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Hypoxic survival requires a 2-on-2 hemoglobin
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Hemoglobins are recognized today as a diverse family of proteins
present in all kingdoms of life and performing multiple reactions
beyond O, chemistry. The physiological roles of most hemoglobins
remain elusive. Here, we show that a 2-on-2 (“truncated”) hemo-
globin, termed THBS, is required for hypoxic growth and the ex-
pression of anaerobic genes in Chlamydomonas reinhardtii. THB8
is 1 of 12 2-on-2 hemoglobins in this species. It belongs to a sub-
class within the 2-on-2 hemoglobin class | family whose members
feature a remarkable variety of domain arrangements and lengths.
Posttranscriptional silencing of the THB8 gene results in the mis-
regulation of several genes and a growth defect under hypoxic
conditions. The latter is intensified in the presence of an NO scav-
enger, which also impairs growth of wild-type cells. As recombinant
THB8 furthermore reacts with NO, the results of this study indicate
that THB8 is part of an NO-dependent signaling pathway.

gene expression | hypoxia

H emoglobins (Hbs) (globular proteins with a heme prosthetic
group) were discovered as O,-transporting molecules in ani-
mal blood. Today they are recognized as a diverse family of pro-
teins as genomic data mining has resulted in the discovery of
hundreds of new Hbs in all kingdoms of life (1, 2). Hbs feature
either the canonical 3-on-3 a-helical so-called myoglobin-fold
(3/3Hbs) or the rather recently discovered 2-on-2 a-helical fold
(2/2Hbs) (3). The phylogenetic complexity of Hbs is equaled by
the number of reactions catalyzed by the hemoproteins (4). These
include O, transport and storage also in nonanimal organisms
(5, 6) as well as sulfide transport and the detoxification of nitric
oxide (NO), nitrite, and peroxides (4). As most Hbs are able to
catalyze several or all of the possible reactions in vitro, bio-
chemical studies are not sufficient to explain Hb functions in vivo
(7). Therefore, the physiological functions of many Hbs remain
unknown, and the cellular role of 2/2Hbs has only been analyzed
in a few species (8). In this study, we analyzed the function of a
2/2Hb encoding gene in the unicellular green alga Chlamydomonas
reinhardtii. Chlamydomonas, although in the plant kingdom, has
retained many genes from the common ancestor of both plants
and animals, which is why it serves also as a model for ciliary dis-
eases (9, 10). In addition, there are sets of genes related to those in
bacteria, especially dealing with anaerobic pathways (11), including
hydrogenases of the [FeFe]-type responsible for hydrogen gas
production in anaerobic C. reinhardtii cells (12, 13).
RNA-Seq analyses of anaerobic algae revealed a transcript,
Crel6.g661200, whose amounts increased more than 1,000-fold
from hardly detectable levels in the control (aerated, illuminated)
culture. Crel6.g661200 encodes a protein with an N-terminal
2/2Hb domain, which we named truncated hemoglobin 8 (THBS).
Here, we show that the THBS gene is needed for hypoxic growth
as well as for proper induction of some anaerobic genes. Post-
transcriptional silencing of THBS results in strains unable to
grow hypoxically in the presence of a chemical NO scavenger.
As recombinant THBS8 protein interacts with NO and this
second messenger also influences growth and gene expression
in Chlamydomonas wild-type cells, we postulate that THBS is
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involved in an NO-dependent signaling cascade essential for
anaerobic acclimation of the cells.

Results and Discussion

Transcriptome profiles obtained by RNA sequencing revealed two
transcripts, encoding proteins belonging to the 2/2Hb family, that
accumulated more than fourfold in anaerobic versus aerobic
C. reinhardtii cells (Fig. 1), and two that accumulated 3.5-fold.
Crel6.g661200, termed THBS in this study, showed particularly
high fold changes. It was hardly detectable in noninduced cells
[having an estimated expression of about 0.005 reads per kb of
mappable transcript length per million mapped reads (RPKM)],
but became the most abundant 2/2Hb encoding transcript in
anaerobic cells (69.7 RPKM). Therefore, a role of this 2/2Hb in
the anaerobic response seemed likely.

