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Chlamydomonas reinhardtii insertion mutants disrupted for genes encoding acetate kinases (EC 2.7.2.1) (ACK1 and ACK2)
and a phosphate acetyltransferase (EC 2.3.1.8) (PAT2, but not PAT1) were isolated to characterize fermentative acetate
production. ACK1 and PAT2 were localized to chloroplasts, while ACK2 and PAT1 were shown to be in mitochondria.
Characterization of the mutants showed that PAT2 and ACK1 activity in chloroplasts plays a dominant role (relative to ACK2
and PAT1 in mitochondria) in producing acetate under dark, anoxic conditions and, surprisingly, also suggested that
Chlamydomonas has other pathways that generate acetate in the absence of ACK activity. We identified a number of proteins
associated with alternative pathways for acetate production that are encoded on the Chlamydomonas genome. Furthermore,
we observed that only modest alterations in the accumulation of fermentative products occurred in the ack1, ack2, and ack1
ack2 mutants, which contrasts with the substantial metabolite alterations described in strains devoid of other key

fermentation enzymes.

INTRODUCTION

Oxygen continually fluctuates in numerous terrestrial and aquatic
environments, especially over the diel cycle. Soil-dwelling algae
like Chlamydomonas reinhardtii can experience hypoxia and/or
anoxia during the late afternoon and evening when respiration
dominates over photosynthesis in the soil biosphere. Under
hypoxic/anoxic conditions, Chlamydomonas generates energy by
substrate level phosphorylation, a process which requires the
glycolytic catabolism of fixed carbon (polysaccharides and sug-
ars) to pyruvate. The reductant that accumulates during anoxic
glycolysis is eliminated by metabolizing pyruvate to a number of
different fermentative end products (predominately formate, ac-
etate, ethanol, H,, and CO,) that are secreted from the cell (Gfeller
and Gibbs, 1984, 1985; Mus et al., 2007; Dubini et al., 2009; Philipps
et al., 2011; Magneschi et al., 2012; Catalanotti et al., 2012, 2013;
Yang et al., 2014).

Aspects of Chlamydomonas metabolism appear to have signifi-
cant flexibility, as established by physiological/metabolic studies
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with wild type and mutants aberrant for aspects of fermentation
metabolism (Gfeller and Gibbs, 1984, 1985; Kreuzberg, 1984;
Gibbs et al., 1986; Ohta et al., 1987; Hemschemeier and Happe,
2005; Atteia et al., 2006; Mus et al., 2007; Dubini et al., 2009;
Timmins et al., 2009; Grossman et al., 2011; Philipps et al., 2011;
Burgess et al., 2012; Catalanotti et al., 2012, 2013; Magneschi
et al., 2012; Meuser et al., 2012; Yang et al., 2014; Figure 1), global
examination of gene expression as cells acclimate to anoxic
conditions (Mus et al., 2007), and analysis of the Chlamydomonas
genome (Grossman et al., 2007, 2011; Merchant et al., 2007). The
two dominant fermentative pathways that putatively consume
pyruvate under anoxic, laboratory conditions involve the enzymes
pyruvate formate lyase (PFL1) and pyruvate ferredoxin oxidore-
ductase (PFR1). Chlamydomonas PFL1, located in both mito-
chondria and chloroplasts (Kreuzberg et al., 1987; Atteia et al.,
2006), converts pyruvate and CoASH to acetyl-CoA and formate
(Philipps et al., 2011; Burgess et al., 2012; Catalanotti et al.,
2012), while PFR1, specifically in chloroplasts (Atteia et al., 2009;
Terashima et al., 2010; van Lis et al., 2013), converts pyruvate
and CoASH to acetyl-CoA, CO,, and reduced ferredoxin. The
reduced ferredoxin can be reoxidized by hydrogenases (Mus et al.,
2007; Dubini et al., 2009; Grossman et al., 2011; Meuser et al.,
2012), while the acetyl-CoA is either reduced to ethanol by alcohol/
aldehyde dehydrogenase (ADH1) (Atteia et al., 2006; Grossman
et al., 2011; Magneschi et al., 2012) or converted to acetate
through the sequential action of phosphate acetyltransferase
(PAT) and acetate kinase (ACK) (Wolfe, 2005; Ingram-Smith et al.,


http://orcid.org/0000-0001-5600-4076
mailto:wqyang@stanford.edu
http://www.plantcell.org
mailto:wqyang@stanford.edu
mailto:arthurg@stanford.edu
mailto:mposewit@mines.edu
http://www.plantcell.org/cgi/doi/10.1105/tpc.114.129965
http://www.plantcell.org

