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PYRIDINE NUCLEOTIDES AND H, AS ELECTRON DONORS TO THE RESPIRATORY AND
PHOTOSYNTHETIC ELECTRON-TRANSFER CHAINS AND TO NITROGENASE IN ANABAENA
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JEFFREY P. HOUCHINS and GEOFFREY HIND
Biology Department, Brookhaven National Laboratory, Upton, NY 11973 (U.S.A.)

(Received April 5th, 1982)

Key words: Heterocyst; Electron transfer; Nitrogenase; Respiration; Photosynthesis; (Anabaena sp.)

The pathways through which NADPH, NADH and H, provide electrons to nitrogenase were examined in
anaerobically isolated heterocysts. Electron donation in freeze-thawed heterocysts and in heterocyst fractions
was studied by measuring O, uptake, acetylene reduction and reduction of horse heart cytochrome c. In
freeze-thawed heterocysts and membrane fractions, NADH and H, supported cyanide-sensitive, respiratory
O, uptake and light-enhanced, cyanide-insensitive uptake of O, resulting from electron donation to O, at the
reducing side of Photosystem 1. Membrane fractions also catalyzed NADH-dependent reduction of cyto-
chrome c. In freeze-thawed heterocysts and soluble fractions from heterocysts, NADPH donated electrons in
dark reactions to O, or cytochrome ¢ through a pathway involving ferredoxin:NADP reductase; these
reactions were only slightly influenced by cyanide or illumination. In freeze-thawed heterocysts provided with
an ATP-generating system, NADH or H, supported slow acetylene reduction in the dark through uncoupler-
sensitive reverse electron flow. Upon illumination, enhanced rates of acetylene reduction requiring the
participation of Photosystem I were observed with NADH and H, as electron donors. Rapid NADPH-depen-
dent acetylene reduction occurred in the dark and this activity was not influenced by illumination or
uncoupler. A scheme summarizing electron-transfer pathways between soluble and membrane components is
presented.

Introduction imported from adjacent vegetative cells, as a source

of reductant for N, fixation [2].

In many filamentous cyanobacteria, vegetative
cells can differentiate into heterocysts; the latter
are specialized for their role as the site of N,
fixation by these organisms during aerobic growth
[1]. Photosystem II is eliminated during heterocyst
differentiation, and these cells rely on fixed carbon,

Abbreviations: Chl, chlorophyll;, DBMIB, 2,5-dibromo-3-
methyl-6-isopropyl-p-benzoquinone; DCCD, N, N’-dicyclo-
hexylcarbodiimide; DSPD, disalicylidenepropanediamine;
Hepes, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid;
HOQNO, 2-( n-heptyl)-4-hydroxyquinoline N-oxide; P-700, re-
action center of Photosystem I; sulfo-DSPD, disulfodisalicy-
lidenepropanediamine.
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Heterocysts have high activities of enzymes in
the oxidative pentose phosphate pathway [3.4],
and the NADPH generated by these reactions is
presumed to be a major source of electrons for
nitrogenase [5]. NADPH-supported acetylene re-
duction in the dark has been demonstrated, but
rates were slow [6,7]. The immediate electron donor
to nitrogenase is ferredoxin [8], but there is lack of
evidence supporting the ability of NADPH to
reduce ferredoxin directly at appreciable rates in
vivo.

Although early reports found that NADH-gen-
erating enzymes of the glycolytic pathway were



absent from heterocysts [3,4], Bothe et al. [8] re-
cently reported comparable levels of activity in
heterocysts and vegetative cell extracts for the
NAD-linked glyceraldehyde-phosphate dehydro-
genase. The ability of NADH to react with the
electron-transfer chains of heterocysts deserves
further study.

This paper examines the pathways by which
NADH and NADPH can donate electrons and
compares these donors to H,, which is known to
provide electrons to the respiratory and photosyn-
thetic electron-transfer chains and to nitrogenase
in heterocysts [7,9].

Methods

8-1 cultures of Anabaena sp. strain 7120 (ATCC
27893, Nostoc muscorum) were grown at 28°C in
quarter-strength Allen and Arnon medium [10]
containing 2 mM K ,HPO,. Cultures were sparged
with 0.5% CO, in air, and the final pH of the
medium was 7.2. Continuous illumination was
provided by six 15 W cool white fluorescent tubes
giving an average intensity of 12 W/m* at the
surface of the vessel. Cells were harvested at a
density of 2-2.4 pg Chl/ml.