We first used several known 3/3Hb and 2/2Hb sequences (Table
S1) as queries in BlastP analyses on Phytozome (C. reinhardtii v4.3
on Phytozome v8.0) to update the previous inventory (14). We
identified 12 putative 2/2Hb-encoding genes in Chlamydomonas
and none encoding 3/3Hbs (Figs. 1 and 2). Each protein clusters
with known eukaryotic and prokaryotic class I 2/2Hb (2/2Hb-I)
proteins such as the well-studied globin LI410 from Chlamydo-
monas moewusii (3). However, five C. reinhardtii 2/2Hbs, as well
as 4 out of 10 orthologs detected in the Volvox carteri genome
(Tables S1 and S2), constitute a Chlorophycean-specific subclass
of 2/2Hb-I proteins, which we termed 2/2Hb-Ia (Fig. 2). Their
2/2Hb domains share identity levels between 54% and 94% and a
group-specific sequence motif of 27-28 amino acids downstream
of the 2/2Hb domain (positions 155-180 in THBS) with the con-
sensus sequence (K/R)xxP(F/Y)KDAIFTPSAXDAXEEARWAXE
(standard and underlined letters: >60% and 100% conserved,
respectively; letters in parentheses: two variations; x: more than
two variations). A further characteristic of the C. reinhardtii 2/2Hb
family is the unprecedented variety of domains and lengths. For
example, the C terminus of isoform THBS8 comprises two thirds
of the whole sequence but lacks any known domains or motifs.
Eight out of nine chlorophycean 2/2Hb sequences of subclass Ia
feature an elongated and unknown C-terminal part (Fig. 1).

The THBS protein was produced heterologously to verify that
it indeed binds heme-like typical hemoglobin. UV-Vis spectro-
scopic analyses of recombinant THBS revealed a Soret-band at
A =420 nm (Fig. 34), typical for hemoproteins, as well as a peak
at A = 537 nm and a shoulder at A = 567 nm reported for the
ferric forms of some 2/2Hbs (15-17). The spectra did not change
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THB9 Crelb.gb61250 712 53-176 1.0e-12 6.1 1.0 =g
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HBA2 GenelD:3040 142  3/3Hb-domain: 4-137, 2.64e-17 [ - )

@ Polypeptide, scale = 100 aas @ 2/2Hb domain () 2/2Hb homology domain, essential residues missing (I 3/3Hb domain

Fig. 1. Twelve putative 2/2Hb-encoding genes can be found in the C. reinhardtii genome. Basic features of the encoded proteins are summarized. The 2/2Hb
domain and E-value 2/2Hb indicate positions and similarity E-values of predicted 2/2Hb domains. “RPKM 0h” represents the estimated expression in units of
reads per kb of mappable transcript length per million mapped reads (RPKMs) in light-grown cultures. “Fold-change 6h anoxia” represents the change of
transcript abundance relative to the control (0 h) after 6 h of anaerobiosis. Schematic overviews of the THB polypeptide primary sequences are depicted to the
right. Arabidopsis GLB3 (hemoglobin 3) and human HBA2 (hemoglobin, alpha 2) are shown at the bottom. THB7-4 were named before (9); THB5-12 were
named in this study. Positions of 2/2Hb domains are according to sequence alignments within the CD-database (cd00454) on the National Center for Bio-
technology Information (NCBI) database or by the InterProScan pfam-method in case of the incomplete third and fourth domains of THB5 and the single
domain of THB7. E-values were inferred by NCBI/CD search, Bacterial-like globin (pfam01152), using only the 2/2Hb domain. The superscript “a” indicates that

No pfam-domain was detected. The depicted E-value is indicated in the CD-alignment (cd00454: Trunc_globin domain).

