

layer, which contains the nucleotide extract, was then

removed, filtered through a 0.45 pm ACRO LC13 filter and

frozen at -200 C until analysis was performed (Fig. 7) .

Chromatopraphic Apparatus and Conditions

The HPLC equipment (Waters Chromatography Division,

Milford, MA, USA) consisted of two Model 510 pumps, a Model

680 Automated Gradient Controller, a U6K injector and a Model

481 LC Spectrophotometer. Nucleotides were detected by

monitoring the column effluent at 254 nm with sensitivity

fixed at 0.05, absorbance units full scale (AUFS).

Separations were performed on a Waters Radial PAK Partisil

SAX10 Cartridge (0.8 cm X 10 cm) using a Waters Radial

Compression Z-Module system. The elution buffer system

consisted of Eluent A, 7 mM NH4H2 PO4 (pH = 3.8), and Eluent

B, 250 mM NH4 H2 PO4 (pH = 4.5) with 500 mM potassium chloride

(Khym, 1975, Pogolotti et al., 1982).

Nucleotide samples, prepared as described above, were

injected into the column. A linear gradient of Eluent A to

Eluent B was applied for 20 min followed by an isocratic

period of 10 min with eluent B buffer (Khym, 1975). The

column was regenerated by washing with 30 ml of eluent A
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Extraction scheme for ribonu.Qleotides

Bacterial Culture

Centrifuge at 12,000

at 4" C

gfor 5 min

I-r tn
Supernatant Cell pellet

Add TCA (6% w/
v), mix byvortexing,
allow to stand
30 min, centrifuge
atl12,000 g for15
min at 40C.

Supernatant

Bottom layer

Pellet

Add Freon-amine, vortex, and
stand

Top aqueous layer con-
tains nucleotides

Filtbr

Store at -20* C for

Fig. 7. Flow sheet for the extraction procedure for ribonucleotides from R. melilo-

ti cultures.

I I
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buffer. The flow rate was maintained at 4 ml/min. Analyses

were performed at 250 C. Peaks were integrated either

manually on a Cole Parmer (Chicago, IL, U.S.A.) strip-chart

recorder or by a Waters 740 Data Module. Individual

components of the acid soluble nucleotide pools were

identified using retention time as compared with authentic

standards and by injecting a known internal standard with

each run. The recoveries of nucleotides from solutions of

nucleotide standards were determined by measuring peak

heights before and after the extraction procedures.

HPLC Maintenance

The system, including the column, was stored in 50 : 50

(v/v) filtered methanol and distilled water when not in use.

The system was flushed with 50 ml of methanol water (50:50

v/v) at 1 ml/min. The pumps were flushed separately by

opening the reference valve, with 50 ml of filtered distilled

water at 9 ml/min. The injection loop was flushed by

setting the injector valve in the inject position. The flow

rate was changed to one ml per min and the reference valve

closed to flush the column. When the pressure dropped from

1000 to 600 lb per square inch, the 50 : 50 methanol : water

mixture was completely washed from the system.

The flow rate was increased to 2 ml per min and the

injector valve was changed to the load position to insure

that both sides of the loop were equilibrated with the
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filtered distilled water. Pump A was flushed with the

starting buffer (filtered 7 mM ammonium phosphate pH 3.8).

The injector loop and column were then flushed as before.

Pump B was flushed separately with final buffer, 250 mM

ammonium phosphate (pH 4.5) with.500 mM KCl.

Calculations

The concentration of the sample was calculated by

comparing its peak height to the standard for which 
the

concentration was known (1 mM). The nanomoles per gram dry

weight for all nucleotides were computed as follows:

Sa C XV X Vs

St Vi Dw

where Sa = peak height of sample, St = peak height of

standard, C = grams compound in standard + molecular weight

of compound, V = total volume of sample, Vi = volume of

sample injected, Vs = volume of standard injected and DW =

dry weight (Dutta and O'Donovan, 1987).
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RESULTS

Isolation of Pyrimidine Auxotrophs

Wild type Rhizobium meliloti (ATCC #10311) was

mutagenized and treated according to the method of Miller

(1972). All strains used throughout this research were

derived from the R. meliloti wild type strain.

The Pyr mutant was necessary to allow derepression of

ATCase when the mutant was starved for pyrimidines. This

35-fold derepression (Table 5) meant that large quantities of

the enzyme could be obtained for purification. The Pyr

mutant was isolated after screening 3,750 colonies using a

replica plating technique on RMM plates in the presence 
and

absence of uracil.

