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Heme Synthesis in Soybean Root Nodules
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ABSTRACT

During odaon of soybean (Glycine max) by Rhizobwum japoni-
cam, varitions in the actvities of two enzymes of heme bIosyntbess, 8-
am_nokevuic acid syntha (ALAS) and 8-ainnoevkun add deby-
drae (ALAD) are desibed. 8-AnunevuHilc add ynthm actvity I
found In the bacterold faction ofnodes, but i not detected In the plant
frction. Blcteroid ALAS activity paraelsb heme accumlation daring
nodul development. 8-A _minoevnlnk acid dehydrae actvity b foud
in both bacteroid and plant cytosol faction. Baterold ALAD acivity b
constat or ieases duing nodulatioD wile plant ALAD atvity falb.

Bacterold ALAD actvity is found in effective, not in n ent
nodules. Plant ALAD activity is found In both effective and InefdMkent
nodies. PInt ALAD activity fal during development of both types of
root nodules.

These resuts spport the contention that It b the bacterold ALAS nd
ALAD , not those of the plant, that are dirctly involved in
formation of ebhemoglobin beme, suesting that the bacterold may be
solely reosb for formation of leghemoglobin beme in the nodule
symbiosis.

Legume root nodules have a deep red-brown pigmentation
due to the presence of large amounts of a group of hemoproteins
called "leghemoglobins." Lb3 is essential for symbiotic N2 fixa-
tion in legumes, functioning to deliver 02 to the aerobic endo-
symbiotic bacteroids at an 02 tension sufficiently low so as to not
inhibit the 02-sensitive bacteroid nitrogenase. Lb is formed only
during development of the nodule symbiosis; neither the unin-
fected legume host nor the free living Rhizobium bacteria pro-
duce these hemoproteins or even large amounts of heme. Evi-
dently during nodulation, a large increase in heme formation is
required for Lb synthesis. How is this increased heme synthesis
regulated and which symbiotic partner produces the heme for
Lb?

Tetrapyrrole formation in a variety of qrganisms is limited by
the rate of formation of ALA, the first compound committed to
heme and Chl synthesis. It seems reasonable that heme forma-
tion in legume nodules might be so regulated. ALA limits the
formation of heme precursors by Rhizobium japonicum (9) but
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the effect of exogenous ALA on heme formation has not been
determined. Cutting and Schulman (7), on the other hand,
propose that heme synthesis by soybean nodule bacteroids is
regulated at a step subsequent to ALA formation. We present
evidence here that suggests that the activity of ALA-synthase is
rate-limiting in heme formation in legume nodules.
The globin portion of Lb has been shown to be produced by

the host plant (6, 8), while the site(s) of heine synthesis in the
nodule remains unclear. Bacteroids incorporate a variety of
precursors including glycine (21), organic acids (14, 21), and
ALA (5, 12, 14) into heme, suggesting that the bacteria are the
site of heme synthesis in nodules. In contrast, Godfrey et al. (1 1)
reported that the major portion of nodule ALAD activity is in
the plant cytosol fraction and suggested that in the nodule, heme
precursors are exchanged between host and symbiont in a similar
fashion to the exchange of heme precursors between the mito-
chondria and cytosol of animal cells (22). The experiments
described here tend to support the contention that the bacteroid
can be the exclusive site of synthesis of Lb heme in soybean root
nodules.

MATERIALS AND METHODS

Media. Yeast extract-mannitol medium (YM) contains, in
grams per liter: mannitol, 10; yeast extract (Difco), 1; K2HPO4,
0.5; MgSO4 * 7H20, 0.2; NaCl, 0. 1; CaSO4*2H2O, 0.1. Media is
autoclaved for 15 min at 15 p.s.i.

N-free legume nutrient medium is prepared as described by
Johnson et al. (15).

Organisms. R. japonicum strains 311b-61 and 311b-1 10 were
kindly supplied by D. C. Weber, Beltsville, Md.; strain 11927
was purchased from American Type Culture Collection. Bacte-
rial strains are maintained on YM agar (1.5%) slants and are
transferred every 3 months. Liquid cultures are started from
slants in 2 ml YM medium; when outgrowth occurs, cultures are
transferred to 50 ml YM media in 1-liter flasks and are aerated
by agitation on a reciprocal shaker for 1 day. Cells are harvested
by centrifugation at 6,000g for 10 min, washed, and resus-
pended in N-free legume nutrient medium.
Soybean (Glycine max. cv. Hark) seeds are surface-sterilized