Heterocysts were isolated from freshly harvested
filaments by a procedure similar to that of Peter-
son and Wolk [11] with the following exceptions.
Cell wall digestion was carried out at pH 7.5 in 40
mM Hepes, 10 mM Na,EDTA, and 4 mg/ml
lysozyme. After 30 min, the cell suspension was
centrifuged and resuspended in 40 mM Hepes, 1
mM MgCl,, pH 7.5, containing 0.2 mg/ml
DNAase. After a 5 min incubation, the suspension

was sonicated in a sonic cleaning bath for 3-6 min

to disrupt vegetative cells. Heterocysts were freed
of vegetative cell debris by three centrifugations
and washings in Hepes-MgCl, buffer. All opera-
tions were conducted under H,. Isolated hetero-
cysts were resuspended in buffer and stored at 0°C
under Ar.

For experiments in which the use of freeze-
thawed heterocysts is indicated, isolated hetero-
cysts were subjected to three cycles of freezing in a
dry ice /acetone bath and thawing at room temper-
ature. This procedure greatly increased permeabil-
ity to small hydrophilic molecules but allowed the
release of only a small amount of cellular protein.
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Supernatant and membrane fractions from hetero-
cysts were prepared from frozen heterocysts, which
had been stored in liquid N,, by breaking the cells
with two passes through a French pressure cell at
138 MPa. The broken cell suspension was centri-
fuged at 2000 X g for 5 min to remove unbroken
cells and wall fragments. The whitish-green pellet
was discarded and the supernatant was centrifuged
at 45000 X g for 1.5 h. The pellet from this centri-
fugation was used as heterocyst membranes. The
supernatant was further centrifuged at 150000 X g
for 1h, and the resulting supernatant was used as
the soluble heterocyst extract. Membranes used in
Table II were isolated anaerobically under H,; cell
extracts used in Table III-V were isolated under
air.

Vegetative cell membranes were prepared by
washing freshly harvested filaments with Hepes-
EDTA buffer and resuspending the washed fila-
ments in Hepes-MgCl, buffer containing 2 mg/ml
lysozyme and 0.2 mg/ml DNAase. After a 30 min
incubation at 30°C vegetative cells were broken
with one pass through a French pressure cell at 40
MPa. Heterocysts and large wall fragments were
removed by a 5 min centrifugation at 2000 X g.
The supernatant was centrifuged at 45000 X g for
90 min and the pellet from this centrifugation was
resuspended in Hepes-MgCl, buffer and used as
vegetative cell membranes.

Oxygen uptake was measured in an anaerobic
chamber fitted with a combination O,-H, elec-
trode [12]. All reactions were conducted in 2 ml of
Hepes-MgCl, buffer at 30°C. Where indicated
reactions were illuminated with 900 W/m* of
orange actinic light. The initial O, concentration
was 30 pM for all assays. Stoichiometries of elec-
tron transfer were determined for the cyanide-sen-
sitive dark reaction and for the cyanide-insensitive,
light-dependent O,-uptake reaction when H, was
the electron donor: the dark, cyanide-sensitive re-
action required four electrons/O, molecule con-
sumed, and the light-dependent reaction required
two electrons /O, molecule.

Horse heart cytochrome ¢ can substitute for
endogenous cytochrome ¢-553 in both respiratory
and photosynthetic electron flow [13]. Its reduc-
tion was followed in a dual-wavelength spectro-
photometer by measuring the absorbance change
at 550 nm minus that at 540 nm, at 20°C. Samples
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contained 25 pM cytochrome ¢ in 1-ml Hepes-
MgCl, buffer. Spinach ferredoxin, employed in
the cytochrome ¢ reduction assays, effectively sub-
stitutes for Anabaena ferredoxin in the assay of
ferredoxin:NADP reductase from Anabaena [14].

For the measurement of nitrogenase activity
(acetylene reduction), 1 ml heterocyst suspensions
in Hepes-MgCl, buffer were incubated in 9-ml
serum bottles at 30°C under 15% C,H, (v/v) in
Ar or H, as indicated. Illumination, when pro-
vided, was 500 W /m* of white (tungsten) light. A
0.5 ml gas sample was taken after 20 min and
C,H, content was quantitated by gas chromato-
graphy [15].

Chlorophyll was determined by extracting with
80% acetone and applying the extinction coeffi-
cient at 665 nm reported by Vernon [16]. Protein
was assayed according to the method of Bradford
[17]. A Chl/protein ratio of 0.014 was measured
for isolated heterocysts. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis and staining
was conducted using the method of Chua and
Bennoun [18].