Growth of the R. meliloti , Wild Type and R. meliloti , Pyr

Auxotrophs

Growth curves for R. meliloti , wild type strain and

its isogenic Pyr auxotroph are shown in Fig. 8 where the

log of the Klett Units (KU) is plotted against time. As can

be seen from Fig. 8, the wild type strain grows well on RMM

but the Pyr auxotroph requires uracil, cytosine, cytidine or

uridine, to satisfy pyrimidine auxotrophy(Ban, et al., 1972)

(Table 6).

All cells were harvested at 100 KU at which point

derepression level experiments were carried out for the Pyr
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Table 5 ATCase specific activity from wild type and Pyr

strains of R. meliloti grown in the presence and

absence of uracil.

Additions to RIj4 Fold-derepression

None* Uracil
(50 ua/ml)

Wild type 0.256 0.189 1.4

Pyr mutant 5.6 0.157 35.0

*Starved for uracil for 2 hours.
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Fig. 8 Growth curves for R. meliloti, wild type and R.

meliloti, Pyr~ auxotroph, in the presence or

absence of pyrimidines. Cells were grown in RM

with or without supplements. When the

supplemented cultures reached 100 KU they were
starved for two hours.
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Table 6 Compounds which satisfy the pyrimidine requirement

of the Pyr~ mutant of R. meliloti

Addition to PRlM Growth

None

Cytosine

Cytidine

Deoxycytidine

Deoxyuridine

Uracil +

Uridine +

+, growth

no growth
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mutant and the wild type. Each culture was grown with and

without uracil.

Derepressed level of Pyr~ auxotroph mutant

The enzyme ATCase was assayed from the Pyr auxotroph.

The Pyr~ auxotroph was inoculated into a Klett flask

containing RMM with 4 vpg uracil per ml added. The strain

grew to approximately 100 KU before growth ceased and

derepression of the pyrimidine enzyme began. To allow ample

time for maximal derepression to occur, the cells were

starved for two hours. The cells were then centrifuged,

broken in a French-press and assayed for ATCase.

ATCase spot assay

A modification of the complete ATCase assay, referred to

as the spot assay, was utilized to estimate the proper

dilution of cell extract to be used in the complete assay.

This was necessary' to ensure that the enzyme ATCase was

present in the mutant Pyr and also to follow the ATCase

activity in fractions from the size exclusion chromatography.

The results of the ATCase assays on different purification

steps are as presented in Table 7.

Metabolic Block in the Pyrimidine Biosynthetic Pathway

The Pyr auxotroph grew on minimal medium supplemented

with uracil, (50 pg/ml) ,but not on minimal medium alone.

This indicated that there was a block in the de novo pathway

of pyrimidine biosynthesis. The metabolic block was
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determined by growing the cells on RMM 
plates to which

crystals of intermediates of the pyrimidine 
pathway were

added (Table 8). A mutant growing on a particular

intermediate but not those preceding it in the pathway

indicated that the metabolic block involved the enzyme

producing that particular intermediate. 
In this way, it was

suggested that there was a block at 
the step where orotate is

converted to orotidylate which is encoded by 
pyr E. It was

suggested that the mutant Pyr was a leaky pyr E, because its

cells produced small colonies on minimal medium.

Purification of ATCase from the R. melilotiPr~ auxotroph

The Pyr mutant was grown in limiting uracil (4 pg/ml)

to about 100 KU at which point all the uracil was 
depleted.

The cells were then starved for another two hours. During

this starvation period the amount of ATCase increased 
35-fold

(Table 5). The cells were harvested by centrifugation and

broken in a French-press. The schematic diagram representing

the purification procedure for ATCase from R. meliloti 
is

presented in Fig. 6. The Rhizobium cell extract was now

treated with 2 % streptomycin sulfate and 60 % (w/v) ammonium

sulfate before being passed over a Sephadex G-200 column.

The eluate fractions from the G-200 column, with the highest

ATCase activity, were pooled and injected onto a Beckman

Spherogel-TSK column (7.5 mm x 300 mm) and eluted with 50 mM

Tris-HCl buffer, pH 8.0, (Fig. 9). A comparison of the cell
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Table 8. Determination of the metabolic block in Pyr- mutant
of R. meliloti.