4500 The Plant Cell

Starch

2ATP glycolysis

2 2NAD® 2NADH+ H-

PEPC

ADP
DHAP “_’GAP%{’ PhDSphoenol/

oxaloacetate
v
NADH+ H- 2ADP 2ATP pyTWENte CO,
HADT 2ADP: NAD@H+ H-
PYK MDH
glycerol 2aTP
NAD(P)
u-Ketoglutarate glutamate
e N ruvat CO, NADP)H+ H* FUM
alanine ALAAT pyruvate . late J]

lactate PFL1 PFRI1
formate Co,
acetaldehyde acetyl-CoA
NADH +H: 2NADH + 2H- P
PAT2/1
ADH1
& ADH1 e
AL acetyl-P
ADP
2¥AD" ACK1/2
ethanol . ¢y .

acetate

Figure 1. Chlamydomonas Dark Fermentative Metabolism.
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Photosynthetically derived starch that accumulates in chloroplasts during the day is degraded in the dark via glycolysis to pyruvate. Under anoxic
conditions, pyruvate can be metabolized to acetyl-CoA, which is the substrate for the acetate-generating or ethanol-generating pathways. Pyruvate can
also be used as a substrate to produce ethanol via the PDC3 (pyruvate decarboxylase)-ADH1 pathway. The compounds highlighted in yellow represent
the major external metabolites produced by anoxic wild-type cells (Mus et al., 2007), while the compounds in green represent metabolites that
accumulate in various mutant strains (externally or internally) under anoxic conditions. ALAAT, alanine aminotransferase; DHAP, dihydroxyacetone
phosphate; FMR, fumarate reductase; FUM, fumarase; GAP, glyceraldehyde-3-phosphate; HYDEF, hydrogenase assembly factor EF; HYDG, hy-
drogenase assembly factor G; LDH, lactate dehydrogenase; MDH, malate dehydrogenase; MME4, malic enzyme 4; PEPC, phosphoenolpyruvate

carboxylase; PYC, pyruvate carboxylase; PYK, pyruvate kinase.

2006; Mus et al., 2007; Grossman et al., 2011; Catalanotti et al.,
2013; Yang et al., 2014). Recently, Chlamydomonas fermentative
mutants have been isolated, including hydEF, which is unable to
assemble a functional hydrogenase (Posewitz et al., 2004) and
under anoxic conditions biosynthesizes lower levels of CO,, ex-
tracellular formate, acetate, and ethanol relative to wild-type cells,
but shows increased carboxylation of pyruvate to generate ex-
tracellular succinate and recycle NADH (Dubini et al., 2009); pfi1
mutants (Philipps et al., 2011; Burgess et al., 2012; Catalanotti
et al., 2012) that exhibit increased pyruvate decarboxylation, ex-
tracellular ethanol, and lactate accumulation, as well as elevated
intracellular levels of alanine, succinate, malate, and fumarate
relative to wild-type cells (Catalanotti et al., 2012); and an adh1
mutant that is unable to biosynthesize either ethanol or CO,
and accumulates lower levels of formate and higher levels of
acetate, lactate, and especially glycerol relative to the control strain
(Magneschi et al., 2012). These metabolic differences among the
mutants suggest an ability of Chlamydomonas to exploit a variety
of fermentative pathways for recycling NADH to sustain glycolytic
ATP production as the cells become hypoxic/anoxic.