briefly in 1% NaOCI, washed in running tap water, and planted
in a vermiculite-perlite bed. The bed is inoculated with a suspen-
sion of the appropriate strain of R. japonicum. N-free nutrient
medium is aerated and circulated through the beds of germinat-
ing seeds for 1 week. The beds are illuminated with two 40 w
Grolux fluorescent lights. Inoculated seedlings are transplanted
into a vermiculite-perlite mixture in pots in a greenhouse. All
experiments reported here were performed during the summer
when no supplemental illumination was necessary. Plants are
watered with N-free medium as described (15).
Nodules form predominantly at the root crown. Only crown

nodules were harvested in these experiments.
433



NADLER AND AVISSAR

Fractionation of Nodules. All operations are performed at 0 to
4 C.
Assay of ALAD Activity. One- to three- g nodules are ho-

mogenized in a prechilled mortar with 10 to 15 ml of a 5 mm Na-
K phosphate buffer (pH 7.5) containing 1 mM MgC12 and 1 mM
,3-mercaptoethanol. The nodule brei is squeezed through two
layers of cheesecloth and one layer of Miracloth. Bacteroids are
collected from the filtrate by centrifugation at 6,000g for 10 min.
The resulting clear supernatant ("plant fraction") is decanted
and is used directly for determination of Lb heme and plant
enzymic activities. The pelleted bacteroids are washed, resus-
pended in 5 ml buffer, and are broken by sonic disruption with
three 30-sec bursts from a Sonifier-Cell Disruptor (model W
185, Heat Systems Ultrasonics Inc.) at power setting 5. The
sonicate is clarified by centrifugation for 10 min at 20,000g.
Bacteroid activities are assayed in the resulting supernatant
("bacteroid extract"). Contamination of the bacteroid extract is
considered minimal since no Lb is detected in the bacteroid
extract by the pyridine-hemochromogen method (10).

Nodules are similarly fractionated for assay ofALAS except
that 0.1 M Na-phosphate (pH 7.5) buffer containing 1 mm
MgCl2 and 1 mm 8-mercaptoethanol is used throughout the
procedure.

ENZYME ASSAYS

ALAS Activity. A 3-ml final volume contains, in ,umol: Na-
phosphate (pH 7.5), 300; f-mercaptoethanol, 1.5; MgCl2, 50;
sodium succinate, 300; glycine, 300; ATP, disodium salt, 21;
CoA, 0.9; pyridoxal phosphate, 0.9. Reaction is initiated by
addition of bacteroid extract containing less than 3 mg protein to
the reaction mixture in a 30 C water bath. Incubations proceed
for the indicated time and are terminated by the addition of ice-
cold trichloroacetic acid (saturated with HgC12) to a final con-
centration of 3% trichloroacetic acid. Precipitate is removed by
centrifugation and the supernatants applied to a 3.5-ml column
of Dowex 50-W-X8, 200 to 400 mesh resin equilibrated with 0.2
N sodium citrate (pH 3.07). ALA is eluted as described by Beale
et al. (4) and is converted to ALA-pyrrole with acetyl acetone
(19) for colorimetric determination with the modified Ehrlich
reagent of Urata and Granick (25).
ALAD Activity. A final volume of 1 ml contains, in jumol:

tris-Cl (pH 8.5), 50; MgSO4, 5; f-mercaptoethanol, 12.5; ALA,
2.5; less than 0.5 ml bacteroid extract or plant fraction. Mixtures
are incubated for 2 hr at 30 C. Reactions are terminated by
addition of 0.25 ml ice-cold 20% (w/v) trichloroacetic acid
saturated with HgCl2. Precipitate is removed by centrifugation
and the porphobilinogen formed is determined colorimetrically
(19, 25).

ANALYTICAL METHODS

Heme is determined as the pyridine-hemochromogen (10)
assuming a millimolar extinction coefficient of 20.7 for the
reduced minus oxidized hemochrome.

Protein is determined by the method of Lowry et al. (18) using
BSA as a standard.

RESULTS

The ALAS activity of cell-free extracts of soybean root nodule
bacteroids can be assayed only after ion exchange chromatogra-
phy on short cation exchange columns (Fig. 1). In the absence of
this chromatographic step, the ALA-pyrrole color compound
(extinction maximum at 553 nm) formed with the Ehrlich re-
agent is obscured by material which forms another color com-
pound with the Ehrlich reagent, absorbing maximally at 520 nm.
After chromatography (Fig. 1B), ALA formed by bacteroids in
vitro is readily determined in the column eluates by standard

colorimetric procedures (19). The efficacy of the chromato-
graphic step is indicated by the ratio of the absorbances of the
pyrrole-Ehrlich color compound at 525 and 553 nm which, for
the eluted ALA, is 0.72 (Fig. 1B) as compared to that for
synthetic ALA, which is 0.69 (19).