Addition to RM Growth

Pyr- Wild-type

None +

Uracil++

Carbamylaspartate +

Dihydroorotate -

Orotate +

Orotidine +

OMP + +

UMP + +

+, growth

no growth
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p

10 20 30
Time (minutes)

40

Elution profile of ATCase from a Pyra R.
meliloti. A Beckman Spherogel-TSK G3000 SW (7.5
mm X 300 mm), size-exclusion column was used.
Temperature at 25 0 C; detector sensitivity 0.1
AUFS; Absrobance recorded at 280 nm and flow rate
maintained at 0.5 ml per min. Peak number 24
contained the ATCase actitivy.

I
0

Fig. 9
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free extract, 2 % streptomycin sulfate, 60 % ammonium

sulfate, Sephadex G-200 column and Beckman Spherogel-TSK

column demonstrated a significant purification at each step

(Fig. 10) until only a single protein band was detected in

the final step of the purification scheme when visualised by

silver staining. As can be seen from Figures 10 and 11, the

Rhizobium ATCase had a molecular weight of about 300,000

daltons. Figure 12 shows an elution profile from G-200

column of R. meliloti ATCase as seen in peak numbers 40-55

and the catalytic subunit seen in peak numbers 60-70. The

holoenzyme was inhibited by the allosteric effectors ATP or

CTP (Fig. 13).

The Km value for aspartate for R. meliloti ATCase was

determined -from a Lineweaver-Burk plot, Fig. 14 to be 4.8 mM

aspartate. The velocity-substrate plot was hyperbolic in the

presence and absence of the effectors ATP and CTP (Fig. 15).

The Km increased to 21.0 mM when ATP or CTP was included in

the assay mixture (as determined by a Lineweaver-Burk plot;

data not shown)

As can be seen from Fig. 15, the enzyme was inhibited

both by ATP and CTP, and as calculated from a double

reciprocal plot (1/V versus 1/S), the inhibition was

competitive.

The influence of increasing concentrations of ATP or CTP

on the activity of the enzyme was investigated at various
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4

Fig. 10 SDS polyacrylamide gel (9 %) of ATCases found in
different purification steps from R. meliloti.

Lane
Number

1&2
3.
4
5

R. meliloti, cell-free extract
Beckman Spherogel-TSK, size exclusion column
Sephadex G-200 column
2 % streptoinycin sulfate and 60 % ammonium sulfate

42- 1
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(1) Lysozyme, (Ve/Vo) 3.5
(2) Ovalbumin, (Ve/Vo) 3.1
(3) Bovine serum albumin, (Ve/Vo) 2.6

(4) E. coli, f-galactosidase, (Ve/Vo) 2.2
(5) Myosin, (Ve/Vo) 1.8
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Elution profile of R. meliloti ATCase holoenzyme
and its catalytic subunit. Fraction numbers 40-
55 contained the holoenzyme and fraction numbers
60-70 contained the catalytic subunits. Elution
conditions were as described in Materials and
Methods.
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Fig. 13 Substrate saturation curve for R meliloti ATCase

in the presence or absence of ATP or CTP.

Aspartate concentrations examined were from 0 to

60 mM Aspartate
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Fig. 14 Lineweaver-Burk plot for R. meliloti ATCase.
Each point, represents the rate of
carbamylaspartate formation between 10 and 30
minutes of a ATCase kinetic assay. All points
are weighted equally. 1/V = reciprocal of the
velocity and 11(S) = reciprocal of the substrate
concentration were S is the concentration of
aspartate in mM.
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A +CTP

0 +ATP

40 60 80 100-

Velocity-substrate plot for aspartate.
Aspartate concentrations were examined from 0 to
100 mM. Michaelis-Menten kinetics were observed
with no effector and with the effectors ATP and
CTP. All points represent 30 minute time points
from rate measurements that were linear over the
assay period.
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aspartate concentrations. The heterotropic response to

effectors was examined at different aspartate concentrations

and is seen in Fig. 15. The response to increasing

concentrations of ATP or CTP was greatest at between 5 mM and

10 mM aspartate. Results indicated that Michaelis-Menten

kinetics prevailed throughout.

The Lowry protein assay (Fig. 16) was used to estimate

the protein content of cell-free extracts. The protein

content was typically about 100 pg per ml in a cell-free

extract. Carbamoylaspartate standard curve is presented in

Fig. 17.

Activity Stain

The polyacrylamide gel activity stain for ATCase was

modified from an earlier procedure (Bothwell 1975) and K.

