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ABSTRACT

CHARACTERIZATION OF A RHIZOBIUM LEGUINOSARUM MUTANT

WITH A DEFECT IN IRON UPTAKE

 

By

Theodore Ralph John

A mutant strain (116) of Rhizobium leguminosarum which
 

accumulates porphyrins has been isolated. This study was

undertaken to characterize biochemically the lesion in 116.

The mutant induces white, ineffective nodules in peas.

In broth culture, 116 grows as well as both the parental

strain (1062) and a spontaneous revertant (strain 74-11).

116 has reduced levels of cytochromes b and c. In extracts

of cells grown in minimal medium containing high levels of

iron, activities of G-aminolevulinic acid synthease and

G-aminolevulinic acid dehydrase show no difference beteween

116 and 1062. There is also no difference in the rate of

paprhyrin formation in dense cell suyspensions and cell-free

extracts of 116, 1062, and 74-11. In media containing low

iron, 116 shows no growth while 1062 and 74-11 show normal

gorwth. The initial rate of 55Fe uptake from 116 grown

in low iron is 10 times less than the rate from 1062 and

74-11. These data suggest that 116 is defective in the



Theodore Ralph John

initial uptake of iron. The significance of rhizobial iron

uptake in the development of the Rhizobium-legume root
 

nodule is discussed.



Flower in the crannied wall,

I pluck you out of the crannies,

I hold you here, root and all, in my hand,

Little flower - but if I could understand

What you are, root and all, and all in all,

I should know what God and man is.

Alfred, Lord Tennyson
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INTRODUCTION

The Structure, Function, and Biosynthesis

of Leghemoglobin
 

Leghemoglobins are hemOproteins unique to nitrogen-

fixing root nodules induced by the bacterium Rhizobium in

its symbiotic legume host (3). Leghemoglobin comprises

25-30% of the total nodule soluble protein (81). Most

legumes have several chromatographically distinguishable

leghemoglobins in their root nodules (27), but they all are

similar enough to one another to classify them under the

general heading of "leghemoblobin". Leghemoglobin is

similar to vertebrate myoglobin in spectral prOperties

(65, 79) and in amino acid sequence (27). It has been

suggested that leghemoglobin is essential to nitrogen

fixation in legume root nodules because nodules which lack

leghemoglobin generally do not fix nitrogen (9, 82).

Leghemoglobins vary in molecular weight from 15,000 to

17,000 but all contain the prosthetic group protoheme IX.

The prosthetic group sits in a hydrOphobic pocket of the

ap0protein where the fifth ligand binding position of the

iron atom of the heme molecule is coordinated to the

imidazole ring of a histidine residue in the protein (4).

The sixth ligand binding position remains open to bind with

other molecules, including molecular oxygen. All

1
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leghemoglobins have a very high affinity for oxygen relative

to other hemoglobins; e.g. leghemoglobin is half-saturated

with oxygen at a pressure of 0.05 mm Hg as compared to 4 to

14 mm Hg for mammalian hemoglobins (1, 87). The role of

leghemoglobin in the root nodule symbiosis is thought to be

related to this oxygen binding function (87).

The enzyme nitrogenase, which is responsible for the

reduction of dinitrogen to ammonia in several species of

bacteria including Rhizobium, is irreversibly inhibited by
 

molecular oxygen (18). Yet the enzyme requires large

amounts of ATP which presumably is provided through the bac-

terial electron transport chain. Leghemoglobin is thought to

act as an oxygen "buffer": it provides oxygen for rhizobial

oxidative phosphorylation, but keeps the oxygen tension low

enough to allow for rhizobial nitrogenase activity (87).

The biosynthesis of leghemoblobin adds a special qual-

ity to the Rhizobium-legume symbiosis. Indirect evidence
 

suggested that leghemoglobin apoprotein was a plant gene

product (22, 25, 80). When the same plant was nodulated

with various Rhizobium strains, the leghemoglobins produced
 

were electrophoretically indistinguishable. Similarly, when

different legume species were nodulated with the same

Rhizobium strain, then the leghemoglobins produced were
 

chromatographically and electrophoretically distinct (22,

25). It was also shown that the mRNA coding for leghemo-

globin was associated with 808 ribosomes (80). Baulcombe

and Verma (7) provided more direct evidence that the legume
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host was the site of apoprotein synthesis by showing that

leghemoglobin cDNA hybridized to soybean DNA and not to

Rhizobium DNA. In contrast, the heme prosthetic group
 

 

appears to be bacterial in origin. It was shown in

radiotracer studies that the bacteroids make the heme moiety

(22, 33) and it was further shown that as leghemoglobin

content of soybean nodules increased, the activities of two

key heme biosynthesis enzymes increased in the bacteroids,

but not in the plant (58).

The Biosynthesis of Heme

The biosynthesis of heme in Rhizobium is similar to
 

that in other microorganisms and animals and occurs via the

pathway shown in Figure 1. The first step in the pathway is

the reaction of glycine and succinyl-CoA to 6-aminolevulinic

acid (ALA). This reaction is catalyzed by the enzyme

G-aminolevulinic acid synthase (ALAS, EC 2.3.1.37). Two

molecules of ALA are condensed by the action of 6-amino-

levulinic acid dehydrase (ALAD, EC 4.2.1.24) to form the

dicarboxylic monopyrrole porphobilinogen (PBG). The enzyme

PBG-deaminase (EC 4.3.1.8) catalyzes the sequential head to

tail condensation of four PBG molecules into the linear

tetrapyrrole hydroxymethylbilane (also known as preuropor-

phyrinogen), with a loss of four molecules of ammonia.

Hydroxymethylbilane is an unstable intermediate; it will

nonenzymatically cyclize into uroporphyrinogen 1. However,

in the presence of the next enzyme of the heme biosynthesis
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Figure 1. The Heme Biosynthetic Pathway (Pigmented

compounds are underlined)

Abbreviations PBG = porphobilinogen

URO = urOporphyrin

UROGEN = uroporphyrinogen

COPRO = coprOporphyrin

COPROgen = coprOporphyrinogen

PROTO = protoporphyrin

PROTOgen = protoporphyrinogen
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pathway, uroporphyrinogen cosynthetase, hydroxymethylbilane

is converted into uroporphyrinogen III (UROgen III). The

four acetyl carboxyl groups of UROgen III are removed by

uroporphyrinogen III decarboxylase (EC 4.1.1.37) to give

coproporphyrinogen III (COPROgen III), a tetracarboxyl

compound. COPROgen III is oxidatively decarboxylated to

form protoporphyrinogen IX (PROTOgen IX) by the enzyme

COPROgen oxidative decarboxylase (EC 1.3.3.3). PROTOgen IX

is then oxidized to protoporphyrin IX (PROTO IX) by PROTOgen

oxidase (EC 1.3.3.4). The final step of heme biosyntehsis

is mediated by the enzyme ferrochelatase (EC 4.99.1.1),

which inserts ferrous iron into PROTO IX, with heme as the

product.

The rate-limiting step of tetrapyrrole formation in

bacteria, plants, and animals is at ALAS (34); in fungi,

ALAD activity is the rate-limiting step. In Rhizobium, the
 

rate-limiting step also appears to be at ALAS (28, 43, 58).

The regulation of heme biosynthesis in Rhizobium probably
 

involves the control of ALAS activity. In Rhodopseudomonas
 

spheroides, for example, it has been shown that ALAS is
 

subject to feedback inhibition (16) and enzyme repression

(48) by heme, activation by organic sulfides (63, 64), and

oxygen (46). In Micrococcus denitrificans, iron induces
 

formation of ALAS and heme inhibits ALAS activity (76). In

Rhizobium japonicum, it has been shown that restricted
  

aeration increases ALAS activity (58), while low iron

decreases ALAS activity (70). There is a recent report (50)
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which describes the cloning of the gene for ALAS from R.

meliloti. This clone will be useful as a probe for the

studies of transcription of the ALAS gene and should provide

more information about the regulation of this enzyme under

different growth conditions.