Using this modified assay procedure, ALAS activity in cell-
free extracts of soybean root nodule bacteroids is constant and
apparently stable for at least 6 hr under the assay conditions
employed (Fig. 2, A and B). ALA formation is completely
dependent on added substrates, glycine and succinate and is
somewhat less dependent on exogenous CoA and pyridoxal
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FIG. 1. Purification by ion exchange chromatography of ALA pro-
duced by bacteroid extracts in vitro. Samples containing ALA are
treated as described under "Materials and Methods" to form ALA-
pyffole which is then mixed with eq'ual volumes of the modified Ehrlich
reagent (25). Absorption spectra of the resulting color compounds are
recorded 15 min later with a Cary 15 recording spectrophotometer. A:
Crude bacteroid extracts after addition of trichloroacetic acid and clarifi-
cation by centrifugation; B: crude bacteroid extracts from (A) after
chromatography on Dowex 50-W-X8 columns; absorbance x 10; C:
synthetic ALA.
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FIG. 2. ALAS activity of soybean root nodule bacteroids. Bacteroids
are isolated and disrupted by sonication as described under "Materials
and Methods." ALAS activity is determined as described under "Mate-
rials and Methods." A: ALAS activity with respect to time. Each ml of
final reaction mixture contains 1.25 mg protein. B: ALAS activity with
respect to mg bacteroid protein. Reactions are terminated after 4 hr
incubation.
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phosphate (Table I). The reduced dependence on exogenous
cofactors is probably due to presence of CoA and pyridoxal
phosphate in crude bacteroid extracts. The apparent formation
of ALA in the absence of added ATP is somewhat artifactual: in
the absence of added ATP, a compound accumulates in cell-free
extracts which coelutes with ALA from cation exchange resin,
and forms a pyrrole-like derivative with acetylacetone; this pyr-
role forms a 520 nm-absorbing color compound with the Ehrlich
reagent. Penicillin G does not significantly affect ALAS activity
in bacteroid extracts (unpublished results), suggesting that ALA
formation during incubation in vitro is not due to contaminating
bacteria or unbroken bacteroids. We have not determined the
effects of additions of succinylthiokinase; however, Godfrey et
al. (11) report and we confirm (unpublished results) the obser-
vation that the succinylthiokinase activity in bacteroid extracts is
300 to 1,000 times more active than ALAS activity. This sug-
gests that ALAS activity, not formation of succinyl-CoA may be
a limiting factor in ALA formation in vitro.

Variations during nodule development in bacteroid ALAS
activity suggest that ALAS activity limits heme synthesis in
soybean root nodules. On a fresh weight basis, bacteroid ALAS
activity correlates with nodule heme content (Fig. 3). ALAS
activity cannot be detected in young nodule primordia that have
no Lb. Thereafter, nodule heme content and bacteroid ALAS
activity increase in parallel, both reaching a maximum 5 weeks
after inoculation. As nodules senesce and their heme is de-
graded, bacteroid ALAS activity declines.

In contrast to the nodule ALAS activity, ALAD activity is
found in both bacteroid and plant fractions of effective nodules.
Most of the ALAD activity of nodules is found in the plant
fraction of rapidly growing nodules (Figs. 4 and 5), confirming a

Table I. Requirements for Bacteroid ALAS Activity in vitro.

Bacteroid ALAS activity is determined as described in Methods. Assay
mixtures containing 3 mg protein in 3 ml final volume are incubated at 28 C
for 200 min. Deletions of sodium succinate or ATP (disodium salt) are
replaced by equimolar amounts of NaCl; other deletions are replaced with equal
volumes of distilled water.

System ALA formed % complete

nmol/mg.protein.hr

complete 7.3 + 0.1 100
-glycine 0.1 + 0.03 1
-succinate 0.3 + 0.03 4
-ATP 2.6 + 0.03 36
-CoA 1.6 + 0.09 22
-pyridoxal phosphate 1.9 + 0.03 26
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FIG. 3. Bacteroid ALAS activity and Lb heme content of developing
nodules. Nodules formed on "Hark" soybeans by R. japonicum 31lb-
110 were harvested on the days indicated after inoculation. Lb heme is
determined in the plant fraction as the pyridine hemochromogen (10);
bacteroid ALAS activity is assayed as described under "Materials and
Methods."
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FIG. 4. Plant and bacteroid ALAD activities and Lb heme content of
developing nodules. Plant and bacteroid extracts are prepared and
ALAD activity, Lb heme are determined as described under "Materials
and Methods." Plant ALAD activity (A-A); bacteroid ALAD activ-
ity (A-A); Lb heme (O-O). Effective nodulation by strain 31lb-
110.

previous report by Godfrey et al. (11). On the basis of this
ALAD distribution, these workers (11, 12) proposed that ALA
and subsequent precursors of heme are exchanged between the
host plant and endosymbiont during nodulation, in analogy to
the interchange of heme precursors between the mitochondria
and cytosol of animal cells (22). However, as Lb heme is accumu-
lated in the developing nodule, the plant ALAD activity de-
creases sharply although the bacteroid ALAD activity is un-
changed or even increases (Figs. 4 and 5). Even on a fresh
weight basis, plant ALAD activity decreases sharply during Lb
formation. Mixing experiments do not support the presence of
an ALAD inhibitor in the plant fraction of mature nodules. The
decrease in plant ALAD activity during the period of rapid heme
formation is not consistent with the proposed role for the plant
enzyme in Lb synthesis.