Kedzie, (1987 PhD dissertation, Texas A & M University

College Station). A typical activity stained gel is shown in

Fig. 18. The least mobile band corresponds to to the ATCase

holoenzyme, c6r6 . The slightly more mobile band corresponds

to r2 -deficient, species c6r4 (Yang et al., 1974; Subramani

and Schachman 1980). The most mobile band corresponds to the

catalytic trimer, c3- Other forms of the enzymes have been

observed, although not definitively identified. They are

presumed to be aggregate forms of the holoenzyme form of

ATCase. R. meliloti ATCase was identified by comparing the

band to that formed by the purified E. coli ATCase holoenzyme
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Fig. 16 Lowry protein standard curve. The standard curve
was constructed from 0-120 pg/ml bovine serum
albumin (BSA) in 20 pg/ml increments.
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Fig. 17 Carbamoylaspartate standard curve. The standard
curve was constructed from 0-150 nanomoles (nmol)
carbamoylaspartate in 25 nmol increments.
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ATCase activity gel.

1 Purified R. meliloti ATCase (holoenzyme) and
catalytic subunit

2 Cloned E. coli catalytic subunit
4 Purified R. meliloti ATCase (holoenzyme)
5 Purified E. coli ATCase (holoenzyme)
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and from the E. coli catalytic trimer. The banding patterns

were found to be nearly identical. Thus, from the gel there

is a similarity in size of Rhizobium ATCase with both the E.

coli holoenzyme and its catalytic subunits. Table 9 gives a

comparison of the ATCase from E. coli and R. meliloti.

Determination of ATCase Molecular Weight

The molecular weight was estimated by using G-200 column

chromatography. The calibration curve for the column is

shown in Fig. 11 Relative elution volumes (Ve/Vo) were

determined for each protein standard. Ve/Vo represents the

elution volume of the given protein relative to the elution

volume of Blue Dextran 2000, which is totally excluded by the

gel. The calibration curve was prepared by plotting the

logarithm of the molecular weight of each standard protein

versus Ve/Vo for each standard protein. The molecular weight

of R. meliloti ATCase is indicated in Fig. 11, as a class II

ATCase of approximately 300,000 daltons.

It was of interest to determine the response of the R.

meliloti ATCase to varying pH at 100 mM aspartate

concentrations. This was carried out in the presence or

absence of effector ATP or CTP at 2.0 mM final concentration.

The data are presented in Fig. 19. As can be seen, the

enzyme is active over the pH range examined but shows

increased activity with increasing pH. The enzyme has a pH
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----- no effector
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-- - +CTP

Fig. 19. Effect of pH on the course of reaction of R.
meliloti ATCase in the presence or absence of ATP
or CTP at 2 mM. The activity was measured in
Tris-phosphate buffer at 100 mM aspartate, at
absorbance 466 nm.
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optimum between pH 8.5 and 9.0. Both ATP and CTP inhibit the

enzyme at all pH ranges studied.

Separation and Characterization of the Acid-Soluble

Nucleotide Pools

One objective of this project was to study the

nucleotide pools in pyrimidine-sufficient and pyrimidine-

starved cells in R. meliloti. It was important to see if the

nucleoside mono-, di- and triphosphates responded to

pyrimidine depletion in the Pyr strain. To carry out this

work, wild type R. meliloti and its isogenic Pyr mutant were

employed. Both strains were grown in RMM in the presence or

absence of uracil on a rotatory shaker at 30 0 C. Uracil was

added at the rate of 50 pg per ml and the Pyr strain was

starved for uracil for two hours after growth to 100 KU, at

which time samples were taken. Typically, an experiment was

carried out as follows: 100 to 200 ml of RMM were inoculated

with the culture to be tested in the presence (at 50 ig/ml)

or in the absence of uracil. The cells were grown to a

density of 100 Klett units (109 /ml). The cells were

harvested by centrifugation, washed and resuspended in the

same medium without uracil. Fifty ml samples of the uracil

starved culture were then treated with 6 % (w/v)

trichloroacetic acid to extract the nucleotides as described

in Materials and Methods section. Nucleotides were

quantitated by HPLC. Fig. 20 shows a chromatogram of peaks

I
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Fig. 20. Chromatogram of the 12 ribonucleotide standards.
The numbers refer to: 1 CMP, 2 AMP, 3 UMP, 4 GMP,
5 UDP, 6 CDP, 7 ADP, 8 GDP, 9 UTP, 10 CTP, 11 ATP
and 12 GTP. Column, radial compression Partisil
10-SAX cartridge; temperature ambient; detector
sensitivity, 0.05 AUFS. Absorbance recorded at
254 nm
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representing the 12 biologically important ribonucleotide

standards, UMP, CMP, AMP, GMP, UDP, CDP, ADP, GDP, UTP, CTP,

ATP, and GTP. Since growth is reflected best by the

concentration of triphosphate, only the triphosphate levels

are shown and discussed in detail.