Freeze-thawed heterocysts were provided with
glucose 6-phosphate plus NADP, from which en-
dogenous glucose 6-phosphate dehydrogenase gen-
erated NADPH. In all cases, reaction rates in
freeze-thawed heterocysts with glucose 6-phos-
phate plus NADP were equal to or greater than
those when NADPH was provided directly.
NADPH was provided directly to all membrane
and soluble fractions.

Cytochrome ¢-553 from Phormidium - luridum
was donated by Dr. H.W. Siegelman and was
purified according to Ref. 14. Immunoglobulin
(IgG) was prepared from antiserum raised in rab-
bit against spinach ferredoxin:NADP reductase,
and was the generous gift of Dr. Nam-Hai Chua.
Horse heart cytochrome ¢ (type 111) was purchased
from Sigma. DBMIB and sulfo-DSPD were kindly

given by Dr. A. Trebst. All other reagents were.

obtained from commercial sources.
Results

Freeze-thawed heterocysts

The isolated heterocysts used in this report are
highly impermeable to small, hydrophilic mole-
cules thus preventing the measurement of reac-
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Fig. 1. Polypeptide composition resolved on sodium dodecyl
sulfate polyacrylamide gel, of soluble extracts from heterocysts
and of extracellular proteins before and after the freeze-thaw
treatment. One half of a preparation of isolated heterocysts
(250 p.g Chl /ml) was subjected to three freeze-thaw cycles, the
other was used as a control. After a 3 h incubation at 0°C,
heterocysts were removed from both samples by centrifugation;
these supernatants are designated as extracellular medium (lanes
2 and 4). The pelleted heterocysts were resuspended in a
volume of buffer equal to that of the extracellular medium,
broken with the French press and centrifuged at 45000 g for
75 min. The 45000 g supernatants were applied to the gel
(lanes 1 and 3). Equal volumes of extract were applied to all
lanes. Lane 1, soluble extract from untreated cells (48 ug
protein); lane 2, extracellular medium from untreated cells (2
ug protein); lane 3, soluble extract from freeze-thawed cells (40
pg protein); lane 4, extracellular medium from freeze-thawed
cells (14 pug protein). kD, kilodalton.

tions requiring such exogenous additions. How-
ever, when these cells are subjected to three
freeze-thaw cycles, permeability to small molecules
greatly increases. Fig.1 compares polypeptides
from the soluble protein fraction of heterocysts
with those from proteins released into the external
medium before and after the freeze-thaw treat-
ment. During the 3h incubation after freezing,
approx. 20% of the soluble heterocyst protein was



released into the medium. Protein release did not
occur in the untreated sample. Fig. 1 reveals that
the polypeptide composition of the released pro-
tein is similar to that of the protein retained within
the cells, and that no preferential release of small
protein molecules occurs.

Two possible sites for the reduction of O,,
using electrons from pyridine nucleotide, are: (1)
at the cyanide-sensitive cytochrome a-a, respira-
tory complex [19] and (2) at the reducing side of
Photosystem I, in a cyanide-insensitive light-driven
reaction; therefore, O, uptake was measured in
both dark and light, with and without cyanide.

Table1 shows these and comparable data in
which H,, rather than pyridine nucleotide, was the
electron donor. Both H, and NADH support
cyanide-sensitive O, uptake in the dark. The level
of KCN used in these experiments is sufficient to
block cytochrome oxidase completely [19a]. After
inhibition of this respiratory O, uptake with
cyanide, significant light-dependent O, uptake oc-
curred owing to its reduction by Photosystem I,
and this activity was further enhanced by the

TABLEI
O, UPTAKE IN FREEZE-THAWED HETEROCYSTS

Complete reactions contained buffer, O,, 2.6~6.6 pg Chl and
an electron donor. Other concentrations were: 20 uM H,, 1
mM NADH, 25 uM KCN, 0.5 mM methyl viologen. NADPH
was provided as 1 mM NADP plus 3 mM glucose 6-phosphate.
Rates are corrected for O, uptake in the absence of added
electron donors. Control dark rates were between 0.66 and 1.3
and light rates were between 5.8 and 16 pmol O, consumed /mg
Chl per h.