significantly upon treating the aerobically isolated THBS samples
with N, or CO (Fig. 34). Most of the Hbs studied to date interact
with NO, and NO itself is a second messenger in multiple reg-
ulatory networks. In an NO/N, atmosphere, the degassed ferric
form of THBS (Inset in Fig. 3B) exhibited a distinctive peak at
350 nm (Fig. 3B). Specific absorption maxima of Hbs at 350 nm
have only rarely been reported in literature. A peak around
350 nm, however, has been correlated with nitrosylation of pro-
teins, which particularly occurs at exposed thiols (18). It was dem-
onstrated that an absorption maximum of human myoglobin(Mb)
at 350 nm was due to S-nitrosylation of a specific Cys residue
(19). The THBS polypeptide contains 10 Cys residues, 2 of which
are present in its 2/2Hb domain. The 350-nm signal of NO-treated
THBS was reversible by adding the reductant sodium dithionite
(Fig. 3B), also speaking for the signal being due to S-nitrosothiol
formation (20). Most heme-catalyzed reactions resulting in
S-nitrosothiol formation occur in the presence of oxygen, usually
upon reactions of oxy-ferrous Hb or Mb (4, 19, 21). However, the
reaction of ferric human Hb with NO and subsequent S-nitrosothiol
formation is possible, too (22), and a similar mechanism might be
operable in recombinant THBS. Finally, a heme-independent
reaction of functional groups of the THBS apo-protein with
NO is a possible scenario, in analogy to S-nitrosothiol formation
in human apo-myoglobin (19).

The stringent regulation of THBS transcript abundance in
anaerobic versus aerated C. reinhardtii cells suggested a prom-
inent function of this 2/2Hb isoform in the anoxic response of the
alga. However, the experimental set-up applied in the RNA-Seq
project also involved a transition from light to dark conditions, as
anaerobiosis was achieved by transferring light-grown precultures
to sealed flasks in the dark (see details in Materials and Methods).
Therefore, we carried out two types of control experiments to
assess the influence of darkness alone and the accumulation of
the THBS transcript as a specific response to the absence of O,
respectively. During the first type of control experiments, illu-
minated aerobic algal cultures were transferred to open beakers
in the dark and stirred well to ensure continued air-saturated

Hemschemeier et al.

conditions. Culture aliquots incubated in sealed flasks served as
anaerobic controls (Fig. 44). Results obtained by quantitative
real-time PCR (qPCR), using RNA isolated at various time points
of dark-oxic and dark-anoxic cells, showed that THBS transcript
abundances increased significantly only in anaerobic C. reinhardltii
cultures (Fig. 44). In the second type of control analyses, light-
grown C. reinhardtii cultures were first transferred to sealed flasks
in the dark to create anaerobic conditions and to obtain enhanced
THBS transcript amounts (Fig. 4B). After 2.5 h, three of the sealed
flasks were opened, and the cells were poured into open beakers
and incubated upon stirring in the dark for 15, 30, and 45 min
before isolating RNA (Fig. 4B). THBS transcript amounts in these
reaerated cultures were compared with those determined in cul-
tures kept in sealed flasks and maintained in anaerobiosis, re-
spectively, in the dark (Fig. 4B). This set-up revealed that the
amount of THBS transcripts detectable after 2.5 h of anaerobiosis
decreased almost to the noninduced level within 15 min of rea-
eration in the dark whereas the enhanced level was maintained
in cells kept in anaerobiosis (Fig. 4B). The results of both ex-
periments showed that accumulation of THBS transcript was
specific to the absence of O,, and that anoxia was required to
maintain high THBS transcript amounts (Fig. 4 A and B). How-
ever, although the general pattern we observed was a gradual in-
crease of THBS transcript abundance during prolonged incubation
under dark-anoxic conditions, we noticed a marked variability
of THBS transcript abundances during these analyses and fur-
ther experiments (see below). This variability indicates that the
regulation of THBS gene expression is sensitive to even moderate
variations of the cell culture status.

For the analysis of the function of the THBS gene, knock-down
strains exhibiting reduced THBS transcript amounts were gener-
ated applying the artificial microRNA (amiRNA) technology
established by Molnar et al. (23). Two C. reinhardtii strains,
amiTHBS-1 and amiTHBS-2, were isolated. After 7 h of anaerobic
incubation in the dark, the corresponding strains had only 0.9%
and 2.3%, respectively, of THBS transcript abundance determined
in the parental strain CC-124 (Fig. 4C). Fold-changes compared with
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Fig. 2. C. reinhardtii THB8 belongs to a Chlorophycean subgroup of 2/2Hbs.
The phylogram shows the evolutionary relationships of class I, Il, and Ill 2-on-2
hemoglobins and the subgroup I a, which includes THB8. The evolutionary
history was inferred using the UPGMA (Unweighted Pair Group Method with
Arithmetic Mean) method (49). The optimal tree with the sum of branch
length = 33.07167863 is shown. The percentages of replicate trees in which
the associated taxa clustered together in the bootstrap test (1,000 replicates)
are shown next to the branches for values >50. The phylogram is drawn to
scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances
were computed using the Poisson correction method and are given in units
of number of amino acid substitutions per site. The 2/2Hb-domain regions of
86 representative amino acid sequences were analyzed (see Table S2). All
positions containing gaps and missing data were eliminated. There were 81
positions in the final dataset. Evolutionary analyses were conducted in
MEGAS5 (50). Colored boxes mark different 2/2Hb classes and subclasses
correspondingly labeled with roman numbers I-lll. The 2/2Hbs from Chlor-
ophyta are indicated by open boxes. The * indicates C. reinhardtii 2/2Hbs
whose transcripts accumulate upon anaerobiosis.