Bacterial Strains with Mutations in Genes Coding

for Heme Biosynthetic Enzymes

 

 

A hemin-deficient bacterial mutant strain was first

isolated in 1953 by Jensen and Thofern (39). This

Staphylococcus aureus mutant appeared to be "leaky" (it did
 

not have a strict auxotrophic requirement for heme) in that

the mutant grew as "small colony variants" in the absence of

heme. Since then, similar heme mutant strains have been

reported in a variety of organisms. In most cases, mutagen-

esis was carried out with N-methyl-N'-nitro-N'nitrosoguan-

idine. Heme mutants were determined by a variety of methods

including: (i) response of mutant growth to added hemin or

precursors; (ii) loss of cytochromes or respiratory activ-

ity; (iii) loss of catalase activity; and (iv) accumulation

of porphyrins in mutant cultures as seen by the appearance

of a reddish color in the culture or by seeing a pinkish-red

fluorescence when illuminated with ultraviolet light.

Various mutant strains have been isolated with defects

in almost every step of the heme biosynthetic pathway. The

most frequent type appearing in the literature are mutants

deficient in ALAS activity (35, 49, 50, 73, 88). When these

mutants are grown in the presence of ALA, they show wild



type levels of cytochromes and catalase activity. The

reason that so many mutants of this type have been isolated

may be related to the regulatory role that ALAS plays in

heme biosynthesis: a mutation occuring either on the ALAS

gene itself or on one of the regulatory gene sequences for

ALAS will result in an ALAS-defective mutant. Also, ALA

readily enters cells to overcome a mutant deficiency,

whereas other heme precursors generally do not. McConville

and Charles (53) reported the isolation of a variety of heme

synthesis secondary mutants which were obtained from

hemin-permeable mutants of E. 2911. Their group 1 and group

2 mutants were purported to be defective in ALAD based on

the fact that these mutants were unable to convert ALA to

ur0porphyrin. However, they did not assay for ALAD activity

in their mutants; it is possible that these mutants were not

defective in ALAD as reported, but in PBG deaminase. The

same authors did report the isolation of three E. ggli K 12

mutants which accumulated PBG (52). In this case they

showed that the mutants had wild type activities of ALAD,

but only one-tenth the wild type activity of PBG deaminase.

Uroporphyrin- (53), coproporphyrin- (20, 56), and

protoporphyrin-accumulating mutants (20, 32, 53) have also

been reported. The lesions in these organisms were

determined by feeding ALA to whole cells and determining the

porphyrins accumulated by thin layer chromatography.

There have been few reports on heme biosynthesis

mutants in Rhizobium. Leong, 35 31. (50) reported on the
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isolation of two 3. meliloti mutants, A-34 and A-36 which

showed a strong dependence on ALA for growth. When assaying

ALAS activities in the mutants, they found the expected low

levels of synthase activity in mutant A-34; however, mutant

A-36 had wild type levels of ALAS activity in vitro. They

were unable to explain this observation but suggested that

the ALAS enzyme from A-36 may have an abnormally high Km

for one of its substrates or a very low K1 for an

inhibitor such as heme. Noel, 25 al. (66) isolated a number

of nitrogen fixation mutants from B. japonicum. Several of
 

them were described as strains which form white nodules on

soybeans, the white color being due to a presumptive lack of

leghemoglobin. They went on to show that nodules induced by

these mutants lacked heme when detected by the pyridine

hemochromogen assay. This assay is the least sensitive

method of quantitating heme, its limit of sensitivity being

about 30 mM heme. More sensitive methods are (i) measuring

the pyridine hemochromogen as the reduced minus oxidized

spectrum, and (ii) fluorometric determination of heme (74).

Thus, the mutants of Noel, 35 al. (66) may indeed have had

low levels of heme. Also, the heme deficiency that they

noted may have been only an indirect manifestation of the

true lesion causing the fix' phenotype.

Effects of Iron Deficiency on Heme Biosynthesis
 

The insertion of Fe+2 into protoporphyrin IX,

mediated by the enzyme ferrochelatase, is the final step in
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heme biosynthesis. The lack of available iron thus has

profound effects on heme biosynthesis in particular and cell

metabolism in general.

One of the first observations on the effects of iron

deficiency was the loss of activity of enzymes which contain

heme as a prosthetic group. During their classic studies on

iron deficiency, Waring and Werkman (85) noted a loss of

catalase and peroxidase activity in Aerobacter indologenes
 

when grown under low iron. They were also unable to detect

any cytochromes in low iron-grown A. indolqgenes. A loss of
 

catalase activity was also demonstrated in Arthobacter JG-9
 

(17) and Nocardia gpaca (86) when grown in low iron medium.
 

Kauppinen also noted the loss of hemoproteins under low iron

growth in the yeast Candida guilliermondii (42). In addi-
 

tion to a loss of cytochromes and peroxidase/catalase activ-

ities, he found a decrease of succinate dehydrogenase activ-

ity and almost complete loss of aconitase activity. Further-

more, he noted that upon loss of activity for the two TCA

cycle enzymes just mentioned, under low iron there was an

increase in alcohol dehyrogenase activity which corresponded

to an increase in fermentation by these organisms. The

yeast would of course be required to shift its metabolism to

a fermentative pathway due to the loss of its cytochromes

and TCA cycle. Finally, in a recent study, Roessler and

Nadler noted that Rhizobium japonicum grown under low iron
 

also had a lower cytochrome content and decreased ALAS and

ALAD activities over that of high iron-grown cells (70).
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Another common phenomenon of iron deficient growth in

microorganisms is the accumulation and excretion of

porphyrins (47). Middleton and Gunner (55) reported that,

in low iron-grown cultures, Arthrobacter globiformis showed
 

a general increase in the total porphyrins excreted; these

investigators did not determine the identity of the

porphyrins. Increased porphyrin excretion under iron

deficiency has been attributed to the release of feedback

inhibition by heme on ALAS (47). It was also suggested that

iron plays a role in the conversion of COPROgen to

protoporphyrin IX because, in many cases of iron deficiency,

coprOprOphyrin was determined to be the excreted porphyrin

(47, 77, and references therein). However, coproporphyrin

is not always the porphyrin which is accumulated. In both

R. japonicum (70) and Achromobacter metalcaligenes (26),
   

protoporphyrin was shown to be the porphyrin excreted under

iron-deficient growth. Although it appears that iron is

necessary for the conversion of COPROgen to PROTO in some

organisms, e.g. E. 2911, this is not a general requirement

for all microorganisms.

Effects of Iron Deficiency on Non-heme-

containing Enzymes

 

 

Iron has been shown to have an effect on other enzymes

not containing heme. An obvious class of proteins affected

by iron are the non-heme iron proteins. These proteins

contain iron and sulfur in their "active sites." Three

examples of these proteins are NADH dehydrogenase, succinate
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dehydrogenase, and ferredoxin. The enzyme NADH dehydro-

genase is responsible for NADH oxidation in the terminal

electron transport system of aerobes and has several

paramagnetic iron-sulfur centers (68). In iron-deficient

batch cultures of Micrococcus denitrificans, Imai, gt a},

(37) could detect little or no EPR signal corresponding to

NADH dehydrogenase. As mentioned above, Kauppinen (42)

noted a decrease in succinate dehydrogenase activity from

Candida guilliermondii with decreasing iron in the growth
 

medium. Finally, Knight and Hardy (44) reported that iron

deficiency in Clostridium pasteurianum resulted in the loss
 

of synthesis of ferredoxin.

In contrast to enzymes which contain iron as an inte-

gral component, there are other enzymes and enzyme activi-

ties that are altered under iron-deficient conditions. As

noted above, Kauppinen (42) reported a decrease in the TCA

cycle enzyme aconitase, but increased activities of alcohol

dehydrogenase in iron deficient Candida guilliermondii.
 

