Plant Physiol. (1991) 95, 551-555
0032-0889/91/95/0551/05/$01.00/0

Received for publication September 10, 1990
Accepted November 4, 1990

Nicotinate, Nicotinamide, and the Reactivity of
Leghemoglobin in Soybean Root Nodules’

Robert V. Klucas* and Cyril A. Appleby

Department of Biochemistry, University of Nebraska-Lincoln, Lincoln, Nebraska 68583-0718 (R.V.K.); and Division
of Plant Industry, Commonwealth Scientific and Industrial Research Organization, Canberra, ACT 2601,
Australia (C.A.A.)

ABSTRACT

Nicotinate has been postulated to interfere with the binding of
0: to ferrous leghemoglobin in soybean (Glycine max) root nod-
ules. For such a function, the levels of nicotinate in nodules must
be sufficiently high to bind a significant amount of leghemoglobin.
We have measured levels of nicotinate, nicotinamide, and leg-
hemoglobin in soybean nodules from plants 34 to 73 days after
planting in a glasshouse. On a per gram nodule fresh weight
basis, levels between 10.4 and 21 nanomoles for nicotinate, 19.2
and 37.8 nanomoles for nicotinamide, and 170 to 280 nanomoles
for leghemoglobin were measured. Even if all the nicotinate were
bound to ferrous leghemoglobin, only 11% or less of the total
leghemoglobin would be unavailable for binding O.. Using the
measured levels of nicotinate and a pH of 6.8 in the cytosol of
presenescent soybean nodules, we estimate that the proportion
of ferrous leghemoglobin bound to nicotinate in such nodules
would be less than 1%. These levels of nicotinate are too low to
interfere with the reaction between ferrous leghemoglobin and
0, in soybean root nodules.

Lb? is a monomeric hemoglobin formed in the symbiotic
tissue of legume root nodules where it transports oxygen to
the respiring, nitrogen-fixing Rhizobium bacteroids (2). The
nicotinate (pyridine 3-carboxylate) anion is known to bind
with high affinity to the heme iron of ferric or ferrous Lb
from soybean (6, 16) and lupin (7, 17), and these reactions
are proton dependent (6, 8).

The ligation of exogenous nicotinate to pure ferrous Lb (6)
or to ferric Lb in the nodule (14) interferes reversibly with its
oxygen-binding reaction. Because of reports that pea nodules
(9) and bean nodules (18) have high contents of nicotinic
acid, and because a large portion of the Lb in aqueous extracts
of soybean nodules is ligated by ‘endogenous’ nicotinate (=
ligand X) (1, 5), it was proposed (6) that changes in nodule
pH could, via endogenous nicotinate, control the oxygen
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2 Abbreviations: Lb, the mixture of all leghemoglobin components
found in a legume nodule; Lba, the pure component a isolated from
soybean Lb by an ion exchange chromatography; ferric Lb, ferric
leghemoglobin, which is unable to combine with oxygen; ferrous Lb
(or deoxyferrous Lb), the reactive species that combines reversibly
with oxygen to give LbO, (oxyferrous Lb).
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reactivity of Lb in vivo. Also, it was suggested that, in senescing
nodules, a lowered pH might favor the autoxidation of ferrous
Lb and LbO, to ferric Lb and that the very high affinity
binding of nicotinate to ferric Lb might precede the irrevers-
ible breakdown of this pigment (13).

For the pursuit of these hypotheses, it is critical to know
whether the nicotinate in aqueous extracts of soybean nodules
(1, 5, 6) is an endogenous, natural ligand of Lb or merely an
artifact of the aqueous extraction procedure. For example,
the enzyme nicotinamide deamidase is known to be present
in the cytosol and bacteroids of homogenized nodules (13),
and it is possible that this and other hydrolytic enzymes could
have been responsible for the production of nicotinate from
nicotinamide or pyridine nucleotide coenzymes. Accordingly,
we have measured the levels of nicotinate and nicotinamide
in extracts made by the homogenization of nodules in hot
70% aqueous ethanol, a procedure expected to rapidly inac-
tivate hydrolytic enzymes. Both nicotinate and nicotinamide
are soluble in 70% ethanol, and at high temperature (75°C)
this solvent denatures Lb nicotinate and liberates nicotinate
from it (CA Appleby, unpublished observations).