aerated light-grown controls were 0.8% and 3.4% of the fold-
changes (20,968-fold + 8867) detected in the wild type (Fig. S14).
Both transformants exhibited anaerobically induced hydrogenase
activity (Fig. S1B) as well as O,-exchange rates (Fig. S1C) similar
to the parent. We concluded that neither a disturbance of the major
energy-generating pathways nor a general unresponsiveness to
anoxia resulted from THBS silencing and that data obtained
examining the transformants would be characteristic for the
mis-regulation of the THBS gene.

We used qPCR to monitor the abundances of 22 anaero-
bically accumulating transcripts and noted only moderate dif-
ferences in the expression patterns of most of these genes
(Table S3). Transcription of the HYDAI gene, encoding the
major [FeFe]-hydrogenase isoform of C. reinhardtii (24, 25) and
inducible by anaerobiosis (26), was similar in strains ami7HBS-1
and -2 vs. strain CC-124 (Fig. 4C). In contrast, the abundances of
HYDA? transcripts were only about 30% (amiTHBS-1) and 50%
(amiTHBS-2) (Fig. 4C) compared with wild-type amounts. HYDA?2
encodes a second [FeFe]-hydrogenase HYDAZ2 of C. reinhardtii
(25), which contributes to about 25% of maximal hydrogenase
enzyme activity in anaerobic algal cells (24). The physiological
role of HYDA?2 is unclear. A mutant deficient for HYDAI has
much lower H,-production rates in the light whereas dark H,
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production is not impaired in this strain (24). It might be spec-
ulated that HYDA2 becomes more important during fermenta-
tive H, generation in the dark. More pronounced differences of
transcript fold-changes in amiTHBS-strains versus wild type were
observed for CYG12. The CYGI2 gene encodes a soluble guanylyl
cyclase (sGC) (27, 28). sGCs of mammals are heme-containing
heterodimeric NO sensors that are activated upon binding of NO
to the heme group (29). In the activated form, sGCs convert
GTP to cGMP, a second messenger taking part in the regulation
of a variety of cell functions. CYGI2 transcripts accumulated up
to 60-fold upon anaerobiosis in the C. reinhardtii wild type.
AmiTHBS transformants 1 and 2 had 14% and 22% of CYGI12
relative transcript abundance after 7 h of anaerobiosis (Fig. 4C).
In addition to the reactivity of recombinant THBS8 toward NO,
the aberrant expression of a gene related to NO signaling in
THBS knockdown strains was a further indicator that the THBS
protein might be involved in an NO-dependent pathway active in
anaerobic C. reinhardtii cells.