This observation was attributed to a change in cellular

metabolism from dependence on the TCA cycle and electron

transport to fermentation. Finally, and not surprisingly,

iron limitation increases the activity of a number of

enzymes involved with synthesizing and degrading iron

chelating agents (siderophores) which function in trans-

porting iron into a cell (see below). Ito and Neilands (38)

isolated the siderophore 2,3-dihydroxybenzoylg1ycine from

iron-deficient cultures of Bacillus subtilis; this
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compound is not found in iron-sufficient cultures. In

Escherichia coli, iron has been shown to repress the enzymes
 

which synthesize the siderophore enterochelin, and also the

enzyme enterochelin esterase, which is responsible for the

hydrolysis of enterochelin and release of iron to the cell

(67).

Microbial Iron Uptake
 

Iron is one of the most abundant elements in the

earth's crust, its abundance is surpassed only by aluminum,

silicon, and oxygen (60). The iron content of soils range

from 0.5 to 5% (13). However, only a minute part is

available to living organisms. Both Fe(II) and Fe(III) have

a high affinity for hydroxide ions which results in

extremely low solubilities of the iron hydroxides. The

KSp of Fe(OH)3 at 25°C has been estimated to be 10‘”-7

(10) and the equilibrium concentration of ferric ion at pH 7

is about 10'18 M (69). The major way in which

microorganisms solubilize and sequester this highly

unobtainable iron is through the use of siderophores.

Siderophores are specific chelators of iron (III).

They are synthesized and used by a variety of microorganisms

including bacteria (both gram positive and gram negative)

and fungi (45). Compounds with the characteristics of

siderophores have not been isolated from plants. However,

citrate, which is common in plants, is thought to play an

important role in iron metabolism (15). As Neilands has
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pointed out (59), practically all microorganisms for which

the presence of siderOphores has been critically examined

has resulted in a positive test. The only possible

exception to the ubiquitous presence of siderophores in

microorganisms may be in the strict anaerobes; in their

reducing environment, iron is present as the more easily

attainable iron(II). Whether or not siderophores are

present in Rhizobium remains to be seen.
 

Under conditions of high iron (greater than ca. 1 uM),

siderophore production is repressed and the organism, e.g.

E. 2213, assimilates iron by the so-called "low affinity"

system. There is not much known about this method of iron

uptake. It is not thought that any specific chelators are

required for iron(III) uptake. Apparently under high iron

conditions, the organism is able to obtain iron from the

Fe(III) oxy-hydroxide polymers which exist under these

conditions (75). Nitrilotriacetate, a chelator of iron, has

been used to block the low affinity system (29). Mutants

which are unable to produce or assimilate siderophores are

still able to grow unimpaired provided that there is a

sufficient concentration of iron in their growth medium (30,

83).

Under low iron conditions (less than ca. 1 uM), sider-

ophore production is derepressed. Siderophores are defined

as relatively low-molecular weight (500-1000) compounds

which are virtually specific toward binding iron(III).

Structurally, siderophores fall into two categories:
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hydroxamates and phenolates-catecholates (61). These

ligands have an extremely high affinity for iron, the

formation constants lie in the range of 10+20 to 10+50

(69). The molecular shape of the siderophore is designed

such that the ligand coordinates with all six bonds of the

iron octahedron.

Ferricsiderophore complexes are too large to freely

diffuse across a membrane into a cell. For example, the

permeability barrier of the outer membrane of two gram

negative organisms (E. coli and Salmonella typhimurium) have
 

been determined to be near 550-650 daltons (24). This means

that along with synthesizing a siderophore, a cell must also

synthesize a membrane-bound siderophore receptor protein.

The presence of these receptors have been demonstrated with

both mutants in E. coli and Salmonella typhimurium (59, 72)
 

and by direct visualization of the receptor proteins with

SDS-PAGE (14). Iron deficiency causes a derepression of the

synthesis of these receptor proteins. Once inside the cell,

the method of release of Fe(III) from the coordinating

ligand is thought to be through reduction of the iron (31,

51, 69) or by hydrolysis of the ferricsiderophore. The

redox potentials of some ferric siderophores have been

determined (19) and those for the hydroxamate-type have been

found to be within the range of physiological reductants.

After releasing its bound iron, some siderophores are

recycled back out of the cell to assimilate more iron; but

other, e.g. enterobactin, a catecholate-type, must be
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metabolically degraded. This may have to do with the low

redox potentials found with this type of siderophore:

metabolic degradation is perhaps the only way to release the

iron from this siderophore (19, 69).

In a root nodule, Rhizobium is entirely dependent on
 

the plant host for iron. The endosymbiotic bacteroids

require iron for many important symbiotic functions. The

enzymes nitrogenase, ALAS, and ferrochelatase all require

iron; the latter two enzymes are necessary for providing the

heme prosthetic group of leghemoglobin. How the bacteroids

assimilate iron is not known. This investigation provides a

beginning toward understanding iron assimilation in

Rhizobium.
 



MATERIALS AND METHODS

Bacterial Strains
 

Rhizobium leguminosarum strain 1062 was derived from
 

strain 300 (Table 1, 41); it exhibits a pop+ (non

porphyrin-accumulating) phenotype and induces dinitrogen-

fixing root nodules on host peas (Pisum sativum L.). Strain
 

116 is a porphyrin-accumulating mutant of strain 1062

isolated after NTG mutagenesis (57) and exhibits a nod+

fix' pop' phenotype. Strain 74-11 is an apparently

spontaneous fix+ revertant of 116 (with a nod+ fix+

pop+ phenotype) isolated from the one reddish, effective

nodule, obtained upon inoculation of peas with 116.

Media

Rhizobium minimal medium (Y) and complete medium (TY)
 

were prepared as described by Beringer (8). (See appendix

for media recipes.)

Low iron (LI) minimal medium was Y medium except that

no iron was added and with the following modifications. All

chemicals used were chosen from commercially available

sources for having low amounts of iron contamination. The

chemicals were used without further purification except for

KZHP04, which, when made into a stock solution, was

16



T
a
b
l
e

1
.

R
h
i
z
o
b
i
u
m

l
e
g
u
m
i
n
o
s
a
r
u
m

s
t
r
a
i
n
s

 

S
t
r
a
i
n

N
u
m
b
e
r

R
e
l
e
v
a
n
t

G
e
n
o
t
y
p
e

P
h
e
n
o
t
y
p
e

R
e
f
e
r
e
n
c
e

1
0
6
2

u
r
a

1
4

t
r
p

1
6

s
t
r

n
o
d
+

p
o
p
+

f
i
x
+

J
o
h
n
s
t
o
n
,

e
t

a
l
,

N
a
t
u
r
e
,

2
7
6
,

6
3
4
-
6
3
6

(
1
9
7
8
)

1
1
6

u
r
a

1
4

t
r
p

1
6

s
t
r

p
O
p

1
n
o
d
+

p
o
p
’

f
i
x
‘

t
h
i
s

w
o
r
k

7
4
-
1
1

u
r
a

1
4

t
r
p

1
6

s
t
r

p
o
p

1
+

n
o
d
+

p
o
p
+

f
i
x
+

s
p
o
n
t
a
n
e
o
u
s

r
e
v
e
r
t
a
n
t

o
f

1
1
6

17



18

extracted with 8-hydroxyquinoline by the procedure of Waring

and Werkman (84). All water used in LI medium was doubly

distilled, deionized, and passed over a Chelex 100 column

(H+ form). To remove any contaminating iron, all

glassware used in low iron studies was washed as described

by Waring and Werkman (84): 1) soap and water, 2) rinse

with distilled water, 3) soak in 95% ethanol saturated with

KOH, 4) rinse with distilled water, 5) soak in aqua regia

(18% conc. HN03 and 82% conc. HCl, v/v), 6) rinse with

distilled water, and 7) fill glassware to the brim with

distilled, deionized water and autoclave for 20 minutes.

The concentration of iron in L1 medium was determined

to be 3.3 parts per billion using a Hitachi 180-80 Atomic

Absorption Spectrophotometer. This corresponds to a

concentration of 0.059 umol per liter. The iron concen-

tration of normal Y medium was 122 umol per liter.