Electron  Additions Rate (pmol O, con-
donor sumed /mg Chl per h)
Dark Light

H, none 250 250

KCN 46 96

KCN + methyl viologen 40 220
NADH none 72 94

KCN 21 78

KCN + methyl! viologen 28 100
NADPH none 190 170

KCN 130 120

KCN +methyl viologen 860 880
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addition of the autooxidizable mediator, methyl
viologen. When NADPH was provided as electron
donor, cyanide was much less inhibitory and il-
lumination had little effect on O, uptake. Consid-
erably more enhancement of O, uptake by methyl
viologen was observed in this case than with H, or
NADH as reductant. These results suggest that
like H,, NADH donates electrons both to the
respiratory and photosynthetic electron-transfer
chains. NADPH, in contrast, is oxidized primarily
via a light-independent pathway capable of reduc-
ing the low-potential mediator, methyl viologen.
This cyanide-insensitive, NADPH-dependent O,
uptake is probably catalyzed by ferredoxin:NADP
reductase.

Heterocyst membranes

Studies of electron-transport pathways cata-
lyzed by a preparation of heterocyst membranes
were made in order to establish the role of soluble
carriers. Ferredoxin:NADP reductase is largely re-
leased during preparation of membranes [20], as is
the soluble cytochrome ¢-553. The latter mediates

TABLE 11
O, UPTAKE BY HETEROCYST MEMBRANES

Complete reactions contained buffer, O,, 0.5 mM methyl
viologen, an electron donor and 38 pg Chl as heterocyst
membranes. When present, NADPH concentration was 1 mM
and cytochrome ¢-553 from Phormidium luridum was 5 pM.
Other concentrations are as in Table . The rates have been
corrected for O, uptake which occurred when no electron
donor was provided.

Donor Additions Rate (pmol O,
consumed /mg
Chl per h)
Dark Light
H, none 59 100
cytochrome ¢-553 61 250
cytochrome ¢-553+KCN 6.6 220
NADH none 10 30
cytochrome ¢-553 11 55
cytochrome ¢-553 + KCN 3.0 61
NADPH none 26 27
cytochrome ¢-553 26 25

cytochrome ¢-553 + KCN 30 26
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electron flow between cytochrome f and both
oxidized P-700 and cytochrome oxidase [13].

Table II shows that in heterocyst membranes,
H, and NADH again behaved similarly with re-
spect to cyanide sensitivity and light enhancement
of O, uptake, and with either of these donors the
addition of cytochrome ¢-553 increased the rate of
O, consumption in the light. Phormidium luridum
cytochrome ¢-553 reacts rapidly with P-700 but
slowly with cytochrome oxidase from Anabaena
(unpublished data); this explains its failure to
stimulate respiration. NADPH-dependent O, up-
take was not inhibited by cyanide, and illumina-
tion or the addition of cytochrome ¢-553 did not
enhance the rate. Approx. 97% of the NADPH-de-
pendent O, uptake was eliminated in the mem-
brane fraction, confirming that this reaction is
catalyzed by a soluble enzyme. NADPH is incapa-
ble of donating electrons to the membrane-bound
electron-transfer chains in this preparation.

The oxidation pathway for NADH in the mem-
brane fraction was explored further to determine
the comparative levels of activity in vegetative cells
and heterocysts and the degree of specificity for
NADH over NADPH. Electron transfer from
NADH or NADPH to equine or cyanobacterial
cytochrome ¢, catalyzed by heterocyst or vegeta-
tive cell membranes, provides a convenient assay
for this activity, since NADH supplies electrons to

TABLE III

REDUCTION OF HORSE HEART CYTOCHROME ¢ BY
VEGETATIVE CELL AND HETEROCYST MEMBRANES

Reactions contained buffer, 25 pM cytochrome ¢, 25 pM
KCN, 100 1M NADH or NADPH, 5-8 pg Chl, and where
indicated 6 uM ferredoxin (from spinach) and 45 pM HOQNO.

Additions Rate (pmol cytochrome ¢
reduced /mg Chl per h)
Heterocysts Vegetative cells
NADH NADPH NADH NADPH
None 58 10 11 34
Ferredoxin 57 24 13 12
Ferredoxin
+HOQNO 22 25 4.1 1t

both the respiratory and photosynthetic electron-
transfer chains and cytochrome ¢-553 is an inter-
mediate common to both [13]. Cyanide must be
added, for in its absence no cytochrome ¢ reduc-
tion occurs owing to reoxidation of the reduced
cytochrome ¢ by cytochrome oxidase in the mem-
brane.

