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Nitric oxide (NO) has emerged as an
important regulator of the nitrogen
assimilation pathway in plants. Never-
theless, this free radical is a double-edged
sword for cells due to its high reactivity
and toxicity. Hemoglobins, which belong
to a vast and ancestral family of proteins
present in all kingdoms of life, have
arisen as important NO scavengers,
through their NO dioxygenase (NOD)
activity. The green alga Chlamydomonas
reinhardtii has 12 hemoglobins (THB1-
12) belonging to the truncated hemoglo-
bins family. 7THBI and THB2 are regu-
lated by the nitrogen source and respond
differentially to NO and the nitrate/
ammonium balance. THBI expression is
upregulated by NO in contrast to THB2,
which is downregulated. THBI has
NOD activity and thus a role in nitrate
assimilation. In fact, THBI is upregu-
lated by nitrate and is under the control
of NIT2, the major transcription factor
in nitrate assimilation. In Chlamydomo-
nas, it has been reported that nitrate
reductase (NR) has a redox regulation
and is inhibited by NO through an
unknown mechanism. Now, a model in
which THB1 interacts with NR is pro-
posed for its regulation. THB1 takes
electrons from NR redirecting them to
NO dioxygenation. Thus, when cells are
assimilating nitrate and NO appears (i.e.
as a consequence of nitrite accumula-
tion), THB1 has a double role: 1) to scav-
enge NO avoiding its toxic effects and 2)
to control the nitrate reduction activity.

Nitrate is quantitatively the most

important nitrogen source in many

Plant Signaling & Behavior

environments and its assimilation is a
highly regulated process in photosynthetic
organisms. This regulation fine-tunes
nitrate assimilation to changing environ-
mental conditions such as the nitrogen
source (nitrate or ammonium) or light,
among others. Nitrate reductase (NR) cat-
alyzes the first reduction step from nitrate
to nitrite and is a key enzyme to regulate
nitrate assimilation. NR has to be coupled
with nitrite reductase (NiR) to avoid
nitrite accumulation and its undesirable
side effects.

In plants, NR is regulated by phos-
phorylation and 14-3-3 protein binding,
albeit other kinds of regulation can exist
as reported in wheat or tomato where NO
inhibits the enzyme."* In Chlamydomo-
nas, NR is not regulated by 14-3-3 pro-
teins and a redox mechanism of regulation
has been proposed.” Additionally, it has
been reported that NO inhibits NR activ-
ity. This inhibition is reversible and is not
a consequence of a direct interaction NO-
NR.# Thus, some cellular component has
been proposed to be required. Now, this
regulation starts to be revealed and seems
to involve, at least partially, the interaction
between NR and hemoglobins. Three
types of Hbs are found in photosynthetic
organisms, symbiotic, non-symbiotic (ns-
Hb) and truncated (trHb). Ns-Hbs and
trtHbs have been described as important
proteins for NO detoxification. These
proteins are able to bind O, to the
reduced Fe atom of the heme group and
then perform the NO dioxygenation to
produce nitrate (NOD activity). This
reaction is produced by almost every Hb
in vitro, however, the limiting factor for
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NOD activity is the Hb reduction.” It has
been reported that ns-Hbs from A. thali-
ana are able to take electrons directly from
NADPH?® and ns-Hbs and trHbs from L.
Jjaponicus can be reduced by NAD(P)H in
the presence of FAD or FMN.” Neverthe-
less, a long time is required for free cofac-
tor reduction of several of these Hbs and
their slow kinetics could be useless for a
fast NO scavenging in the cell. Alterna-
tively, Hbs could be coupled to specific
reductases. In some microorganisms,
genes encoding globin domains are fused

with reductases,® but for most Hbs there

exist not this genetic association. Thus,
current research on NO detoxification
should focus, not only on the Hbs and
their functions, but in the reductases that
Hbs. Recently, it has been
reported that GIbN from M. mberculosis,
the most studied truncated hemoglobin
with NOD activity,” can be reduced effi-
ciently by the NADH-ferredoxin/flavo-
doxin system from E. coli.,'° but the
reductase responsible for this function in
Mpycobacterium remains unknown. Some
darta point out that NR could be a reduc-
tase for particular Hbs, like

activate

the genetic

evidence that NR genes are fused with a
globin domain'" in Raphidophyte algae, or
the coordinated spatiotemporal expression
of NR and Hbs described in plants.12
Interestingly, it appears that NR is able
to produce NO from nitrite in both plants
and algae."*"® This could be a way to
avoid nitrite accumulation by inhibiting
nitrate reduction. But, NO production
from NO,™ could have 2 negative effects
for cells. Firstly, NO is a toxic free radical,
which has to be quickly eliminated and,
secondly, diffusion and unspecific NO

reactions would suppose a nitrogen loss

(A)
75- THB1 1.501 THB2
5 o] - .512&
@ @ 1.001
§ 451 &
3 & 0.751
[} @
> 304 =
® % 0.50
[+7]
15 f} © am&_l'
JHD HE HE I He Ha B
05h 1h 3h 05h 1h 3ah
. "
Tane m NA1 [ NA8 me
B
®) 100000
. 704 (wt)
S 10000 =9 89.87 (nit2 mutant)
E- o
% mocl I
@
S
% 100 Hﬁ
2
10 ﬂ
1 Ll L Ll L L]
QQ“\ xeo QQ\&\ xeo Q\sé\ x\ko ()Q\x. xelo
SRR SO
T T S oY T ¥ N o¥
) ) ) )
L LN L\ L\
A s A <
THB1 THB2

p< 0,05.