Bacterial Growth Conditions
 

Bacterial strains were maintained in either 20% or 40%

glycerol (v/v) at -20°C. Outgrowth was accomplished by

inoculating a TY slant with about 40 ul of frozen stock and

incubating 3 or 4 days at 28°C. Liquid cultures were inocu-

lated and grown as follows. Cells were washed from the

slant with 5 m1 sterile distilled, deionized water and used

to inoculate 500 ml medium (in 1 liter Erlenmeyer flasks)

with 1 m1 bacterial suspension from the slant. Shake

cultures at 130 rpm at 28°C on an orbital shaker; cultures
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were harvested after 24 hours, when they had reached mid-log

phase.

Bacterial growth was measured either i) Turbidometri-

cally by using a Klett calorimeter equipped with a standard

red filter, or ii) by enumeration of colony forming units by

plating appr0priate dilutions of bacteria on TY solid media.

Growth of Bacteria in Low Iron Media

Growth of bacteria in low iron media was accomplished

as follows. Outgrowth of bacteria from frozen stocks on TY

slants was done as described above. Cells were washed off

the slant with 5 ml sterile distilled, deionized water and

transferred to a sterile disposable screw cap centrifuge

tube. The cells were pelleted at high speed in a clinical

centrifuge, the supernatant fluid was discarded, and the

pellet was suspended with 5 ml sterile Chelex-treated water

(see above). One-half ml of this cell suspension was used

to inoculate 70 ml of LI medium; the culture was then shaken

at 130 rpm at 28°C on an orbital shaker to deplete cellular

iron pools.

Cells used for iron uptake experiments were harvested

(as subsequently described) after 25 hours of growth, when

they had reached mid-log phase.

To further deplete endogenous iron pools and to carry

out low iron growth experiments, 0.5 ml of low iron culture

was transferred to 70 m1 of fresh LI medium after the first

culture reached mid-log phase. This served as 'time zero'
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for the growth experiments (Figure 7). Bacterial growth was

measured as described above.

Plant Growth and Nutrition
 

Pea seeds (Pisum sativum L. var. Alaska) were surface
 

disinfected first for 5 min. in ethanol, then for 30 min in

5% (w/v) sodium hypochlorite, and finally for 3 x 10 min in

sterile distilled, deionized water. Surface disinfected

seeds were then germinated on water agar plates (0.25% [w/v]

Sigma agar in distilled water) for 3 days at room

temperature.

Seeds were planted in 10 x 15 cm paper cups containing

equal amounts of perlite and vermiculite. First the cup was

filled with perlite/vermiculite to 1/2 full, then 20 ml of

appropriate Rhizobium strain was added (wash bacteria off
 

slant with 5 ml distilled, deionized water and then add to

500 ml sterile distilled, deionized water). After this

about 10 pea seedlings were placed in the cup and finally,

the cup was filled to about 2/3 full with perlite/

vermiculite.

Plants were grown in a greenhouse at 23°C with natural

lighting. They were irrigated with a nitrogen-free nutrient

solution (40) for two days, followed by tap water every

third day. Nodules matured 28 to 32 days after inoculation.

(See appendix for nitrogen-free nutrient solution recipe.)
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Measurement of Nitrogen Fixation

Nitrogen fixation was determined by the acetylene

reduction assay (36). Roots from pea plants inoculated with

the apprOpriate E. leguminosarum strain were weighed, placed
 

in 55 ml test tubes, and capped with a serum stopper. Ten

percent of the air in the tube was replaced with an equal

volume of acetylene (generated from calcium carbide).

Ethylene formed was measured on a Varian 3700 gas chromato-

graph with flame ionization detection: column, 0.02 (I.D.)

x 70 cm Porapak R; injector temperature, 100°C, column

temperature, 30°C; FID temperature, 100°C.

Preparation of Cell-Free Extracts
 

Cells were harvested by centrifugation in 250 ml

bottles at 13,000 x g for 20 minutes. The pellet was

resuspended in ice-cold sonication buffer (described below)

and the washed cells were recentrifuged at 17,000 x g for 10

min. The pellet was then resuspended in 5 ml of ice-cold

sonication buffer and the cells were disrupted by sonication

with six 20 sec bursts at power setting 4 on a Branson model

S-125 sonifier. Each burst was followed by a 10 to 15 sec

cooling period. The sonically treated material was centri-

fuged at 27,000 x g and the resulting supernatant fluid was

used for the enzyme assay. For all assays, final protein

concentration of the cell-free extract was adjusted with

appropriate buffer, described below, to a value between 0.8
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and 1.5 mg per ml. Approximately 25 mg protein was obtained

from 500 ml of a mid-log culture.

The sonication buffer for ALAS assays contained (in

mmol per liter): HEPES buffer (pH 8.0), 100; MgClz, 1;

and 2-mercaptoethanol, 2.5. The sonication buffer for ALAD

assays contained (in mmol per liter): HEPES buffer (pH

7.5), 30; MgSO4, 10; and 2-mercaptoethanol, 2.5. The

sonication buffer for cell-free PBG incubations contained

(in mmol per liter): KZHP04 buffer (pH 7.5), 5.

Cytochrome Difference Spectra
 

Cytochromes were detected in cell-free extracts by

difference spectroscopy (2). Cell-free extracts were ob-

tained as described above by washing and resuspending cells

in 0.1 M potassium phosphate buffer (pH 7.0) and sonicating.

The sonically treated material was centrifuged at 30,000 x g

for 10 minutes and the protein in the supernatant fluid was

adjusted to 3 to 8 mg protein per ml. One 2 ml sample was

reduced with a few grains of sodium dithionite, and another

sample was oxidized wth 50 pl of 3 mM K3Fe(CN)6. A

reduced minus oxidized difference spectrum was obtained on a

Cary 15 recording spectrophotometer equipped with a 0.1

slidewire. Cytochromes were quantitated according to the

method of Appleby (2) by measuring AA between a wavelength

pair corresponding to an absorption maximum and trough for

each cytochrome. Thus, for cytochrome c, AA.mM = 23.2 (550-

536 nm) and for cytochrome b, AA mM = 17.9 (559-580 nm).
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Enzyme Assays
 

G-aminolevulinic acid synthease (ALAS, EC 2.3.1.37)

ALA production in cell-free extracts was measured as

described (70). The reaction mixture contained (in mmol per

liter): HEPES buffer (pH 8.0), 100; MgClz, 32; Naz-

succinate, 200; glycine, 200; ATP, 14; coenzyme A, 0.1;

pyridoxal phosphate, 0.6. The reaction was started by

adding 0.5 ml of cell-free extract to a test tube containing

0.5 ml of reaction mixture. After incubating 2 hours in a

water bath at 30°C, the reaction was stepped by placing the

tubes on ice and immediately adding 0.2 ml of 33% ice-cold

(w/v) trichloroacetic acid. The tubes were mixed well and

allowed to stand overnight. Precipitated protein was

removed by centrifugation at 800 x g for 10 min. One ml of

the supernatant fluid from each tube was combined with 0.25

ml of 0.75 m Na3P04 and 0.1 ml of ethylacetoacetate.

The contents of the tubes were mixed, capped with marbles

and placed in a boiling water bath for 15 min. After

cooling, 1.35 ml of modified Ehrlich's reagent (see

appendix) was added to each tube and the absorbance of the

resulting color complex was measured in a spectr0photometer

(Gilson model 240) at a wavelength of 553 nm. The molar

extinction coefficient of the G-ALA-ethylacetoacetate-

Ehrlich's complex at 553 nm was assumed to be 6.2 x

1o+4.
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a-aminolevulinic acid dehydrase (ALAD, EC 4.2.1.24)
 

Porphobilinogen (PBG) production in cell-free extracts

was measured as described (58, 70). The reaction mixture

contained (in mmol per liter): HEPES buffer (pH 7.5), 30;

MgSO4 10; 2-mercaptoethanol, 25; ALA, 5. The reaction was

started by adding 0.5 ml of cell-free extract to a test tube

containing 0.5 ml reaction mixture. After proceeding 2

hours in a water bath at 30°C, the reaction was stopped by

placing the tubes on ice and immediately adding 0.25 ml 20%

(w/v) trichloroacetic acid which was saturated with HgClz.