Table III shows that in heterocyst membranes,
ferredoxin markedly improves the rate of equine
cytochrome ¢ reduction with NADPH as electron
donor, but is without effect with NADH as donor.
HOQNO inhibits electron flow in mitochondria at
the level of cytochrome b [21] and appears to act
similarly in heterocysts. NADH-dependent cyto-
chrome ¢ reduction is strongly inhibited by
HOQNO. In contrast, NADPH-dependent cyto-
chrome ¢ reduction is not inhibited by HOQNO
and thus does not involve cytochrome b. The
enhancement of this reaction by added ferredoxin
suggests mediation by ferredoxin:NADP reductase
and a pathway external to the membrane. The rate
of NADPH-dependent cytochrome ¢ reduction
could be decreased more than 80% by washing
membranes with buffer containing 5 mM EDTA
and 150 mM KCI, confirming that this activity is
due to residual enzyme bound to the membranes.
NADH-dependent cytochrome ¢ reduction was not
affected by this treatment (data not shown).

Vegetative cell membranes also have NADH:
cytochrome ¢ oxidoreductase activity although
rates are less than in heterocyst membranes. Be-
cause vegetative cells have more chlorophyll mole-
cules per electron-transfer chain than heterocysts
[22), calculations of activity on a chlorophyll basis
can be misleading. However, if specific activity is
calculated based on the number of cytochrome f
molecules present, heterocyst membranes are still
about twice as active as vegetative cell membranes.

NADH-dependent cytochrome c¢ reduction
catalyzed by heterocyst membranes displayed
Michaelis-Menten saturation kinetics with a K
for NADH of 6.2 uM. Table IV shows the effect
of a number of inhibitors on this reaction. Of the
compounds tested, DCCD, HOQNO and DSPD
were effective inhibitors, A DCCD-sensitive site
near the plastoquinone pool has been identified in
spinach thylakoids [23]. DSPD blocks electron flow
in chloroplasts at or before plastocyanin [24].
Sulfo-DSPD, however, was not inhibitory at this
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INHIBITORS OF NADH-DEPENDENT CYTOCHROME ¢ REDUCTION IN HETEROCYST MEMBRANES

Reaction mixtures were as in Table III. Inhibitors were added in small volumes of ethanol or (DSPD, sulfo-DSPD, amytal) dimethyl
sulfoxide. Equivalent solvent volumes were added to control reactions. The control rate was 30 pmol cytochrome ¢ reduced /mg Chl

per h.
Inhibitor None HOQNO DCCD DSPD DBMIB Amytal Rotenone Sulfo-
DSPD
Concentration
(M) - 0.5 10 25 100 60 600 2 50 5000 200 600
Relative rate 100 64 34 70 10 60 13 117 431 97 74 103

site, as also shown in spinach thylakoids [24].
Rotenone and amytal, which block NADH oxida-
tion in mitochondria [25] and membranes of
Anabaena variabilis [26], were only weak inhibitors
of cytochrome ¢ reduction in heterocysts. DBMIB
was not inhibitory below 2 pM and it increased
reaction rates several-fold at higher concentra-
tions.

Heterocyst soluble fraction

NADPH-dependent O, uptake in freeze-thawed
heterocysts appeared to be catalyzed by the solu-
ble protein ferredoxin:NADP reductase, therefore

TABLE V

O, uptake and cytochrome ¢ reduction were ex-
amined in a heterocyst soluble fraction. The activ-
ity is compared with that of purified spinach fer-
redoxin-NADP reductase in Table V. Both pre-
parations showed enhancement of cytochrome ¢
reduction by ferredoxin. Although DSPD and
sulfo-DSPD are both inhibitors of spinach fer-
redoxin:NADP reductase [24], no inhibition was
observed with the heterocyst extract. Antibody
against the spinach enzyme also failed to inhibit
activity in the heterocyst extract. NADPH-depen-
dent O, uptake by spinach ferredoxin:NADP re-
ductase and the heterocysts supernatant, like that

REDUCTION OF HORSE HEART CYTOCHROME ¢ AND O, UPTAKE BY A SOLUBLE HETEROCYST EXTRACT AND

BY SPINACH FERREDOXIN:NADP REDUCTASE

Complete reactions contained buffer, 40 um NADPH and either 25 uM cytochrome ¢ or 30 uM O,. DSPD and sulfo-DSPD were
present at 600 uM. Antibody to spinach ferredoxin:NADP reductase was provided as 0.48 mg (for spinach enzyme) or 2.4 mg (for
heterocyst supernatant) immunoglobulin. Other concentrations were as in Tables IT and III.