METHODS
Nodules

Seeds of soybean (Glycine max L. Merr.) cv Lincoln were
inoculated with Bradyrhizobium japonicum strain CC705 and
grown in a glasshouse as described elsewhere (10). Seeds of
soybean cv Beeson were inoculated with a commercial inoc-
ulum (Nitragin, Milwaukee, WI) and grown under field con-
ditions (12). Ages of plants are given as days after planting
the seeds.

Nitrogenase

C,H:-reducing activity was measured in triplicate on soy-
bean roots as described elsewhere (12). Protein concentration
was estimated by the method of Lowry (15).

Leghemoglobin

Homogeneous, nicotinate-free, ferric Lba was isolated by
anion exchange chromatography of soybean root nodule ex-
tracts on DEAE-cellulose (4), concentrated by pressure filtra-
tion over Amicon YM10 membranes to 6 mM in 10 mM
potassium phosphate (pH 7.0), and stored in small volumes
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in liquid nitrogen. The affinity of nicotinic acid for ferric Lba
was measured in 50 mM sodium succinate buffer (pH 5.0) at
20°C, by procedures described elsewhere (6). The dissociation
constant (Kis) of the binding reaction to ferric Lba was 0.65
uM nicotinate.

Total Lb was estimated by preparing pyridine hemo-
chromes of nodule extracts and measuring the absorbance of
the dithionite-reduced versus ferricyanide-oxidized pyridine
hemochrome (556 nm minus 539 nm, Ae mM = 23.4) (3).

Extraction of Nicotinate and Nicotinamide from Nodules

Within 5 min after removal from vigorously photosynthes-
izing plants, nodules were washed with water at 0°C, dried of
excess water, weighed, and either extracted immediately or
frozen immediately in liquid N, for subsequent extraction.
Duplicate 6-g samples of nodules were immersed in 250 mL
of ethanol at 75°C containing 2 mL of 0.5 mM Tris (pH 9.0),
and homogenized for 5 min with an Omni-Mixer (Sorvall)
while maintaining a temperature of 75°C. One duplicate was
supplemented with 4 nmol of [carboxyl-'*C]nicotinic acid (60
mCi/mmol) (Amersham), and the other was supplemented
with 5 nmol of [carbonyl-'*C]nicotinamide (52 mCi/mmol)
(Amersham), which served as internal standards for estimat-
ing recoveries and identification of nicotinate and nicotina-
mide. After centrifugation, the supernatant was evaporated to
dryness at 75°C under a stream of N,. The dried material was
suspended in ethanol at 75°C; the suspension was centrifuged,
and the resulting supernatant taken to dryness under N, at
75°C. The dried material was reextracted as described above
except 1 mL of glass distilled water replaced the ethanol. The
suspension was centrifuged, and the supernatant, designated
solution A, was assayed for nicotinate and nicotinamide.

Identification and Recoveries of Nicotinate and
Nicotinamide

Nicotinate and nicotinamide in solution A were separated
and identified by TLC (13). Standards of nicotinate and
nicotinamide as well as samples of solution A supplemented
with 5 umol of nonradioactive carrier nicotinate and nicotin-
amide were spotted on silica gel thin-layer sheets (Eastman
13179). Sheets were developed in n-butanol saturated with
15% (v/v) ammonium hydroxide or chloroform:acetone:
diethylamine (5:4:1; v:v), dried, and sprayed with 0.2% (w/v)
solution of 2,7-dichlorofluorescin in propanol, which makes
nicotinate and nicotinamide visible under ultraviolet light.
Spots corresponding to nicotinate and nicotinamide were
scraped from the sheets into plastic scintillation vials, and the
silica gel was solubilized with hydrofluoric acid. Radioactivity
was measured by liquid scintillation spectrometry by the
internal standard method to determine counting efficiencies.