Plant and bacteroid ALAD activities can also be compared
during formation of effective and inefficient nodules (Fig. 5). As
before, a sharp decline in the plant ALAD activity is observed
during formation of both effective nodules (formed with R.
japonicum 3Ilb-61) and inefficient (R. japonicum 11927) nod-
ules. In contrast, bacteroid ALAD activity is detected only in
effective nodules, not in inefficient nodules. Indeed, in the
effective nodules formed with strain 3Ilb-61, bacteroid ALAD
activity is found only when Lb is accumulating. Thus, there is a
correlation between Lb accumulation and bacteroid ALAD ac-
tivity, not with plant ALAD activity.

DISCUSSION

A modified procedure for the assay of ALAS activity in cell-
free extracts of soybean root nodule bacteroids is described.
Crucial to this procedure is the removal by ion exchange chro-
matography of substances which obscure the color compound of
ALA-pyrrole with Ehrlich reagent. Without the use of an ion
exchange step for ALA purification, Godfrey et al. (11) reported
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FIG. 5. Plant and bacteroid ALAD activities and Lb heme content of

effective versus inefficient nodules. Extracts are prepared and determi-

nations made as described under "Materials and Methods." Symbols as

in Figure 4. Effective nodulation with strain 3116-61; inefficient nodula-

tion with strain 11927. Bacteroid ALAD activity in inefficient nodules
was below the limits of sensitivity of the assay.

low and variable ALAS activity in cell-free extracts of serradella
and lupine nodule bacteroids. The high background and elusive
quality of ALAS activity reported by these workers may be due
to the presence of materials separated from ALA by ion ex-

change chromatography in this study. Using this modified assay
for ALAS in soybean nodule bacteroids, we have observed a

developmental correlation between the Lb content of soybean
nodules and the ALAS activity of bacteroids from soybean
nodules. Increased ALAS activity is correlated with rapid for-
mation of heme or bacterio-Chl in animal cells (13, 17) and in
microorganisms (16, 23). Chl formation in greening algae (1, 2)
and higher plants (3) is also characterized by increased ALA
formation. The increase in bacteroid ALAS activity during Lb
formation (Fig. 3) and the concomitant decrease in nodule
ALAD activity (Figs. 4 and 5) may indicate that heme formation
in nodules is similarly rate-limited by bacteroid ALAS activity.
However, we cannot exclude the possibility that the host plant
produces ALA. We have been unable to detect ALAS activity in
the plant fraction of effective nodules. Although it is conceivable
that ALA is made in the host plant cell via the recently proposed
five-carbon pathway (3, 4, 20), or that ALA formed in the plant
extract in vitro is rapidly metabolized to other amino acids (24),
the parallelism between nodule heme and bacteroid ALAS ac-

tivity suggests a major role for the bacteroid in formation of
ALA for synthesis of Lb heme.

Since ALAD is found in both the plant and bacteroid fractions
of soybean root nodules, it is more difficult to assign a role in the
formation of Lb heme to one of the partners in the nodule
symbiosis. Although the major portion of nodule ALAD activity
is found in the plant fraction, plant ALAD activity is present
both in effective nodules and in nodules that do not form Lb

(ineffective nodules). Bacteroid ALAD activity is found only in
effective nodules. Bacteroid ALAD activity (1 to 2 nmol PBG
formed/hr* mg protein) could support as much as 60 to 120 nmol
heme formed/day * g nodule, well in excess of the observed rate
of accumulation of Lb heme. The bacteroid ALAD activities
reported here are minimum activities since porphyrin fluores-
cence under UV light is always observed in assays of bacteroid
ALAD activity but is not observed in plant ALAD assays (un-
published results). This is consistent with the findings of other
workers (5, 12) who had previously noted that the particulate
(bacteroid) component of nodules is the principal site of ALA
incorporation into heme. These results indicate that bacteroids
can be the sole site of Lb heme formation from glycine and
succinate. Further experiments are required to demonstrate that
Lb heme formation is exclusively a function of the bacterial
symbiont.
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