Posttranscriptional silencing of THBS had a severe effect on cell
growth on Tris Acetate Phosphate (TAP) agar plates under hyp-
oxic conditions in the light [at 50 pmol of photons-m™=2s~! photon
flux density (PFD)] (Fig. 4D). Liquid cultures of strains ami7THBS-1
and -2 incubated in dim light (15 pmol of photons-m=*s~' PFD)
and purged constantly with 0.1% CO, in N, did also grow
slower than the wild type (Fig. S24). Under the same conditions,
but purged with 0.1% CO; in air, both ami7HBS transformants
showed a similar growth as the parental strain CC-124 (Fig. S2B).
Both 3/3Hbs and 2/2Hbs have been reported to act as NO
dioxygenases (7, 8, 30). To investigate whether C. reinhardtii
THBS8 might act as an NO scavenger and whether the hypoxic
growth defect of the amiTHBS strains resulted from NO over-
accumulation, respectively, the cells were grown on agar plates
in the presence of the specific NO scavenger 2-phenyl-4,4,5,
5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO) (31). However,
hypoxic growth of amiTHBS-1 and -2 was then completely abol-
ished (Fig. 4D). This compound also blocked growth in hypoxic
wild-type cells (Fig. 4D). As neither strain was affected by PTIO
under aerobic conditions, the observed growth defects were
probably specifically due to the diminution of NO levels within
hypoxic cells. Three conclusions can be drawn from these obser-
vations. First, the physiological function of THBS is not to protect
C. reinhardtii from NO overaccumulation. Second, NO is impor-
tant for hypoxic growth of C. reinhardtii. Third, proper expression
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Fig. 3. THB8 is a hemoprotein that reacts with NO. (A and B) UV-Vis ab-
sorption spectra of recombinant THB8 recorded at a path length of 1 mm.
(A) Spectra of the aerobically isolated protein (0.75 or 0.15 mM) before and
after purging with N, or CO. Note that the lower concentration was used for
all spectra in which the protein solution was treated with a gas or a reductant
to make the spectra comparable with the NO-treated sample. (B) Spectra of
0.15 mM degassed THB8 before and after treatment with NO. The resulting
absorption maximum at A = 350 nm was reversed by addition of the re-
ducing agent sodium dithionite (indicated as “red”) or by adding aerated
water (indicated as “0,"). The Inset in B shows the alpha bands of the as
isolated (ferric) (solid line) and the sodium dithionite reduced (deoxy) (dot-
ted line) THB8 protein.
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Fig. 4. THBS is required for NO-dependent hypoxic growth and induction
of anaerobic genes. (A) Aerobically and illuminated grown cells (0 h) were
incubated for the indicated time points in open (+) or sealed (=) flasks in the
dark. The bars at the bottom indicate the following: white, light/aerobiosis
(+0y); gray, dark/aerobiosis (+0,); black, dark/anaerobiosis (-=0,). (B) Cul-
tures were incubated for 2.5 h anaerobically in the dark (2.5-) and then
transferred to open beakers in the dark (+, indicated by a gray arrow) or
kept in anaerobiosis (-, indicated by a black bar) in the dark for the in-
dicated time points in hours. (C) Wild-type CC-124 and transformants
amiTHB8-1 and -2 were grown aerated in the light and then incubated an-
aerobically in the dark for 7 h. RNA was extracted from the precultures and
after dark-anoxic incubation. Below the individual graphs, fold-changes of the
individual transcripts in the wild type, calculated using the C(t) method re-
lated to values obtained from preculture RNA, are depicted. (D) Strain CC-124
and amiTHBS8-1 and -2 grown without or with 100 pM PTIO. Each plate with or
without PTIO was incubated under aerobic (+O,) or hypoxic (—O,) conditions
in the light. (E) Cells were grown on TAP agar in flasks. Anaerobic conditions
were achieved by N, purging of gas tightly sealed vessels. NO was added as
NO/N, mixture. The crr1 mutant, which does not grow under hypoxic con-
ditions (41), was used as control for maintained anaerobiosis. (D and E) The
result of one experiment is depicted. The same results were obtained by two
repetitions. (F) Light-grown C. reinhardtii cultures (0 h) were transferred to
two open beakers in the dark, and DEA-NONOate was added to one culture
to a final concentration of 10 uM (+NO). RNA was isolated after 45 min. (A, B,
C, and F) Transcript abundances relative to RCK1, whose amounts stay constant
during anaerobiosis, were determined by qPCR and multiplied by 1,000. (A and
B) Averages + SD of three independent experiments are shown. (C and E) The
average of two independent analyses is depicted; error bars indicate the SD.
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of the THBS gene is needed for this NO-dependent hypoxic
growth. In view of the above described results, the latter suggests
that THBS8 might react with the NO molecule and deliver it to
required signal transduction pathways. The poor, but significant,
growth of the C. reinhardtii wild type would result from the
presence of sufficient amounts of THBS proteins competing with
the chemical NO scavenger and providing a limited amount of
NO to NO-dependent pathways. In a second hypothesis, THB8
itself might be a component of a signaling pathway and be ac-
tivated by NO. This hypothesis was supported by experiments in
which the strains were grown in an anaerobic atmosphere con-
taining low concentrations of NO (Fig. 4E). Strain amiTHBS-1
was not rescued by the presence of external NO, indicating that
the phenotype cannot be bypassed simply by enhancing the con-
centration of the second messenger. Notably, higher concentrations
of NO (0.0005 vol-%) significantly impaired growth of the strains
(Fig. 4E), indicating the need for a tight control of intracellular
levels of the potentially cytotoxic radical NO (32, 33).