The tubes were mixed and allowed to stand on ice overnight.

Precipitated protein was removed by centrifugation at 800 x

g for 10 min. One ml of the supernatant fluid from each

tube was combined with one ml modified Ehrlich's reagent.

After 15 min, the absorbance of the resulting color complex

was read in a spectrophotometer set at 555 nm. The molar

extinction coefficient of the PBG-Ehrlich's complex was

assumed to be 6.1 x 10+4.

Production of Pyrroles by Dense Suspensions

of Bacterial Cells

 

 

Porphyrin production was determined by incubating dense

cell suspensions with ALA. Bacterial cells were harvested

as described previously, washed once in MOPS, and re-

suspended in 50 mM MOPS buffer (pH 6.9) to a protein con-

centration of 0.8 to 1.5 mg per ml. The reaction mixture

contained (in mmol per 10 ml final volume): MOPS buffer (pH
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6.9), 0.5 and Nag-succinate, 0.41. In addition to the

above, the ALA-containing samples also had 50 1 of 0.1 M

G-aminolevulinic acid stock (final concentration = 5 mol

per 10 ml reaction mixture). From the time = 0 samples, one

ml cell suspension was removed for PBG determination,

hematoporphyrin Naz-salt (112 mnols as a 0.5 m1 aliquot in

ethanol) was added as a standard to estimate porphyrin

recovery, and the remainder was immediately frozen for

subsequent analysis of porphyrins (see below). Samples

containing ALA were incubated in 50 ml Erlenmeyer flasks

with shaking in a 30°C water bath. After 20 hours one ml of

cell suspension was removed for PBG determination, 0.5 ml of

the same hematoporphyrin stock was added, the samples were

frozen, and PBG and porphyrin production was determined as

described below.

Production of Tetrapyrroles by Cell-Free Extracts
 

Uro- and Coproporphyrin production was determined in

cell-free extracts by incubating with PBG. Bacterial cells

were harvested and lysed as described previously and the

cell-free supernatant fluid was suspended to 8.0 to 11.5 mg

cell protein per ml with 5 mM potassium phosphate buffer (pH

7.5). The 2.1 ml reaction mixture, made up in 12 x 75 mm

culture tubes, contained 0.7 ml of cell-free extract plus

(in umol): TRIS buffer (pH 7.5) 55; 2-mercaptoethanol,

13.75; and PBG, 0.30. The reaction mixture was prepared

while the culture tubes were in an ice/water bath. Once
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prepared (and still in the ice bath), the tubes were

vortexed, capped with a serum stopper, and sparged with

nitrogen for 10 minutes. Sparging was accomplished by

inserting two hypodermic needles into the serum stopper

(providing a nitrogen inlet and outlet). At time = 0 hours,

the tubes were transferred to a 30°C water bath and

incubated under nitrogen for 3 hours. At the end of the

incubation, 22.4 nmol of hematoporphyrin Nag-salt, as a

100 pl aliquot in ethanol, was added to each sample and the

tubes were frozen for subsequent analysis of porphyrins.

Measurement of Iron Uptake by Bacterial

Dense Cell Suspensions

 

 

The rate of iron uptake by dense suspensions of whole

cells was determined with 55Fe using the method of

Rosenberg (71). Cells were harvested as described

previously: cultures were first centrifuged at 13,000 x g

for 20 minutes and the pellet was washed twice with ice-cold

phosphate buffer (pH 6.9), with centrifugation at 17,000 x g

for 10 minutes. The phosphate buffer contained (in mmol per

liter): NaHzPOz, 30; KH2PO4, 10; (NH4)2804, 10; MgClz,

1; and CaClz, 0.04. This mixture, at pH 4.5, was auto-

claved and allowed to stand at room temperature for several

days to allow any precipitates to form. The solution was

then passed through a membrane filter (Millipore, 0.45 pm)

and the pH was adjusted to 6.9 with 3:1 (v/v) 5 M NaOH/KOH.

This solution was then diluted with an equal amount of
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distilled, deionized water before use. For 55Fe uptake

studies, bacteria were suspended to 1.0 to 1.5 mg soluble

protein per ml with the phosphate buffer, above, and ten m1

of cell suspension was placed in a 100 ml polypropylene

beaker and preincubated for 10 minutes in a 30°C shaker

water bath.

Radioactive iron was added to the cell suspension as

55FeCl3 (specific activity = 26.37 Ci per gram) in a

solution of 2 mM sodium nitrilotriacetate (NTA). NTA was

used to prevent non-specific binding of 55Fe+3 to

bacterial cell surfaces. The 55Fe/NTA solution was

prepared in an Eppendorf microfuge tube by adding 15 ul

55FeC13 (5.0 pCi, in 0.1 N HC1) stock to 0.1 m1 of 2

mM NTA. This solution was incubated for 30 minutes at 30°C,

115 pl of 55Fe/NTA solution was added to the cell

suspension and a 200 pl aliquot was immediately removed and

filtered with suction through a membrane filter (Millipore,

0.45 um). The membrane filters were previously soaked

overnight in 40 mM Fe EDTA. The cells trapped on the filter

were immediately washed twice with 2 ml of ice-cold 0.9%

NaCl (w/v). Aliquots were removed from the cell suspension

at subsequent times and filtered as described. The cell

suspension was shaken at 30°C except for the brief periods

during sampling. All samples were taken in triplicate. To

account for non-specific adsorption of 55Fe, the

radioactivity of the t = 0 filter was subtracted from the

subsequent time points.
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The filters were then placed in scintillation vials, 10

ml of scintillation cocktail (Safety-Solve, Research

Products International) was added, and the samples were

counted in the 3H channel of a Beckman LS 7000

scintillation counter. The program used provided an H#

which measures counting efficiency; pmol 55Fe taken up

was calculated using the counting efficiency and specific

activity.

Analytical Methods
 

PBG Determination
 

One ml of cell suspension was added to a 10 ml culture

tube containing 50 pl of 100% (w/v) trichloracetic acid.

The tubes were mixed and then centrifuged for 10 min at high

speed in a clinical centrifuge. The supernatant fluid was

decanted into another 10 ml test tube and one m1 modified

Ehrlich's reagent was added. Samples were mixed and after

15 min absorbance at 555 nm was determined using a Cary 15

recording spectrophotometer. The molar extinction

coefficient of the PBG-Ehrlich's complex was determined to

be 6.1 x 10+4 (78).

Porphyrin separation and quanititation
 

After removal of the 1 ml aliquot for PBG determin-

ation, the remainder of the cell suspension was quantita-

tively transferred to a 50 m1 round bottom flask. This
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remainder was then frozen in a dry-ice/acetone bath and

lyOphilized to dryness. The lyophilate was then suspended

in either 5 ml methanol : sulfuric acid (19:1, v/v) for

whole cell incubations or 2 ml MeOH/HZSO4 for cell free

incubations and incubated for 24 hours at -20°C followed by

the porphyrins (see K. Smith, Porphyrins and
 

Meta110porphyrins p. 835-835).
 

For chromatography, the porphyrin methyl esters were

quantitatively transferred into chloroform. First, a few

drops of methanolic iodine (0.005%, w/v) was added to the

methanol : sulfuric acid suspension to oxidize porphyrino-

gens present up to porphyrins. The suspension was centri-

fuged at 27,000 x g for 9 min. The supernatant fluid was

decanted and the pellet was re-extracted with 2 ml

methanol : sulfuric acid. The combined supernates were

neutralized with 3 volumes of 5% (w/v) sodium bicarbonate

and the porphyrin methyl esters were quantitatively trans-

ferred to diethyl ether. The aqueous fraction was extracted

with ether until no red fluorescence (as detected with long

wavelength ultraviolet illumination) could be seen in the

ether fraction. The combined ether layers were twice back

extracted with 1/2 volume 7% (w/v) NaCl. The ether fraction

was taken to dryness with a rotary evaporator. The porphy-

rin methyl esters were immediately taken up in 8 ml chloro-

form and this was quantitatively transferred to a 15 ml

conical centrifuge tube. Before injection onto the HPLC,
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the volume of the sample was reduced under vacuum and

samples were resuspended in 50 pl of chloroform.