To further characterize metabolic adjustments when major
fermentation pathways are disrupted, we isolated mutants in the

acetate biosynthesis pathways. Acetate biosynthesis and utiliza-
tion have several functions in green algal cells under both aerobic
and anaerobic conditions. In Chlamydomonas, acetate can serve
as a sole energy source through respiratory metabolism. Acetate
has also been found to contribute to the maintenance of anoxic
conditions in the light since its oxidation promotes the utilization
of O, (Kosourov et al., 2007; Morsy, 2011) and, under certain
nutrient deprivation conditions, serves as the building block for
storing fixed carbon in the form of triacylglycerides (Johnson and
Alric, 2013). During anaerobic metabolism, the production of ac-
etate (and its subsequent secretion) through the PAT (Pta in
bacteria)-ACK (Ack in bacteria) pathway can recycle the cofactor
CoASH from acetyl-CoA and also generate ATP (Mus et al., 2007;
Tielens et al., 2010; Atteia et al., 2013).

Bacterial and archaeal systems (Ingram-Smith et al., 2006) have
retained a number of different pathways for acetate generation. In
the methanoarchaeon Methanosarcina thermophila, Ack and Pta
were found to be critical for acetate production (Ingram-Smith et al.,
2000, 2005, 2006; Lawrence and Ferry, 2006) and for activation of
acetate to acetyl-CoA when using acetate as the sole carbon/
growth substrate (Rother and Metcalf, 2004). In Escherichia coli,
acetate can be generated either from acetyl-CoA by the AckA-Pta



system or from pyruvate catalyzed by pyruvate oxidase (Yang
et al., 1999, 2001; Abdel-Hamid et al., 2001; Dittrich et al., 2005a,
2005b). In Corynebacterium glutamicum, all acetate biosynthesis
in anoxic cultures is a consequence of the production of acetyl-
CoA by pyruvate dehydrogenase (Blombach et al., 2007; Yasuda
et al., 2007). In other organisms, acetate can be generated by the
oxidative catabolism of pyruvate to acetate and CO, by pyruvate
quinone oxidoreductase and pyruvate oxidoreductase (Lin et al.,
2003; Lorquet et al., 2004; Schreiner et al., 2006; Phue et al.,
2010).

Putative ACK genes have been identified in some eukaryotes,
including algae, fungi, and Entamoeba histolytica, although no
PAT sequence has been found in amoeba or fungi (Ingram-
Smith et al., 2006). In non-yeast fungi, ACK can partner with
xylulose-5-phosphate/fructose-6-phosphate phosphoketolase,
which catalyzes the production of acetyl phosphate (acetyl-P)
from the breakdown of xylulose-5-phosphate or fructose-6-
phosphate (Wolfe, 2005; Ingram-Smith et al., 2006). In some
anaerobic parasites, acetyl-CoA can be converted into acetate,
with concomitant production of succinyl-CoA by acetate:suc-
cinate CoA-transferase. Succinyl-CoA synthase catalyzes the
conversion of succinyl-CoA back to succinate, which generates
ATP (van Grinsven et al., 2008; Atteia et al., 2013; Catalanotti
et al., 2013). Other enzymes that may influence acetate/acetyl-
CoA levels are the evolutionarily and mechanistically distinct
ADP-forming and AMP-forming acetyl-CoA synthetases. ADP-
forming acetyl-CoA synthetase (ACS; EC 6.2.1.13) has been
implicated in acetate production in amitochondriate protists
(e.g., E. histolytica) as well as some archaea (Ingram-Smith
et al., 2006; Fowler et al., 2012). The evolutionarily distinct
AMP-forming ACS (EC 6.2.1.1) has generally been consid-
ered to operate solely in the direction of acetyl-CoA forma-
tion. However, two instances have been reported indicating
that some AMP-forming acetyl-CoA synthetases may operate
in the acetate-forming direction (Takasaki et al., 2004; Yoshii
et al., 2009).

Interconversion between acetate and acetyl-CoA is also
governed by differential subcellular localization of enzymes. In
vascular plants such as spinach (Spinacia oleracea), acetyl-CoA
hydrolase converts acetyl-CoA to acetate and CoASH in mito-
chondria, and acetate is transported to the chloroplast where
acetyl-CoA can be regenerated by acetyl-CoA synthetase. The
acetyl-CoA hydrolase Ach1p was shown to regulate intracellular
acetyl-CoA or CoASH pools in yeast (Buu et al., 2003).