To gain further insights into the NO effect on the hypoxic re-
sponse of C. reinhardtii, the influence of the chemical NO donor
DEA-NONOate [2-(N,N-diethylamino)-diazenolate 2-oxide] on
transcript abundances of THBS, HYDAI, HYDA2, and CYGI2 in
aerobic algal cultures was determined. Externally added NO in-
duced the transcription of these genes despite the presence of O, to
different extents. The transcript abundances of the HYDAI and
HYDA? genes were the most affected and showed similar amounts
as determined in anaerobic cells (Fig. 4F). THBS and CYGI12
transcript abundances were 2.5-fold and 1.5-fold enhanced in
NO-treated vs. untreated cells although their amounts stayed
significantly below those reached under anaerobiosis (compare
Fig. 4 F and C). The results show that the expression of “anaer-
obic genes” in C. reinhardtii can be triggered by NO in the absence
of the natural stimulus anaerobiosis, suggesting that the cellular
signal transduction cascade(s) involve(s) the NO molecule.

The results of this study report that NO plays a role in the
hypoxic response of the green alga C. reinhardtii, which is im-
portant for the cells to adapt to and grow under conditions of O,
limitation. The mechanisms of NO generation in the microalga
are yet under research, but two possibilities have been proposed.
Nitrite-dependent NO production, absent in a nitrate reductase
mutant (34), suggests a nitrate reductase-dependent process like
that in higher plants (32, 35). NO synthesis in C. reinhardtii
supplied with ammonium versus nitrate is sensitive to the Arg
analog N,-Nitro-L-arginine methyl ester (L-NAME) (28), an
inhibitor of mammalian NO synthases. Because the C. reinhardtii
wild type used in this study is a natural nitrate reductase mutant,
the former reaction cannot be responsible for hypoxic NO gen-
eration in this strain. In plants, a variety of NO-producing reac-
tions, including the respiratory chain, have been described and
probably differ depending on the organ and the environmental
stimulus (35). In Chlamydomonas, NO has been shown to be also
involved in the acclimation of the alga to growth on ammonium
versus nitrate (28) or to copper stress (36), indicating that NO-
based signaling pathways in Chlamydomonas are as versatile as in
higher plants (35) or mammals (37).

The C. reinhardtii 2/2Hb THBS is required for proper hypoxic
growth and is involved in the activation of genes in response to
anaerobiosis. As THBS interacts with NO, THBS8-knockdown
strains cannot grow hypoxically when NO is scavenged by PTIO,
and NO itself can trigger transcript accumulation of otherwise
anaerobically induced genes, we suggest that THBS participates
in an NO-dependent signaling pathway operative upon oxygen
limitation in C. reinhardtii. Reactions of Hbs with the NO mol-
ecule are manifold and have roles in NO scavenging, fermenta-
tion, and signaling (4, 21, 30, 38). The THBS8 protein might
trigger responses upon its reaction with NO and could be a yet
unclassified mediator between the NO signal and the cellular
responses reported here. The long C terminus of THBS suggests
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the presence of a function of the protein in addition to ligand
binding and/or conversion. The findings presented in this work
therefore contribute to the understanding of the largely unexplored
complexity of Hb functions and open up new directions of Hb
and NO signaling research.

Materials and Methods

Organisms and Growth Conditions. C. reinhardtii strain CC-124 wild-type mt—
[137¢] [nit1 (nitrate reductase) nit2 (encoding a transcription factor regu-
lating nitrogen metabolism) agg7 (allele for phototactic aggregation)] was
obtained from the Chlamydomonas Resource Center (Department of Plant
Biology, University of Minnesota) and grown photoheterotrophically in Tris
Acetate Phosphate (TAP) medium (39) at a light intensity of 100 pmol of
photons-m™2.s~" at 20 °C. Cell numbers were determined using a hemocy-
tometer. Chlorophyll concentrations were analyzed by acetone extraction as
described before (40).