The porphyrin methyl esters were separated and quanti-

tated by high performance liquid chromatography on a Varian

model 5000 HPLC: column, 20 x 0.46 cm Partisil-lO ODS

(Whatman 10 pm) with a 7.5 x 0.21 cm Co:Pell ODS (Whatman)

precolumn; fluorescence detecter, Kratos FS 950 Fluoromat,

Aex = 405 nm, Aem > 595 nm with output to an

Omniscribe linear recorder. Solvent program was as follows,

time = 0 min 60% (v/v) ethanol (40% water), t = 7 min 100%

ethanol; flow rate, 2 ml per min. Porphyins were quanti-

tated by determining the weight of sample peaks and compar-

ing with the weight of peaks resulting from injection of

porphyrin methyl ester standards. The hematoporphyrin

standard added at the end of whole cell and cell-free incu-

bations was used to determine and convert for incomplete

recovery of porphyrins from the samples. Results presented

in the tables are the mean : S.E. of three essays done in

triplicate.

Protein Determination
 

The concentration of protein in cell-free extracts was

determined using the Bradford method (12), using bovine

gamma globulins as a standard. This technique involves the

quantitative binding of protein to the dye Coomassie blue.

0.1 ml of cell-free extract was added to 5 ml of the dye

solution and the absorbance of the resulting color complex



31

was measured in a spectrophotometer at 595 nm. (See

appendix for reagent recipe.)



RESULTS

Nodulation Characteristics
 

Rhizobium leguminosarum mutant strain 116 forms white,
 

ineffective nodules. Host pea plants nodulated with this

strain show the typical nitrogen deficiency symptoms, being

shorter and yellower than plants nodulated with the wild

type or revertant strains (data not shown). When nitrogen-

ase activity is estimated by the acetylene reduction assay,

strains 1062 and 74-11 reduce acetylene while 116 does not

(Figure 2, Table 2). The mutant strain also forms signifi-

cantly more nodules per host plant root than either the wild

type or revertant strains (Table 2). This is true whether

these values are expressed as a per weight or per number

basis. Hypernodulation is characteristic of ineffective

Rhizobium strains.
 

Growth Characteristics
 

In order to characterize the biochemical defect in the

mutant strain, growth curves were determined for the three

strains. Figure 3 shows growth as a function of time for

strains 1062, 116, and 74-11. When grown in defined,

minimal (Y) medium, the mutant strain shows no apparent

32



Figure 2.

33

Acetylene reduction by pea roots nodulated with

various Rhizobium leguminosarum strains.

At time = 0 min, C2H2 was added to root plus

nodule samples in stoppered culture tubes.

C2H2 was added to a final concentration of

10% (v/v). Ethylene was determined by FID gas

chromatography.

Symbols: 0, 1062;A, 116; I, 74-11
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Figure 3.
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Growth of E. leguminosarum strains in minimal
 

medium.

Colony forming units were determined by plating

appropriate dilutions of broth cultures onto TY

plates and incubating for 3 days at 28°C.

Symbols: 0 , 1062;A, 116;., 74-11
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additional requirements for growth over that of the wild

type or revertant.

Although the mutant grows as well as the wild type and

revertant, it has a lower cytochrome content (Figure 4).

Cytochromes were determined in cell-free extracts of broth

cells by means of reduced minus oxidized difference spectra.

It is possible to both qualitatively and quantitatively

estimate the presence of cytochromes by this technique

because the different cytochromes show different absorption

maxima in their difference spectra. Figure 4 shows the

dithionite-reduced minus ferricyanide oxidized difference

spectra from E. leguminosarum strains 1062, 116, and 74-11.
 

The absorption maxima for the a- and 8- peaks for cytochrome

c are, respectively, at 555 nm and 530 nm. The maxima for

the a- and 8- peaks for cytochrome b are, respectively, at

563 nm and 530 nm. Although less well defined in this

figure, the absorption maximum for cytochrome oxidase (a-

peak) is around 600 nm. Concentrations of cytochromes c and

b in the three strains are presented in Table 3. Figure 4

and Table 3 show that the mutant has no detectable

cytochrome c and less cytochrome b than either the wild type

or revertant. The limit of sensitivity for this assay is 10

pmol cytochrome per mg protein. These data suggest that 116

is defective in heme biosynthesis; however, the mutant

strain apparently makes enough cytochromes to grow at wild

type rates in Y medium (see Figure 3).
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Figure 4. Difference spectra (dithionite reduced minus

ferricyanide oxidized) of cell-free extracts of

Rhizobium leguminosarum strains 1062, 116, and

74-11.

Log-phase cells were harbested, washed in 0.1 M

K-phosphate buffer (pH 7.0), lysed by sonication,

and centrifuged at 27,000 x g for 10 min.

a) Strain 1062, protein concentration 8.0 mg ml‘l

b) Strain 116, protein concentration 4.9 mg ml"1

c) Strain 74-11, protein concentration 6.8 mg ml'1

d) baseline
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Table 3. Concentrations of cytochromes in Rhizobium
 

leguminosarum strains
 

 

pmol gytochrome i S.E.
 

mg protein

 

Strain cyt c cyt b

1062 59 i 13 76 i 25

116 _ a) 31 i 3

74-11 44 + 11 58 i 19

 

a) trace, below limit of detection (10 pmol/mg protein)

Results presented are the mean : S.E. of three independent

determinations.
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High Performance Liquid Chromatography of Porphyrins

Mutant strain 116 accumulated porphyrins (precursors to

heme). In order to identify the lesion in this strain,

whole cell suspensions and cell-free extracts were incubated

in the presence of ALA and intermediate of heme biosynthesis

were estimated; presumably one would see an accumulatioin of

porphyrins at the step in the pathway where the lesion

occurs. In order to quantitate the porphyrins formed during

feeding experiments, it was necessary to deveIOp an HPLC

method for separating porphyrins.

The HPLC method which was developed involved using a

linear gradient of ethanol and water; from zero to seven

minutes the gradient ran from 60% to 100% ethanol. The

stationary phase was a C-18 (reversed phase) column which

gave very repeatable results.

Representative HPLC tracings of porphyrin methyl ester

standards and porphyrin methyl esters as extracted from the

three E. leguminosarum strains are shown in Figures 5 and 6.
 

Figure 5 shows the tracings for porphyrin methyl esters as

isolated from log phase cells of the three strains. Figure

6 shows the tracings resulting from incubating dense cell

suspensions (which were harvested during log phase) with

ALA. It can be seen that incubating cell suspensions with

ALA results in a large increase in the porphyrins

recovered.

 



Figure 5.
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HPLC tracings of porphyrin methyl esters as

isolated from log-phase cells of Rhizohbium
 

leguminosarum strains 1062, 116, and 74-11.
 

Porphyrins were isolated as their methyl esters

by extracting washed, lyophilyzed cells with

methanol-sulphuric acid.

For all tracings, the fluorescence detector range

was set at 0.2 (most sensitive scale).

a) Strain 1062

b) Strain 116

c) Strain 74-11

d) Porphyrin methyl ester standards:

F - solvent front

1 - UROoctamethyl ester

2 - COPROtetramethyl ester

3 - PROTOdimethyl ester
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Figure 6.
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HPLC tracings of porphyrin methyl esters as

isolated from log-phase cells of Rhizohbium
 

leguminosarum strains 1062, 116, and 74-11
 

incubated in G-aminolevulinic acid.

Cells suspensions were incubated aerobically with

0.5 mM ALA for 20 hours at 30°C and were then

frozen. Porphyrins were isolated as their

methyl esters by extracting lyOphilized cells

with methanol-sulphuric acid.

The fluorescence detector range was set at 1.0.