Measurement of Nicotinate and Nicotinamide

Nicotinate and nicotinamide in the ethanol extract from
nodules (solution A) were quantified from spectral changes
associated with binding of nicotinate to ferric Lb (6). Each
extract was divided into two samples with one sample used
to measure nicotinate and the second used to measure nico-
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tinate plus nicotinamide. Samples were adjusted to pH 5.0
and centrifuged to remove precipitates, and aliquots of the
supernatant were added to cuvettes containing ferric Lba and
succinate buffer (pH 5.0), final concentrations of 50 uM and
50 mm, respectively. Difference spectra were measured with
ferric Lba in succinate buffer as a reference. The wavelength
pair corresponding to an absorption peak (558 nm) and trough
(626 nm) with a A ¢ mM = 7.7 was used to calculate the
concentration of nicotinate. Nicotinate plus nicotinamide
were measured by reacting the second sample at pH 7.0 for
60 min at 37°C with an excess amount (2 mg of protein) of
partially purified nicotinamidase (EC 3.5.19) prepared from
baker’s yeast (11) and then measuring nicotinate as described
above. Nicotinamide levels were calculated by difference in
levels of nicotinate before and after nicotinamidase treatment.
Appropriate blanks without Lba were used to correct absorb-
ance caused by the yellow color in solution A.

RESULTS

The high affinity of ferric Lba for nicotinate and low affinity
for nicotinamide at acid pH values and the relatively high
extinction coefficient of the resulting hemochrome (6) were
exploited for the design of an assay for nicotinate in the
presence of nicotinamide. From the difference spectrum of
ferric Lba nicotinate versus ferric Lba (Fig. 1 A), a wavelength
pair of 558 and 626 nm was selected for the assay. A standard
curve for nicotinate complexing to 50 uM ferric Lba in 50 mm
succinate (anion concentration) at pH 5.0 is shown in Figure
2. The value of 7.7 for A ¢ mM (558 nm minus 626 nm) is
valid up to 30 uM nicotinate. Various organic acids including
malate and citrate which are known to be present in nodules
(19) did not interfere with formation of the ferric Lba nicotin-
ate complex nor change the absorption spectrum of ferric
Lba.

Typical difference spectra, observed upon addition of so-
lution A to ferric Lba in succinate buffer at pH 5.0, are shown
in Figure 1B for nodules from 33-d-old plants and in Figure
1C for nodules from 73-d-old plants. Nodule extracts, espe-
cially those from older nodules, were yellow and absorbed
light (dotted lines, Fig. 1, B and C). The nonspecific absorb-
ance by extracts from older nodules significantly distorted the
ferric Lb difference spectra, e.g. dashed line of Figure 1C.
However, corrected difference spectra illustrated by the solid
lines of Figure 1, B and C, in which absorbance of the extract
in succinate buffer was subtracted from absorbance of the
extract plus 50 uM ferric Lba in 50 mM succinate, are very
similar to difference spectrum of ferric Lba plus nicotinate
versus ferric Lba as shown in Figure 1A.

The extraction of nicotinate and nicotinamide from nod-
ules by hot ethanol was evaluated by determining the recovery
of '“C-nicotinate or '*C-nicotinamide. When nodules and '“C-
nicotinate were homogenized and extracted together, 92 to
97% of the radioactivity in the final extract cochromato-
graphed on thin-layer sheets with authentic nicotinate and
none with nicotinamide. When '*C-nicotinamide replaced
!4C-nicotinate in the initial homogenization, 86 to 91% of the
radioactivity cochromatographed with authentic nicotina-
mide and 6 to 10% with nicotinate. Some nicotinamide was
deaminated to nicotinate during the extraction procedure, but
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Figure 1. Difference spectra of 50 uM ferric leghemoglobin a (Lb) in
50 mM sodium succinate; succinic acid buffer (pH 5.0), 20°C with
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Figure 2. Standard curve for binding of nicotinate to 50 um ferric
leghemoglobin a in 50 mm succinate (pH 5.0). AA is the difference in
absorbance at 558 and 626 nm.

the amount was quite low. Thus, the procedure in which
nodules were homogenized quickly in hot ethanol was quan-
titative for extraction of nicotinate and nicotinamide from
soybean nodules. Inclusion of '“C-nicotinate or '“C-nicotina-
mide during extraction of nodules permitted routine estima-
tion of recoveries which varied between 55 and 73%. Values
reported for nicotinate and nicotinamide were corrected for
losses that occurred during the extensive extraction procedure
and for additions of radioactive standards.