In Chlamydomonas, PAT-ACK activities appear to comprise the
predominant pathways for acetate biosynthesis under dark an-
oxic conditions. This alga has two parallel ACK-PAT pathways,
with previous work indicating that ACK2-PAT1 are localized to
mitochondria, while ACK1-PAT2 are in chloroplasts (Atteia et al.,
2006, 2009; Terashima et al., 2010). Chlamydomonas acetate
accumulation can be influenced by altering fermentation path-
ways through the generation of mutants (Dubini et al., 2009;
Philipps et al., 2011; Burgess et al., 2012; Catalanotti et al., 2012;
Magneschi et al., 2012). In addition to the activities of PAT-ACK,
the Chlamydomonas genome encodes other enzymes that may
play a role in the synthesis of acetate, including four enzymes with
homology to AMP-forming ACS (ACS1-4) and eight with homol-
ogy to aldehyde dehydrogenase (ALDH) (Kirch et al., 2004, 2005;
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Brocker et al., 2013), which may catalyze the conversion of
acetaldehyde to acetate with concomitant NAD(P)H production
(Kirch et al., 2004, 2005; Brocker et al., 2013).

Currently, there is no experimental evidence demonstrating the
contributions of the various biochemical paths outlined above to
acetate metabolism in Chlamydomonas, under either oxic or an-
oxic conditions. If the combined ACK-PAT activities of Chlamy-
domonas represent the sole activities responsible for acetate
production under anoxic conditions, suppression of these activi-
ties could potentially result in a total loss of acetate accumulation
and rerouting of fermentation pathways to accommodate both
the redox and energetic conditions of the cultures. To explore
these issues, we used random insertional mutagenesis cou-
pled with a PCR-based reverse genetic screen (Pootakham
et al.,, 2010; Gonzalez-Ballester et al., 2011) to identify Chlamy-
domonas strains disrupted for ACK and PAT genes. Charac-
terization of these mutants has allowed us to evaluate the effect
of these enzymes on algal cells experiencing dark anoxic con-
ditions, expanding our understanding of the intricate relation-
ships among the metabolic circuits associated with acetate
metabolism.

RESULTS

ACK and PAT Genes in Chlamydomonas

The Chlamydomonas genome has two genes encoding acetate
kinase (ACK71 and ACK2) and two genes encoding phosphate
acetyltransferase (PAT1 and PAT2). Based on Phytozome 9.1,
ACKT1 and PAT2 are contiguous on chromosome 9, while ACK2
and PAT1 are separate on chromosome 17 (Figure 2A). The
predicted ACK1 and ACK2 proteins contain similar acetate ki-
nase domains that span nearly the entire polypeptide sequence
of each (although some residues at the beginning of this domain
are in the presequence). PAT1 and PAT2 both contain a DRTGG
domain and a phosphate acetyltransferase/butyryl transferase
domain, the latter is found in a number of PAT (also designated
Pta) proteins, although its function is not known (Figure 2B)
(Campos-Bermudez et al., 2010). In the regions that align, the
predicted amino acid sequences of ACK1 and ACK2 are 74%
identical (304 of 412 amino acids), while those of PAT1 and
PAT2 are 75% identical (548 of 734 amino acids).

ACK1 and PAT2 Localize to Chloroplasts, While ACK2 and
PAT1 Localize to Mitochondria

Previous biochemical and proteomic work with Chlamydomonas
has suggested that the PAT2 and ACK1 proteins are localized to
chloroplasts and the PAT1 and ACK2 proteins to mitochondria
(Atteia et al., 2006, 2009; Terashima et al., 2010). The program
PredAlgo (https://giavap-genomes.ibpc.fr/cgi-bin/predalgodb.
perl?page=main) (Tardif et al., 2012) predicted chloroplast
transit peptides at the N termini of PAT2 and ACK1 (Figure 2B)
and mitochondrial targeting presequences for PAT1 and ACK2
(Figure 2B). To experimentally determine the subcellular locali-
zation of these enzymes, the ACK1, ACK2, PAT1, and PAT2
genes were cloned for expression in Chlamydomonas as Venus
fusion proteins (Figure 3A), transformed into Chlamydomonas
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Figure 2. ACK and PAT Genomic Sequences and Protein Domains.