In tracings a,b, and c the range was changed to

0.2 at the point indicated by the arrow.

a) Strain 1062

b) Strain 116

c) Strain 74-11

d) Porphyrin methyl ester standards:

F - solvent front

1 UROoctamethyl ester

2 COPROtetramethyl ester

U
.
)

I PROTOdimethyl ester
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Qpantitation of Selected Heme Biosynthesis Activities
 

The results of incubating dense suspensions of cells

with ALA are shown in Table 4. It can be seen that there is

no significant difference in the rate of either PBG or

porphyrin formation between the wild type, mutant, or

revertant. These data suggest that 116 is not impaired in

protoporphrin biosynthesis.

The activities of several enzymes of the heme biosyn-

thesis pathway in cell-free extracts of the three bacterial

strains are presented in Table 5. The mutant and wild type

strains show no signficant difference in activities of the

first two heme synthesis enzymes: ALAS and ALAD. Cell-free

extracts were incubated with PBG under a N2 atmosphere and

porphyrins formed were determined by HPLC. As can be seen

in Table 5, the three strains also show no difference in

uro- or coproporphyrin forming ability. Under these experi-

mental conditions, only traces (less than 1 pmol PROTO per

mg protein per hour) of protoporphyrin were detected.

Because the mutant strain showed no obvious accumula-

tion of heme synthesis intermediates, the results shown in

Tables 4 and 5 do not indicate that the mutant is defective

in porphyrin biosynthesis.

Experiments on Cells Grown in Low Iron
 

Since strain 116 shows no apparent defects in porphyrin

and biosynthesis, and indeed would convert ALA to PROTO

(Table 4), it was decided to look at iron metabolism. If
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the mutant strain was defective in iron metabolism, this

would result in porphyrin accumulation and reduced

cytochrome levels because reduced iron is required to form

heme. Similarly, a rhizobial iron metabolism mutant would

result in a non-nitrogen fixing phenotype because

nitrogenase in a root nodule is an iron protein and is

inactive in the absence of leghemoglobin. To test the

hypothesis that strain 116 is defective in iron metabolism,

growth curves for the three E. leguminosarum strains grown
 

in low iron medium were determined.

The normal defined (Y) medium which was used in the

preceeding experiments contains 122 pM iron. This iron

concentration is far greater than that which is needed for

optimal bacterial growth. Y medium was modified to L1

medium to more rigourously reduce the available iron. The

iron concentration in L1 medium was determined to be 0.059

UM by atomic absorption spectroscopy.

The growth of the three E. leguminosarum strains in L1
 

medium is shown in Figure 7a. It can be seen that while the

wild type and revertant show normal growth, the mutant grows

poorly if at all. As a control, the three strains were

grown in the same medium containing 122 uM iron (Figure 7b).

In high iron medium, the mutant grows as well as the wild

type and revertant. From this it was concluded that mutant

strain 116 is defective in iron metabolism.

It should be noted that prior to the growth experiments

depicted in Figure 7, the cells were grown to mid-log phase



Figure 7.
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Growth of E. leguminosarum strains in low iron
 

and high iron media.

Colony forming units were determined by plating

appropriate dilutions of broth cultures onto TY

plates and incubating for 3 days at 28°C.

A) growth in low iron medium [Fe] 0.059 “M

B) growh in high iron medium [Fe] 122 UM

Symbols: 0,., 1062;A,A, 116;D,l, 74-11
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in L1 medium to use up any endogenous iron pools. At the

beginning of the growth experiment depicted in Figure 7, the

cells were transferred to fresh LI medium or fresh high iron

medium. These LI growth experiments suggest that strain 116

has used up all of its internal iron pools by the time of

transfer to fresh medium because upon the transfer to L1,

this strain shows no further growth. For this reason, when

assaying iron uptake by cells of strain 116 (described

below), the mutant cell cultures grown in L1 were harvested

at the first mid-log phase.

To further define the nature of the iron metabolism

defect in strain 116, the uptake of radioactive iron by the

three strains was determined. Iron uptake was measured by

incubating dense suspensions of whole cells in a solution

containing 55FeCl3. Working with inorganic iron in

biological systems presents two problems. First, at

physiological pH, Fe+3 will form Fe(OH)3, which is

extremely insoluble (KSp is less than 10'38) (10).

Second, because a bacterial cell wall has a net negative

charge, Fe+3 will presumably adhere by electrostatic

interactions to the cell wall. For these reasons, when

measuring 55Fe uptake, the radioactive iron was first

chelated to nitrilotriacetate and it was this chelate which

was presented to the bacterial cell suspensions.

A time course for the uptake of 55Fe by the wild

type, mutant, and revertant grown in L1 and high iron medium

is shown in Figure 8. The initial and final 55Fe uptake



Figure 8.

54

55Fe uptake of Rhizobium leguminosarum
 

strains grown in high iron or low iron minimal

media.

Cells were harvested, washed, and resuspended in

a buffered solution to which 5 uCi 55Fe/NTA

was added. Samples were removed at various times

and cells were collected on membrane filters and

washed with 9% NaCl. An initial time point was

taken and this value was subtracted from

subsequent time points to account for

non-specific adsorption. The data presented

represent the mean of three independent

experiments where the samples were taken in

triplicate.

Open symbols: cells grown in low iron medium

Closed symbols: cells grown in high iron medium

Symbols: 0,0, 1062;A ,A, 116;D,', 74-11
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rates are given in Table 6. For cells grown in high iron

medium, there is no significant difference in either the

initial or final 55Fe uptake rates between the wild

type, mutant, and revertant. However, in low iron-grown

cells, the mutant initially has a lower rate of uptake than

the wild type and revertant; but the final rate of uptake of

the three strains approach equal values. These results

suggest that mutant strain 116 is defective in the initial

uptake of iron.
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DISCUSSION

To test the hypothesis that rhizobia produce the heme

of leghemoglobin, Nadler has isolated a mutant of E.

leguminosarum which was presumed to be defective in heme
 

synthesis (57). The characterization of this mutant strain

(116) presented in this investigation was undertaken to

determine the biochemical basis of this mutation and thereby

to gain possible insight into the nature of the

Rhizobium-legume symbiosis. The results presented suggest
 

that 116 is defective in the initial uptake of iron.

Strain 116 does not grow in low iron medium (Figure 7)

and is defective in the initial uptake of iron (Figure 8 and

Table 6). Under "normal" 55Fe uptake conditions, i.e.

the kinetics found in strains 1062 and 74-11 grown in low

iron, there is first a rapid initial phase of uptake follow-

ed by a slower steady state rate (Figure 8). In contrast to

this, 116 grown in low iron shows a slow initial rate of

55Fe uptake and a more rapid final rate; the final rate

of uptake in 116 is more or less equivalent to the steady

state rate found in 1062 or 74-11. The biphasic kinetics of

55Fe uptake in the three bacterial strains suggest the

presence of an 55Fe-saturable space in free-living

Rhizobium leguminosaum; this iron-saturable space may be the

58
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periplasmic space. Thus 116 may be unable to concentrate

iron in its periplasmic space, as shown by the initial slow

rate of uptake. However, once iron is in the periplasm,

there is no problem for 116 to transport it into the

cytosol; this is seen in the faster steady state rate of

iron uptake in Figure 8.

The results of the iron uptake experiments suggest two

possibilities as to the exact nature of the mutation in 116:

i) 116 is not able to synthesize a functional siderophore or

ii) 116 is unable to synthesize a functional siderophore re-

ceptor protein. There are relatively simple assays which

test for the presence of phenolate/catechol (5) and hydroxa-

mate (21) siderophores. A positive test for siderophores in

116 would imply that the mutant is not defective in sidero-

phore production and would also imply that the defect in 116

is in the siderophore receptor. Under iron stress, certain

outer membrane proteins are overproduced by various bacteria

(14, 62) as revealed by SDS-PAGE; these have been suggested

to serve as siderophore receptor proteins. The presence or

absence of these proteins in strain 116 should be determined

to see if this strain is somehow defective in their

production.