Figure 1. THB1 and THB2 expression in 704 strain (wt), in different nitrate/ammonium balances and in the presence of NO, in wt and nit2 mutant strains.
(A) Wild type cells (704) were grown in minimal medium with ammonium as nitrogen source, and then incubated with a fixed nitrate concentration of
4 mM plus ammonium 1 (NA1) or 8 mM (NA8) and THBT and THB2 expression was measured. (B) Cells were grown in the same conditions described
above and then incubated in the indicated media. THBT and THB2 expression in nitrogen free media on each strain was considered as 100% (gray line).
DEANONOate (100 M) was used as NO donor. Accession numbers of THBT and THB2 are KC992719 and KC992720, respectively. Gene expression condi-
tions and primers used are not included in this addendum. Error bars represent technical triplicates from at least 2 biological experiments. Observed dif-
ferences in THBT and THB2 expression between different balances (A) and NO treatments in 704 and 89.87 (B) were statistically significant with at least a
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Figure 2. Schematic representation of NR regulation by THB1. In conditions where nitrite concen-
trations are low, all electrons go to nitrate reduction (blue arrows). If nitrite increases, NR produces
NO and then THB1 can take electrons from NR to convert NO in nitrate (red arrows) and NR activity

for its assimilation. Accordingly, a strategy
to avoid toxic effects and nitrogen loss is
to couple NR activity with hemoglobins
(Hbs) and to convert NO to NOj,
which can be accumulated.

In Chlamydomonas 12 trHbs have been
reportc:d16 and 2 of them (THB1-THB2)
seem to be closely linked with nitrate
assimilation. These two hemoglobins are
upregulated in nitrate media (nitrate (N)
and nitrate plus ammonium (NA)). We
have observed that 7HBI and THB2
respond to the nitrate/ammonium bal-
ance, as reported for the nitrate reductase
gene (NIAI)," although they show oppo-
site responses. THB1 expression increases
when the balance is shifted to ammonium
(N 4 mM and A 8 mM) and, conversely,
THB2 expression is higher when nitrate is
more abundant (N 4 mM and A 1mM)
(Fig. 1a). It has been described that in
NA condition
increase when the balance is shifted to

intracellular NO levels

ammonium,'® and this agrees with the
expression patterns of these hemoglobins
in the presence of NO donors. THBI
expression is upregulated when NO is
added to the medium while THB2 tran-
script levels decrease.

THBI and THB2 upregulation in
nitrate containing media depends on
NIT2, the main transcriptional factor for
nitrate assimilation genes. Nevertheless,
we have observed that 7HBI induction by
NO was partially independent of NIT2.
NO increases 7HBI transcript levels in a
nit2 mutant, although expression does not
reach the levels observed in the wild type
strain (Fig. 1b). These results show an
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additive effect of nitrate and NO and arise
the possibility of 2 transcriptional activa-
tors for THBI expression. NIT2 would
sense nitrate and an unknown factor could
be responsible for sensing the NO signal.
Nevertheless, deeper studies will be neces-
sary. NO effects over THB2 expression in
the nit2 mutant were slight and irrelevant
because this strain showed a low basal
expression, which indeed
repressed by NO.

NO and nitrate-dependent THB1
overexpression highlighted this hemo-
globin as a NOD enzyme involved in
nitrogen assimilation. We have shown
that NR was able to reduce THBI,
through its diaphorase activity,'” more
efficiently than free cofactor (NADH
and FAD) and other reductases (like
Cytochrome b5 (Cytb5R),
which has the highest homology to NR
in  Chlamydomonas). In vitro experi-

cannot be

reductase

ments showed that THBI1 was main-
tained in its reduced form by NR after
several cycles of NO dioxygenation.
Our data indicate that THB1 interacts
with NR to scavenge NO and to inhibit
nitrate reduction. A model explaining
how NO inhibits NR in a THBI
dependent way is proposed in Figure 2.
When cells are growing in nitrate under
optimal conditions for its assimilation,
the electrons flux from NAD(P)
H—FAD—Heme—Moco to NOj;~
When the environmental
conditions change, i.e., the presence of
ammonium or high NO,™ where a NO
burst is produced,18 THB1 can take
electrons from NR to scavenge NO and

reduction.
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produce NO;~ by its NOD activity.
This bypass of electrons when THBI is
working allows less reducing power for
nitrate reduction, adjusting nitrite pro-
duction with the cell capability of
assimilating it, and neutralizing undesir-
able effects of NO.

Our In vitro and in vivo results have
that  NR and THB1 work

together to control nitrate assimilation

revealed

and NO levels. However, we have also
reported that THBI is reduced by Cytb5R
and by extracts of NR deficient mutants.
Thus, our data have brought out new
questions about the role of THB2 in
nitrate assimilation and whether THB1
could regulate other processes accepting
electrons from other reductases when NO
appears.
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