Analyses of the responses of the cells to O, limitation were done in dif-
ferent set-ups. To obtain truly anaerobic conditions without a possible in-
terference of O, produced by photosynthetic activity, cell suspensions grown
aerated in the light (referred to as “0 h” throughout the text) were trans-
ferred to sealed flasks in the dark. Cells were first grown to early-logarithmic
growth phase (ca. 3 x 10° cellssmL™"). One hundred milliliters of culture
aliquots were then transferred to squared glass bottles sealed with Red
Rubber Suba Seals 37 (Sigma-Aldrich), which had a total volume of 118 mL
after insertion of the Suba Seals. The flasks were subsequently incubated in
a dark room on magnetic stirrers at 20 °C. After the time points indicated in
the text, the cell suspensions of individual flasks were collected for RNA
extraction. Reference RNA was isolated from 100-mL culture aliquots re-
moved from the illuminated and aerated precultures. As darkness alone can
influence gene expression of a photosynthetic organism, control experi-
ments were conducted in which 100-mL aliquots of the aerated and light-
grown cells were transferred to darkness and incubated in 500-mL beakers
loosely covered with aluminum foil. RNA was isolated from these cells, which
were well-aerated by stirring, at the time points indicated in the text. The
impact of reaerating anaerobic cells was also analyzed. For these experi-
ments, 100-mL aliquots of the algal suspension were incubated for 2.5 h in
sealed flasks in the dark as described above. Then, three flasks were opened,
and the cells were transferred to open 500-mL beakers. RNA was isolated from
these cultures after 15, 30 and 45 min, as well as from cells that were main-
tained in sealed flasks, and THB8 mRNA abundance was measured by qPCR.

For analyzing growth of the C. reinhardtii wild type and transformants
amiTHBS8-1 and -2, two types of experiments were conducted. In the first
set-up, growth on TAP agar at a light intensity of 50 umol of photons-m=2.s~"
at 20 °C was analyzed. All strains were grown in liquid TAP medium as
described above until the early-exponential growth phase (ca. 6 pg of
chlorophyll-mL™"). Then the cell suspensions were diluted to 1 ug of
chlorophyll-mL™" with fresh TAP medium in sterile 1.5-mL reaction tubes.
Ten microliters of these dilutions were spotted in triplicates on two TAP
agar plates. One of the plates was placed in a gas-tight bag with the
anaerobic generator from the “GENbag anaer” system from Biomérieux
whereas the other plate was incubated under aerobic conditions as control.
When indicated, the selective NO scavenger 2-phenyl-4,4,5,5-tetramethyli-
midazoline-1-oxyl 3-oxide (PTIO, Sigma Aldrich) dissolved in ethanol was
added to the agar to a final concentration of 100 pM. To test the effect
of externally added NO on hypoxic growth of C. reinhardtii strains, cell
suspensions were dropped on TAP agar in flasks. Anaerobic conditions were
established by N, purging. When indicated, the respective concentration
of NO gas was achieved by injecting a mixture of NO in N, instead of ap-
plying a chemical NO donor. This proceeding was chosen because most
chemical NO donors have only short half-lives. As the setup did not include
the O,-removing generator of the GENbag anaer system (Biomerieux), a crr1
(COPPER RESPONSE REGULATOR 1) mutant was used as a control for hyp-
oxia. The crr1 mutant is unable to grow under hypoxic conditions (41). The
impaired growth of amiTHBS8-transformants was further analyzed in liquid
cultures in a set-up similar to one described earlier (41), but modified as
follows: Chlamydomonas cultures were inoculated at a chlorophyll concen-
tration of 0.1 pg of Chl-mL™" in 100 mL of TAP medium in squared glass
bottles. These were sealed with Suba Seals and incubated on a magnetic
stirrer in dim light (15 umol of photons:s~"-m~2). The cell suspension was
continuously purged with 0.1% CO, in N,. After the indicated time points,
samples were withdrawn for determining the chlorophyll content.