(A) ACK1, ACK2, PAT1, and PAT2 genes and the positions of insertions in the ack?, ack2, pat2-1, and pat2-2 mutants. Arrows indicate the orientation of

the insertion. Black boxes represent 5’ and 3'UTRs, and gray boxes and bl
the size, in base pairs, of the genomic DNA.

ack lines represent exons and introns, respectively. The numbers represent

(B) Predicted ACK1, ACK2, PAT1, and PAT2 protein domains. The white boxes indicate the segments of ACK and PAT that have not been specifically
associated with a function/domain. The acetate kinase (AK), phosphate acetyl/butyryl transferase (PAT), and DRTGG domains are indicated. The lightly
stippled boxes in ACK1 and PAT2 represent chloroplast transit peptides, whereas in ACK2 and PAT1, vertical lines represent mitochondrial pre-
sequences. The numbers along the length of the proteins represent amino acid positions. aa, amino acids.

cells, and transformants were screened for Venus fluorescence
(Supplemental Figures 1A to 1D). Selected transformants were
then imaged by spinning disk confocal microscopy. No Venus
fluorescence was detected in control cells (Figure 3B, UVM11),
while those expressing free Venus protein exhibited green Venus
fluorescence exclusively in the cytosol (Figure 3B, Venus). By
contrast, the ACK1 and PAT2 fusion proteins were localized to
chloroplasts, while the ACK2 and PAT1 fusion proteins were lo-
calized in mitochondria (Figure 3B). We also prepared ACK2 and
PAT1 fusion constructs with mCherry (Supplemental Figures 1E,
1F and 2A). Confocal microscopy again confirmed mitochondrial
localization for ACK2 and PAT1, whereas the unfused mCherry
was apparent only in the cytosol (Supplemental Figure 2B,

mCherry). For some of the transformants (with both Venus and
mCherry fluorophores), multiple cells for each strain were ob-
served by spinning disk confocal microscopy; they all showed
identical localization patterns (Supplemental Figures 3A and 3B).

Identification of ack and pat Mutants in Chlamydomonas

A PCR-based method (Gonzalez-Ballester et al., 2011) was used
to identify strains specifically disrupted in the ACK1, ACK2, and
PAT2 genes after random insertion of a AphVIll cassette con-
ferring paromomycin resistance (Figure 2A; Supplemental Figure
4). No mutant disrupted in PAT1 was identified. DNA gel blot
hybridizations demonstrated a single transgene insertion in the
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Figure 3. Localization of ACK and PAT Isozymes.
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(A) Constructs for expression of ACK or PAT fused to Venus. Black arrows represent promoters; AphVill confers paromomycin resistance, and CYC6 is
a terminator. LB and RB, left and right border, respectively. Green represents genes encoding predicted chloroplast-localized proteins, and brown

denotes those predicted to be mitochondrial.

(B) Localizations of ACK and PAT Venus fusion proteins in Chlamydomonas. For the indicated proteins, chlorophyll autofluorescence (Chl.), Venus
fluorescence, merged chlorophyll and Venus signals, fluorescence from staining with Mitotracker to reveal mitochondria (Mito), and merged mito-
chondrial and Venus signals are shown. UVM11 is the Chlamydomonas strain used as the transformation host. Bars = 5 um.

ack1, ack2, and pat2-1 mutants, whereas pat2-2 harbored two
insertions and was therefore excluded from further analysis (Fig-
ure 4A). Molecular analyses demonstrated that the ack1, ack2,
pat2-1, and pat2-2 mutants contained either small fragments of
introduced Chlamydomonas DNA or small genomic deletions/
rearrangements at the site of cassette insertion. These genomic
alterations resulted in shifts of the open reading frames and
changes in the sizes of the final gene products in ack1, ack2, and
pat2-1 (Supplemental Figures 5 and 6; Figure 4B). By contrast, the
insertion in the pat2-2 mutant would be spliced out as part of
intron 8 (although the splicing is not nearly as efficient as for the

wild-type intron), resulting in a predicted wild-type gene product
of 792 amino acids (Supplemental Figure 5; Figure 4B).