Rate (pmol substrate reduced /mg protein per h)

Spinach ferredoxin:NADP reductase

Heterocyst soluble extract

Cytochrome ¢ reduction

no additions 112
+ ferredoxin 1890
+ ferredoxin + HOQNO 1990
+ ferredoxin + sulfo-DSPD 555
+ ferredoxin+ DSPD 1350
+ ferredoxin -+ antibody 820
O, uptake
no additions 28
+ methyl viologen 284

+ methyl viologen + ferredoxin 625

9.8
382
374
387
382
385

1.3
56.3
108
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in frozen heterocyst (Tablel), is strongly depen-
dent on added methyl viologen. When NADH
rather than NADPH was provided as electron
donor to the soluble heterocyst extract, rates of O,
uptake and cytochrome ¢ reduction were less than
10% of the comparable rates with NADPH.

Acetylene reduction in heterocysts

The ability of whole and freeze-thawed hetero-
cysts to reduce acetylene in the presence of differ-
ent electron donors is displayed in Table VI. Iso-
lated heterocysts are starved of reductant and re-
duce acetylene at slow rates unless provided with a
reductant such as H,. In the presence of H,,
whole heterocysts reduce acetylene in a reaction
that depends entirely on endogenous phosphoryla-
tion and cofactors. Little activity is observed in the
dark upon addition of dithionite plus an ATP-gen-
erating system, owing to the inability of these
reagents to penetrate the cells. However, when this
preparation is subjected to three freeze-thaw cycles,
small hydrophilic molecules can freely penetrate
allowing utilization of exogenous ATP and re-
ductant.

TABLE VI

Freeze-thawed heterocysts have lost the ability
to reduce acetylene when provided with H, and
light (Table VI). Addition of ADP and P, under
these conditions, however, restores approx. 20% of
the acetylene reduction seen in intact heterocysts,
showing that loss of phosphorylation substrates is
partially responsible for inactivity. Some un-
coupling of the photosynthetic membranes has
apparently occurred, since the provision of an
ATP-generating system rather than ADP and P,
yields a rate close to that given by intact hetero-
cysts.

When acetylene reduction in whole or freeze-
thawed heterocysts depends on phosphorylation of
endogenous or added ADP, it is sensitive to un-
coupling by valinomycin plus nigericin (Table VI).
Inclusion of these ionophores together with an
exogenous supply of ATP provides a means of
recognizing effects of light which are now solely
due to promotion of electron flow to nitrogenase.
Thus, in the presence of uncoupler and ATP,
H,-dependent acetylene reduction is strictly light
dependent; hydrogenase cannot reduce ferredoxin
directly but requires the participation of Photosys-

ACETYLENE REDUCTION BY WHOLE AND FROZEN HETEROCYSTS

Assays contained 50 mM KCl, 11 ug Chl and when indicated 10 mM Na,S,0,, | mM NADH or an NADPH-generating system (3
mM glucose 6-phosphate plus 1| mM NADP). The values are the means of duplicate assays.

Electron donor Other additions

Rate (umol C,H, produced /mg Chl per h)

Dark Light

Whole heterocysts

none none 00 - 28 -

Na,S,0, ATP? 38 - 20 -

H, none 0.6 - 92 (0.8)°
Freeze-thawed heterocysts

H, none - - 08 -

H, ADP ¢ 0.8 (0.9) 17 (1.1)

H, ATP 9.2 (0.5 82 (70)

NADH ATP 63 (2.8) 41 (42)

NADPH ATP 77 (67) 74 (67)

Na,S,0, ATP 118  (102) 128 (106)

5

phosphokinase.

>

o

Included 5 mM ADP, 5 mM P, and 7 mM MgCl,.

Indicates an ATP-generating system containing 5 mM ATP, 7 mM MgCl,, 20 mM creatine phosphate and 0.05 mg creatine

Values in parentheses were obtained with 10 pM valinomycin plus 5 uM nigericin present.



tem I [9,27]. In the absence of uncoupler, ATP
drives some reverse electron flow and supports
slow acetylene reduction in the dark. Electron
donation from NADH to nitrogenase is similarly
light dependent. In contrast, either glucose 6-phos-
phate/NADP or dithionite can support rapid
acetylene reduction that is independent of light
and of coupled membranes.