1. Vazquez-Limén C, Hoogewijs D, Vinogradov SN, Arredondo-Peter R (2012) The evo-
lution of land plant hemoglobins. Plant Sci 191-192:71-81.
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RNA Isolation and gPCR. Isolation of total RNA, cDNA synthesis, and qPCR
analyses were done as described previously in detail (42). Briefly, total RNA
was first treated with DNase (TURBO DNase from Ambion/Applied Bio-
systems) according to the manual. Afterward, cDNA was synthesized from
DNase-treated RNA using oligo(dT,g) oligonucleotides and M-MLV (Moloney
murine leukemia virus) Reverse Transcriptase (Invitrogen) as recommended
by the manufacturer. gPCR reactions were performed with the peqGOLD
Tag DNA Polymerase Kit (PeqLab) using Buffer S and 5x Enhancer solution
included in the kit. Each sample was analyzed in technical triplicate using
DNA Engine Opticon 2 from MJ Research. Transcript levels of CBLP (Chla-
mydomonas beta subunit-like polypeptide)/RCKT (receptor of activated
protein kinase C) (Cre13.9g599400), which were constant in all samples, were
used as a reference to calculate relative transcript abundances (43). qPCR
oligonucleotides are listed in Table S4.

RNA Sequencing and Bioinformatics. RNA for RNA-Seq analyses was obtained
from cells grown under aerobic conditions in the light until a density of 2.2 x
10° cells-mL~" (0 h), which were then transferred to sealed flasks in the dark
to establish anaerobic conditions due to the respiratory activity of the cells.
RNA was isolated from the reference culture (0 h) and from cells incubated
for 6 h in sealed flasks. Total RNA was treated with DNase as described above
and was sequenced at the Joint Genome Institute (JGI) using the Illumina
platform. About 20 million 76-bp reads were obtained per sample. Sequence
files are publicly available at NCBI's Gene Expression Omnibus (accession no.
GSE42035). Reads were aligned to the Au10.2 transcripts sequences (v4.3 as-
sembly of the Chlamydomonas genome) using Bowtie (44) in single-end mode
and with a maximum tolerance of three mismatches. Expression estimates
were obtained for each sample in units of reads per kb of mappable transcript
length per million mapped reads (RPKMs) (45) after normalization by the
number of aligned reads and mappable transcript length (computed for
76-mers) as described earlier (46). Fold-changes were calculated from the
average between replicates. Differential expression analysis was performed
using the DESeq package (47), and false discovery rates (FDRs) were esti-
mated in R with the Benjamini-Hochberg correction (48). Genes were se-
lected that showed a fold regulation greater than 4 (FDR below 5%).

THB8 Gene Silencing. For generation of amiTHB8-transformants, we used vector
pChlamiRNA3int (23) and the specific amiRNA TAAATCTTCACTAATTCACTG.
The construct was generated according to the instructions given in Molnar
et al. (23). Transformation of C. reinhardtii strain CC-124 was conducted ac-
cording to the glass-bead method after removal of the cell wall by autolysin.

Heterologous Expression. The C. reinhardtii THB8 (Cre16.9g661200) coding se-
quence was amplified using oligonucleotides designed by Primer D’Signer
1.1 (IBA) (5-ATGGTAGGTCTCAAATGGGAAACAGCTGCACCACCTTTG-3,
5-ATGGTAGGTCTCAGCGCTGGTCATGCGCAGGCGTGACG-3’) and ligated
via Bsal with pASK-IBA3 plus (IBA). Transformation of Escherichia coli BL21
(DE3)pLysS (Novagen/Merck) and all further steps were done according to
the manual of IBA. UV-Vis absorption spectra were recorded using a Nano-
Drop 1000 (PeqLab) spectrophotometer. The effect of gases was examined
by purging the as isolated (ferric) protein solution for 10 min with N, carbon
monoxide (CO) (99,997 %), or air. NO was added as a 10% NO in N, mixture
to protein solutions degassed with N,. Reduction of the THB8 protein was
achieved by adding 10 pM sodium dithionite under anaerobic conditions.

Generation of the Phylogenetic Tree Shown in Fig. 2. The phylogenetic tree
was created following the UPGMA (Unweighted Pair Group Method with
Arithmetic Mean) method (49) using MEGAS (50). The tree is drawn to scale,
with branch lengths corresponding to calculated evolutionary distances
between 86 proteins. Bootstrap support values are based on 1,000 bootstrap
replicates and are presented for values >50.
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