Each ribonucleotide was identified by its retention time

and is listed in Table 10. The nucleotide content of R.

meliloti was calculated by comparing the peak heights of the

sample ribonucleotides with those of the standards of known

concentration (0.01 mM) and expressed as micromoles per gram

dry weight of cells.

When the Pyr strain was starved for uracil the level of

ATP and GTP continued to increase linearly reaching a maximum

when the cells reached a density of 100 Klett after 295

minutes. The increase in ATP and GTP, resulted when uracil

was removed from Pyr strain at 100 KU (Fig. 21). This

confirms the finding of Dutta and O'Donovan (1987).

The bacterial suspension at this stage contained 2.1 X

109 cells per ml. The cells were starved for two hours, when

a density of 2.9 X 109 cells per ml was attained.

Nodulation experiments

R. meliloti formed nodules with alfalfa plants grown in

the presence of boron but failed to form nodules in plants

that were grown without boron. From this experiment it
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Elution profile of the ribonucleoside mono-, di
and triphosphates from R. meliloti, wild type
Pyr+ (top) and Pyr~ mutant (bottom). Cells were
grown in RM supplemented with uracil to 100
Klett units (KU). They were harvested, washed
and resuspended at 100 KU per ml in the same
medium without uracil andstarved for 2 hours.
Column, radial compression Partisil 10-SAX
cartridge; temperature ambient; detector
sensitivity, 0.05 AUFS. Absorbance recorded at
254 nm
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became clear that boron was needed for nodulation and that

soils with boron deficiency would not support nodulation.
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DISCUSSION

Pyrimidine metabolism was studied in the soil

microorganism Rhizobium meliloti. A Pyr mutant was

especially isolated for this purpose. The pyrE mutant was

blocked in the conversion of orotate to OMP and required

pyrimidines for growth on minimal medium. The levels of

nucleoside mono-, di- and triphosphates were measured in the

wild type and in its isogenic mutant. By starving the Pyr

mutant for pyrimidines thereby decreasing uridine and

cytidine nucleotides, it was possible to derepress the

synthesis of ATCase. This was exploited for the 
purification

of the ATCase to homogeneity. The enzyme was characterized

with respect to molecular weight, subunit composition,

saturation kinetics, pH optimum, Km and inhibition by

nucleotide effectors. A novel final purification step was

included using HPLC for the first time. Since this project

arose from previous studies on boron deficiency in plants, it

was discovered that boron was absolutely required for the

nodulation of legumes by R. meliloti.

The ultimate goal of this study was to purify ATCase

from R. meliloti. It was therefore expedient to isolate a

Pyr mutant for derepression purposes. By starving this Pyr~

mutant for pyrimidines it was possible to increase synthesis

of ATCase 35-fold. The mutation was found to be in the pyrE
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gene as evidenced by cross-feeding experiments 
(Table 8).

The pyrimidine requirement could be satisfied by supplying

exogenous uracil, uridine, cytosine or cytidine (Table 6,

Fig. 8).

Nucleoside mono-, di- and triphosphates were measured in

the Pyr+ wild type and the Pyr~ mutant. As in E. coli it was

possible to starve the Pyr cells for uracil which gave an

immediate lowering of the UTP and CTP pool levels (Table 10).

Concomitant with the drop in UTP and CTP levels, a pronounced

increase in ATP and GTP was seen. This confirmed the

previously observed results of Dutta and O'Donovan (1987).

By adding exogenous uracil (cytosine, uridine, or cytidine)

to minimal medium it was possible to restore the UTP and CTP

levels to their wild type levels (Table 5). Thus, R.

meliloti has the salvage enzymes necessary to use each of the

four compounds as a sole pyrimidine source. Growth in

uracil, uridine, cytosine or cytidine repressed synthesis of

ATCase and gave high levels of UMP, UDP, UTP and CTP.