Levels of nicotinate, nicotinamide, and Lb in soybean
nodules, and the relative proportions of nicotinate to Lb, were
measured as a function of plant age (Table I). Nodules ap-
peared on the roots of soybean cultivar Lincoln approximately
10 d after planting. Flowers were evident on plants between
34 and 46 d, and pods were evident by 40 d after planting.
Plants were still green and nodules intact at 73 d after planting.
Nodules were harvested at intervals of 6 to 7 d for 39 d
starting at 34 d after planting and assayed for nicotinate,
nicotinamide, and Lb. Levels of nicotinate ranged from 10.4
to 21 nmol/g nodule fresh weight, whereas nicotinamide levels
varied from 19.2 to 37.8 nmol/g nodules fresh weight. Maxi-
mum levels of both were observed at 46 d after planting,
which coincided with the termination of flowering. On a
nodule fresh weight basis, Lb increased from 170 nmol/g at
34 d after planting to a maximum of 280 nmol/g at d 66.

Nicotinamide, nicotinate, and Lb were also measured in
nodules from the soybean cultivar Beeson inoculated with a
commercial inoculum and grown under field conditions.
Nodules from plants (112 d after planting) that were senescing,

and without samples containing nicotinate. A, Ferric Lb with 30 um
nicotinic acid minus ferric Lb; B, dashed line is ferric Lb containing
0.2 mL of extract ‘A’ from 33-d-old nodules minus ferric Lb, dotted
line is 0.2 mL of extract ‘A’ from 33-d-old nodules minus water; solid
line is dashed line minus dotted line; C, dashed line is ferric Lb
containing 0.1 mL of extract ‘A’ from 73-d-old nodules minus ferric
Lb; dotted line is 0.1 mL of extract ‘A’ from 73-d-old nodules minus
water; solid line is dashed line minus dotted line. Final volume in all
cuvettes is 1.0 mL.
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Table I. Nicotinate and Nicotinamide Levels in Soybean Root Nodules

The unbracketed values for nicotinate, nicotinamide, and nicotinate plus nicotinamide, expressed as
nmol/g nodule fresh weight, represent the means of duplicates. All values are corrected for recoveries,
which ranged from 55 to 73%. The values for leghemoglobin, also expressed as nmol/g nodules fresh
weight were made by the pyridine hemochrome procedure (3). The bracketed values represent the

relative content of nicotinate to Lb at each plant age.

Days After

Nicotinate plus

Planting Nicotinate Nicotinamide Nicotinamide Leghemoglobin
34 19.3 (0.114) 27.8 471 170
41 14.0 (0.074) 32.8 46.8 190
46 21.0 (0.085) 37.8 58.8 246
52 10.4 (0.042) 30.7 411 250
59 15.6 (0.060) 22.4 38.0 260
66 15.6 (0.056) 19.2 34.8 280
73 10.8 (0.051) 30.1 40.9 210
Lso (0.05) 8.3 17.2

as indicated by fully developed pods, yellowing leaves, and
low nitrogenase activity (0.10 £ 0.04 nmol C,H, formed/
min/g nodule fresh weight) possessed 29.1 + 6.1, 24.0 + 8.6,
and 140 nmol/g fresh weight of nicotinate, nicotinamide, and
Lb, respectively.