Discussion

The ultimate source of reductant for N, fixation
in heterocysts is fixed carbon imported from
vegetative cells [2]. The pathways of electron
transfer and the metabolic intermediates involved
are less clear. NADPH-generating systems have
been shown to support dark acetylene reduction in
isolated heterocysts at about half the rate with
dithionite [6,7]; however, the activities of the iso-
lated heterocyst preparations used in those studies
were low. Dark NADPH-dependent acetylene
reduction requires electron transfer through fer-
redoxin:NADP reductase and ferredoxin to
nitrogenase; this pathway and its regulation have
been described in detail [5]. The thermodynami-
cally unfavorable electron transfer from NADPH
to ferredoxin would demand a high NADPH/
NADP ratio which might not be maintained in
vivo [28]. This has prompted some workers to
invoke participation of energized membranes and
reverse electron flow to account for the transfer of
electrons from NADPH to nitrogenase [28,29]. It
is shown here that when heterocysts are made
permeable by freezing, glucose 6-
phosphate /NADP supports rapid acetylene reduc-
tion in the dark even in the presence of nigericin
plus valinomycin and K* which abolish both the
proton gradient and membrane potential [30]. This
demonstrates that generation of NADPH by the
oxidative pentose phosphate pathway and electron
flow to nitrogenase via ferredoxin:NADP re-
ductase can proceed simultaneously, at a physio-
logically meaningful rate, without the participation
of energized membranes.

Frozen heterocysts and soluble heterocyst ex-
tracts catalyze NADPH-dependent reduction of
cytochrome ¢ or of O, and these reactions are
enhanced by ferredoxin or methyl viologen, re-
spectively. In the presence of methyl viologen the
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rate of electron transfer from NADPH to O, by
this route is several times the maximum rate of
acetylene reduction in isolated heterocysts. This
pathway is sufficiently active in the absence of
viologen to be partially or entirely responsible for
the cyanide-insensitive respiration that occurs in
cyanobacteria [31,32].

Ferredoxin:NADP reductase from heterocyst
extracts is unlike that of the spinach enzyme in
several ways: its ferredoxin-dependent cytochrome
¢ reduction activity is insensitive to antibody raised
against the spinach enzyme and is not inhibited by
either DSPD or sulfo-DSPD. Inhibition by DSPD,
which blocks the spinach enzyme [24], has been
used as evidence for ferredoxin involvement in
cyanobacterial reactions [32,33]; but since DSPD
and sulfo-DSPD failed to inhibit
ferredoxin:NADP reductase from heterocysts,
using a ferredoxin-dependent assay, such conclu-
sions are unwarranted. DSPD has also been shown
to inhibit photosynthetic electron transport before
or at plastocyanin in spinach chloroplasts [24], the
oxyhydrogen reaction in heterocyst membranes [9]
and (in work presented here) electron flow from
NADH to cytochrome ¢ in heterocyst membranes.

Respiratory oxidation of pyridine nucleotide
has been reported in a number of cyanobacteria
and has been correlated with ATP synthesis
[26,32,34]; NADPH usually supported about twice
as rapid an O, uptake as did NADH. In contrast
to those results, we find no evidence for an
NADPH-specific respiratory enzyme in Anabaena
7120. The apparent presence of an NADH-specific
dehydrogenase in heterocyst membranes is never-
theless noteworthy, since the role of NADH in
heterocyst metabolism is uncertain [8]. The possi-
bility that NADH dehydrogenase may be a func-
tionless enzyme in heterocysts, which is degraded
only slowly following differentiation, seems un-
likely since heterocysts have twice the activity per
molecule of cytochrome f compared to vegetative
cells.

Electron flow from NADH to cytochrome c is
inhibited by HOQNO, which blocks the reoxida-
tion of cytochrome & [21], and by DCCD, which
inhibits both the reduction and reoxidation of
plastoquinone [23]. Cytochrome 5-563 and
plastoquinone are proposed to be part of a com-
mon segment in the respiratory and photosyn-
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thetic electron-transfer chains in cyanobacteria [7].
NADPH-specific cytochrome ¢ reduction does not
involve the membrane-bound cytochrome 5-563,
since no HOQNO inhibition of this reaction was
observed; ferredoxin enhancement, however, sup-
ports involvement of residual membrane-bound
ferredoxin:NADP reductase, as suggested above.
Although light enhances acetylene reduction by
heterocysts, the role of light in the provision of
reductant to nitrogenase has been difficult to assess
because the enzyme requires a source of ATP in
addition to a source of reductant for activity. Since
freeze-thaw treatment renders heterocysts permea-
ble to ATP (probably by disruption at the polar
region of the cell envelope [35]), this can be sup-
plied exogenously so that effects of light on elec-
tron flow can be independently observed. H,-sup-
ported acetylene reduction was previously believed

glucose 6-P .