To date, three different classes of ATCase have been

isolated from bacteria (Bethell and Jones, 1969 ; Wild et

al.,1980). The class II enzyme, found in the enteric

bacteria has been best studied. The holoenzyme from E. coli

has a MW of 310,000 and is separable into regulatory and

catalytic subunits. The native ATCase shows a positive

homotropic response when velocity is plotted against
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substrate concentration. The enzyme is inhibited by CTP and

activated by ATP. It has a Km for aspartate of 5 mM. The

catalytic subunit with MW of 100,000 was not inhibited by CTP

nor activated by ATP and displayed Michaelis-Menten kinetics

from velocity-substrate plots.

Class I ATCases have been reported for Pseudomonas

species. These enzymes were reported to have MW around

380,000 and were not dissociable into regulatory and

catalytic subunits. The holoenzyme was inhibited by UTP

(Issac and Holloway, 1968; Bethell et al., 1968) and CTP

(Bethell et al., 1968) and gave hyperbolic kinetics when

velocity was plotted against substrate concentration.

Identical results were obtained for the ATCase from

Azotobacter vinelandii.

Class III ATCases were found in the endospore-forming

Bacillus species (Brabson and Switzer 1975). These enzymes

resembled the catalytic subunits of Class II with MW of

100,000.

Our interest in R. meliloti ATCase was heightened by the

finding that attenuation was found to control the synthesis

of the tryptophan enzymes in that organism (Yanofsky et al.,

1977). Since we had previously shown (Roof et al., 1982)

that the pyrBI genes were also controlled by attenuation, it

was considered important to begin a study on Rhizobium ATCase

and its control. In this study the purification of the



80

ATCase enzyme was the major goal; in another study in our

laboratory the regulation of the pyrimidine genes is being

done.

The purification scheme for ATCase from the Pyr- mutant

of R. meliloti is given in Fig. 6 and Table 7. The

holoenzyme has a MW of 300,000 daltons (Fig. 11) and like the

E. coli enzyme could be dissociated into catalytic (MW

100,000 daltons; Fig. 20) and regulatory subunits. The

purified enzyme gave a single peak (Fig. 9;Peak 24) after

being passed through a Spherogel-TSK G3000 SW column and gave

Michaelis-Menten kinetics when the initial velocity was

plotted against aspartate concentration (Fig. 14). The

native enzyme had a Km for aspartate of 4.8 mM (Fig. 14) and
was inhibited by both CTP and ATP. The optimal pH for the
holoenzyme was found to be 8.5-9.0 (Fig. 21).

Clearly, the ATCase from R. meliloti resembles the

enzyme from E. coli very closely and is not at all like the

one from the aerobic pseudomonads.

Some preliminary studies were also carried out regarding

the nodulation of alfalfa plants with Pyr+ wild type and Pyr~
mutants of R. meliloti. Previous studies by Kerppola and
Kahn (1988) had shown that nodulation was not possible in
Pyr mutants unless they were supplemented with uracil.

Results from our experiments suggested that: (1) The parent
R. meliloti nodulated in both rich or minimal medium. (2)
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The Pyr~ mutant not supplemented with uracil did not

nodulate, the alfalfa plant grew but after two to three weeks

the plant withered as there were no nodules to 
enhance

nitrogen fixation. (3) The Pyr mutant that was supplemented

with uracil nodulated the alfalfa plant. Rhizobia were

reisolated from the nodules so as to test for any change in

the frequency of revertants, which had been observed

elsewhere (Plain, 1979).

In an independent study (Eguae, Dutta and O'Donovan,

unpublished observations) the gene for parathion

hydrolase(Gibson et al., 1982) from Pseudomonas diminuta was

cloned on to a plasmid for transfer to Rhizobium. During

preliminary experiments, this was found to be readily

performed in the laboratory but was not possible when 
the

experiments were performed in the greenhouse. Sensing that

the problem was due to a defective genetic transfer from

Pseudomonas or E. coli to Rhizobium, a variety of

transformation methods were tried without success. Finally,

the components of the greenhouse soil were analyzed (Dutta

and Smith, unpublished observations) and it was discovered

that the soil was devoid of the essential micronutrient,

boron. When boron was added to the greenhouse soil,

Rhizobium produced numerous healthy nodules.
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This experiment was significant since many of the soils

in Texas are also too low in or devoid 
of boron and thus are

unable to accommodate nodule formation.
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