DISCUSSION

Our results show quite clearly that, in physiologically active
soybean nodules, the content of free nicotinate is too low to
have any significant effect on the ability of oxygen to bind to
Lb. From Table I it is seen that the concentration of nicotinate
varies from 21 nmol/g fresh weight in the nodules of 46-d-
old glasshouse-grown plants at the peak of their nitrogen-
fixing activity, to a minimum of 10.8 nmol/g fresh weight in
the nodules of 73-d-old plants approaching senescence. For
the nodules from 34-d-old plants, the proportion of total
nicotinate to total Lb was 0.114, the highest recorded in this
experiment (Table I). Even if all of this nicotinate were bound
to ferrous Lb, only 11.4% of total Lb would be unavailable
for binding to oxygen. In fact, the proportion of ferrous Lb
expected to be formed in the nodule would be much less than
this.

If one assumes an average nicotinate content in the nodule
of 15 nmol/g fresh weight (see Table I), an average Lb content
of 229 nmol/g fresh weight (see Table I), and a nodule cytosol
of pH of 5.3, then, knowing that K = 33 uM for the binding
of nicotinate to ferrous Lb at this pH (see Table II of ref. 6),
iterative application of the Hill equation [Y/(1 - Y) = x/Kuiss,
where Y is the fractional saturation of Lb with nicotinate and
X is nicotinate concentration] allows one to calculate that Y
= 0.057; i.e. 5.7% of the ferrous Lb would be nicotinate
bound. If one assumes instead a nodule pH of 6.8 (the only
other pH at which nicotinate affinity for ferrous Lb has been
measured), then Ky = 1800 uM (6) and Y can be calculated
as 0.007; only 0.7% of the nodule ferrous Lb would be
nicotinate bound. As the cytosol of presenescent soybean
nodules s close to pH 6.5 (13), we estimate that the proportion
of ferrous Lb bound to nicotinate in such nodules would be
less than 1%. A similar conclusion had been previously
reached by the direct spectrophotometric examination
of intact clover nodules still attached to the host plant (14).

The Lb of such nodules in air or nitrogen is present almost en-
tirely as deoxyferrous Lb. Only when the root systems of
such nodulated plants were immersed in 10 mM nicotinate
could significant formation of ferrous Lb nicotinate
be demonstrated.

In 112-d-old, senescent, field grown soybean (see “Re-
sults”), we did observe a significant increase in nodule nico-
tinate to 29 nmol/g fresh weight as the Lb content fell to 140
nmol/g nodule fresh weight. In such nodules, much of the Lb
may be present as ferric Lb, which has a higher affinity for
nicotinate and so might be expected to be present as ferric Lb
nicotinate. Unfortunately, these older, intact soybean nodules
are not amenable to direct spectrophotometry, and, therefore,
they cannot be examined directly for the presence of Lb
nicotinate in vivo.

The question remains as to the origin of the higher concen-
trations of nicotinate found in aqueous extracts of legume
nodules. For such extracts from pea nodules, nicotinate has
been reported at a concentration of 1300 nmol/g dry weight
(9). If we assume that 0.22 g dry weight is equivalent to 1 g
nodule fresh weight as found by F. J. Bergersen (personal
communication) for soybean nodules, then this reported value
is equivalent to about 286 nmol of nicotinate/g nodule fresh
weight. Similarly, for aqueous extracts of bean (Phaseolus
vulgaris) nodules (18), the content of nicotinate can be recal-
culated as 271 nmol/g nodule fresh weight. For aqueous
extracts of soybean nodules, a direct analysis of nicotinate has
not been recorded, although one of us (1, 5, 6) has frequently
observed that a large part of the total Lb, typically 300 nmol/
g nodule wet weight, is present as ferric Lb nicotinate. We
suppose that the lengthy aqueous extraction and centrifuga-
tion of such nodule preparations at 0 to 10°C had allowed
endogenous nicotinamide deamidase to hydrolyze all nicotin-
amide to nicotinate. However, inspection of Table I shows
that, even in nodules from 46-d-old soybean plants extracted
with hot ethanol, the total content of nicotinate plus nicotin-
amide is only 58.8 nmol/g fresh weight. We conclude, there-
fore, that the much higher content of nicotinate in aqueous
extracts of pea, bean, and soybean nodules may be due to the
hydrolysis of pyridine nucleotide coenzymes to nicotinic acid
via nicotinamide.
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