- NADP
6-P-gluconate ¢’

HOGNO
glycolysis?

v
NAD—

CN

to be strictly light dependent, requiring electron
flow through Photosystem I [9,27]. Table VI shows
that in uncoupled heterocysts, acetylene reduction
supported by H, or NADH is indeed almost en-
tirely light dependent, and maximal rates are only
observed during light-driven electron transfer.
However, H, and NADH can support slower rates
of acetylene reduction in the dark through ATP-
driven, uncoupler-sensitive reverse electron flow.

" Electron donation from NADPH to nitrogenase in

the dark is clearly unaffected by uncoupler, in
contrast to the results with H, and NADH.

The present study demonstrates that NADH,
like H,, can donate electrons either to the respira-
tory electron-transfer chain or to the photosyn-
thetic chain on the oxidizing side of P-700. Al-
though the two electron-transfer chains contain
some common electron carriers, it is not clear

Fig. 2. Hypothetical scheme for the interaction of pyridine nucleotides and H, with the respiratory and photosynthetic electron-trans-
fer chains in Anabaena heterocysts. Depicted is one edge of a flattened membrane vesicle, seen in cross-section. Two distinct lipid
domains are indicated (see text). Electron-transfer reactions are shown by solid arrows; dashed arrows indicate metabolic conversions
or ion fluxes. Fd, ferredoxin; P;, phosphate; cyt, cytochrome; PQ, plastoquinone; MV, methyl viologen.



whether segments of the chain coincide or whether
the two chains exist on different membranes; the
results presented in this study are consistent with
either proposal. Electron micrographs reveal that
heterocysts contain two very distinct types of
membranes: concentric lamellar membranes oc-
curring at the center of the cell and contorted
tubular membranes found at the cell periphery
[36]. Arrhenius plots of photosynthetic and re-
spiratory activities in A. variabilis [37] and Anacys-
tis nidulans [38] suggest that the lipid environment
of cytochrome oxidase differs from that of Photo-
system I; however, differential fractionation of
these membrane components and activities has not
been reported.

Fig. 2 shows a possible arrangement of the elec-
tron-transport pathways in a heterocyst membrane
vesicle. Proteins and reactions are shown with a
membrane sidedness which is based on findings
for similar components in chloroplasts, mito-
chondria and photosynthetic bacteria. Trans-mem-
brane electron transfer from NADH to added
cytochrome ¢ could not occur in sealed vesicles,
since only one reaction site would be accessible to
exogenously added reactants. The ability of both
NADH and externally added cytochrome ¢ to
react simultaneously with heterocyst membranes
suggest that both sides of the membrane are ex-
posed in at least part of the membrane fraction
and that the isolated membranes may exist as a
mixture of sheets and closed vesicles. The mea-
sured electron flow rates may thus be presumed
minimum values, possibly limited by membrane
topology.

The location of ferredoxin:NADP reductase and
endogenous cytochrome ¢-553 on opposite sides of
the membrane also explains why NADPH cannot
donate electrons to P-700 or cytochrome oxidase
at appreciable rates in heterocysts, even though in
soluble extracts, NADPH can reduce added cyto-
chrome ¢ via ferredoxin:NADP reductase. The
slight inhibition by cyanide of NADPH-dependent
O, uptake (Table I) may suggest slow donation by
NADPH to the membrane-bound electron-transfer
chain via ferredoxin:NADP reductase and cyto-
chrome ¢: a reaction perhaps made possible by
membrane damage during the freeze-thaw treat-
ment.

Fig. 2 suggests that photosynthetic and respira-
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tory pathways share a common cytochrome b-f
complex: this is the simplest assumption, for which
proof is being sought by kinetic studies. Reduced
cytochrome ¢-553 would interact with P-700" or
cytochrome oxidase by diffusion in the lumen. Its
relative affinity for these oxidants and their rela-
tive abundance in the membrane would determine
the balance between respiratory and photosyn-
thetic activities at the prevailing light intensity and
O, tension. Lateral communication between mem-
brane particles by diffusion of plastoquinone in
the hydrophobic phase is also indicated in Fig. 2.
Here again, the simplest assumption is that all
reductases supply a common acceptor pool. If,
however, cytochrome oxidase resided on a separate
membrane, it would be associated with a distinct
pool of the cytochrome b-f complex, plas-
toquinone, and some or all of the reductases.

The present study demonstrates that NADH
and NADPH donate electrons to nitrogenase via
different pathways. Although NADH supported
substantial rates of acetylene reduction under the
conditions employed in this study, it is uncertain
whether this donor provides electrons for N, re-
duction in vivo. Further study is required of the
metabolic pathways leading to generation of
NADH in heterocysts.
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