Another conclusion which can be drawn from this in-

vestigation is that rhizobia produce the heme of leghemo-

globin. Strain 116 induces white, non-nitrogen fixing root

nodules on host peas. Lack of nitrogenase activity may be

due to a lack of leghemoglobin in the mutant-induced
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nodules. When measured by a radioimmunoassay, the mutant

nodules contain about 3% of the leghemoglobin found in the

wild type (11). On the other hand, the wild type and re-

vertant strains induce pink, nitrogen-fixing nodules (Table

2). One difference between the mutant strain and the wild

type and revertant strains is that the mutant is unable to

synthesize enough heme (due to its impaired iron uptake) to

meet the nodule's demand for leghemoglobin. If the plant

genome was responsible for producing the heme of leghemo-

globin, then the nodules on that plant induced by a mutant

Rhizobium which is impaired in heme biosynthesis would
 

result in pink nitrogen fixing nodules. Strain 116, along

with E. meliloti mutants A-34 and A-36 of Leong, gg‘gl.

(50), provides the first genetic evidence that rhizobia

produce the heme of leghemoglobin.

If 116 is indeed an iron uptake mutant, then this also

implies that iron is not freely available to bacteroids in a

nodule; if iron was available, then nodules of strain 116

would not show its non-nitrogen fixing phenotype. Presum-

ably, there are other metabolic consequences occuring in 116

nodules because of lack of iron to the bacteroids. Perhaps

116 bacteroids have a lower cytochrome content than 1062 or

74-11 bacteroids. If this is the case, it would be useful

to determine the respiratory activity of these bacteroids to

see if there is any difference in the three strains.

Another consequence of impaired iron uptake is that 116

bacteroids are probably accumulating porphyrins. It is
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tempting to speculate that if the iron concentration in 116

nodules was increased, then the mutant might be able to

overcome the heme synthesis defect and allow for sufficient

leghemoglobin synthesis that these nodules would then become

effective nitrogen fixers.

Strain 116 makes less cytochromes than strains 1062 and

74-11 (see Figure 3 and Table 3), but in minimal medium the

mutant grows as well as the wild type and revertant (Figure

2). These discoveries resulted in the conclusion that

strain 116 is a "leaky" mutant: it is not completely

blocked in heme biosynthesis and under the proper condi-

tions, the mutant is able to produce enough heme for

"normal" free-living growth. This point will be further

discussed below.

Incubating cell-free extracts or whole cell suspensions

respectively with PBG or ALA resulted in no significant

differences in the rate of porphyrin formation between the

mutant and wild type or revertant. Since 116 is defective

in heme synthesis, it would be expected to find more heme

intermediates in this strain than in 1062 or 74-11, but this

was not the case. This can possibly be explained in two

ways. First, the true manifestation of the pOp' mutation

is seen in root nodules, where the bacteria have changed

into bacteroids. Under nodule conditions, where the bac-

teroid metabolism differs from the metabolism of lab-

cultured bacteria, the pep' mutation would be more fully

expressed due to the higher demand for heme. Second, under
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free-living growth, pOp' is not fully expressed because of

the relatively high iron concentrations present in Y medium

when growing the cells up for an assay.’ This second point

will be further discussed below.

Similarly, under heme stress, one would expect to see

an increase in ALAS activities because this is the rate

limiting enzyme of heme biosyntehsis in Rhizobium; heme is
 

known to regulate this enzyme in other organisms (16, 54).

116 does not show increased ALAS activities over that of

1062 are probably the same as why the mutant does not form

more porphyrins than the wild type and revertant: under the

assay conditions employed, pep’ was not fully expressed.

As shown in Figure 6, strain 116 clearly appears to be

a mutant defective in some aspect of iron metabolism. The

results of this experiment also explain why the afore-

mentioned results in some of the previous experiments were

unexpected. Under the high iron conditions present in Y

medium, 116 does not express pop’; this expression does

not occur until the mutant is placed under iron stress.

Under high iron conditions, the medium is rate-saturating

with respect to iron and any defect in the cell's ability to

utilize iron is overcome by diffusion of iron into the

mutant cells. It is possible that if strain 116 were grown

in low iron medium and the various heme biosynthetic

activities were assayed, the phenotype would be that of a

heme synthesis mutant. The mutant would have higher ALAS
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and porphyrin-forming activities than either strains 1062 or

74-11.

In order to analyze the porphyrins formed by whole cell

suspensions and cell-free extracts, I develoPed my own

method of poprphyrin separation by high performance liquid

chromatography since published methods were not

reproducible. I wish to leave these recommendations for

anyone attempting porphyrin HPLC in the future: i) of the

two methods of detection, fluorescence is a better method

than absorbance at 400 nm. It is more sensitive than

absorbance detection and, by using a red cutoff emission

filter, the only peaks seen on the recorder tracing are due

to porphyrins. ii) Porphyrins should be run in columns as

methyl esters rather than free acids. Although it involves

added time to esterify porphyrin samples, I feel that this

extra time is worth the effort for two reasons: it is

easier to extract porphyrin methyl esters from biological

samples than porphyrin free acids. Free acids are insoluble

and precipitate out of solution at pH approaching

neutrality, and thus any chromatographic system which

separates porphyrin free acids must run in a solvent system

buffered below pH 4.0 in order to fully protonate the

porphyrin samples. In the long run, I feel that running a

solvent system like this can be harmful to both the HPLC

solvent pump and to the column.

In summary, this investigation has shown that mutant

strain 116 is defective in the initial uptake of iron.



64

Since this defect is not seen in high iron-grown cells, then

this implies that 116 has high and low affinity iron meta-

bolism systems. This study also gave further support to the

hypothesis that the heme of leghemoglobin is of bacteroid

origin. Further experiments which need to be done are (i)

examine the heme biosynthetic activities of E. leguminosarum
 

strains grown in low iron (Tables 4 and 5), (ii) further

define the iron uptake requirements for the three Rhizobium
 

strains, e.g. look for the presence of siderophores and the

presence of outer-membrane proteins which act as siderophore

receptors, and (iii) continue these experiments on bac-

teroids. Studies such as these should provide more insight

into the role of iron uptake and its relationship to the

Rhizobium-legume symbiosis.
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Y minimal medium (Johnston, EE gl., 1978)
 

for growth of E. leguminosarum strains 1062, 116, and
 

 

74-11

final concentration

g1;

MgSO4-7H20 0.1

CaC12-6H20 0.22

KZHP04 0.22

FeCl3 (stock solution in 0.1 N HCl) 0.02

Nag-glutamate 1.1

D-biotin 5.6 mg/l

thiamine 5.6 mg/l

DL-pantothenic acid (Ca salt) 5.6 mg/l

Nag-succinate 1.35

uracil 2.25 mg/l

L-tryptophan 11.25 mg/l

TY complete medium (Johnston, gg‘gl., 1978)

gLE

Difco Bacto-Tryptone 5

Difco Bacto-Yeast Extract 3

CaClz-2H20 1.5
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Minimal and complete solid media were made as described

above plus the addition of Difco Bacto-Agar to a

concentration of 1.5% (w/v).

Nitrogen-Free Medium (Johnson, gE 31., 1966)
 

for pea growth

final concentration

311

MgSO4-7H20 0.49

K2504 0.02

KH2PO4 0.02

K2HPO4 0.01

CaSO4-2H20 1.03

CaC12-2H20 1.8

trace elements BELL

FeEDTA 1

H3BO3 0.25

MnSO4-H20 0.25

ZnSO4-7H20 0.05

CuSO4'5H20 0.02

Na2M004-2H20 0.01

COC12°6H20 0.05
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Modified Ehrlich's Reagent (Urata and Granick, 1963)
 

Glacial acetic acid 43 ml

70% perchloric acid 10 ml

p-dimethylaminobenzaldehyde 1.0 g

HgClz 0.175 g

Bradford Reagent (Bradford, 1976)
 

Coomassie Brillant Blue G 50 mg

95% ethanol 25 ml

85% phosphoric acid 50 ml

Distilled, deionized water 425 ml

Dissolve brillant blue in ethanol, add phosphoric acid, and

dilute with water. Filter through one layer of Whatman

Number 5 filter paper.
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