A nearly homogeneous genetic background for all of the
mutants was established with four consecutive backcrosses of
ack1, ack2, and pat2-1 with wild-type strains (CC-7124 and CC-
125; same genetic background but minus and plus mating
types, respectively). The backcrossed strains were then crossed
with each other to generate the double mutants ack? ack2 and
pat2-1 ack2 (Supplemental Figure 4B; Figure 4A). Because the
ACKT1 and PAT2 genes are contiguous (within 300 bp) on chromo-
some 9, we were unable to generate the ack? pat2 double mutant.
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Figure 4. Genetic Analyses of Insertions in the Mutant Strains.

(A) DNA gel blot analyses showing insertions of the paromomycin-
resistance cassette into the PAT/ACK genes in mutants ack1, ack2,
pat2-1, pat2-2, and pat2-1 ack2. The strains and predicted sizes of the
insertions are indicated above the blot. ack2.1, ack2.2, and ack2.3 are
progeny from a backcross of the ack2 single mutant with the wild-type
strain. Ncol and Pstl were used to digest the genomic DNA. Marker
sizes are given to the left of the blot. The arrows represent the hybridization
to native PSAD promoter.

(B) Schematic representation of the proteins predicted to be synthesized
in the ack1, ack2, pat2-1, and pat2-2 mutants. The arrows mark the
positions of the insertions, and the numbers both above and below the
representations are the amino acid positions in the protein.

Fitness of ack and pat Mutants Following Exposure to
Anoxic Conditions

ACK and PAT are thought to be critical for acetate and ATP pro-
duction under anoxic conditions. To address whether the inability to
synthesize acetate coupled to ATP production might make the
mutant strains more sensitive to anoxia relative to the wild-type
cells, we examined the viability of both single and double mutants
during exposure to anoxic conditions. The ack? and pat2-1 mutants
were always the most vulnerable to anoxia; in no case were we able
to recover these strains after 24 h of anoxia (Figure 5B). Interestingly,
both the ack2 and ack1 ack2 mutants survived for at least as long as
wild-type cells. These results suggest that acetate production in the
chloroplast mediated by ACK1 and PAT2 is important for survival
and for the production of ATP under anoxic conditions. The in-
creased survival (e.g., over 24 h) of the ack? ack2 double mutant
relative to the ack? single mutant (Figure 5B) suggests that other

metabolic factors/pathways are induced when both the mitochon-
drial and chloroplast PAT-ACK pathways are blocked.

To confirm that the ack? and pat2 lesions were responsible for
the loss of viability during anoxia, the same viability assay was
performed in complemented strains containing a wild-type copy
of ACK1 and PAT2 (Figure 5A). Two ack1-ACK1 transformants
recovered the anoxia tolerance phenotype and survived longer
than the wild-type strain under anoxic conditions, while the third
transformant survived for approximately the same amount of
time as wild-type cells (Figure 5B). The ack2-ACK2 strain
maintained anoxia tolerance with robust survival to 24 h (the
original mutant was not impaired in survival). The pat2-1-PAT2
strains survived longer than wild-type cells during anoxia (Figure
5B). Collectively, these results indicate that loss of activity of the
chloroplast-localized ACK1 and PAT2 proteins causes in-
creased sensitivity to anoxia, which is not observed for strains
disrupted in the mitochondrion-localized ACK2.

Transcription of Fermentative Enzymes

We examined how disruption of specific PAT and ACK genes af-
fected the levels of transcripts encoding PAT1, PAT2, ACK1, and
ACK2. PAT1T mRNA was elevated in the ack2, pat2-1, and ack?
ack2 mutant strains relative to the wild-type cells under dark anoxic
conditions (Figure 6); the most pronounced increase was in the
ack1 ack2 double mutant. PAT2 mRNA was significantly increased
only in the ack? ack2 double mutant (Figure 6). The expression of
ACK1 and ACK2 (analyzed with primers that bind upstream of the
site of the insertion in the ack2 mutant) was not significantly dif-
ferent in the ack2, pat2-1, and pat2-1 ack2 mutant strains com-
pared with wild-type cells under dark anoxia (Figure 6).

To investigate how disruption of PAT and ACK genes affects
expression of genes involved in fermentative metabolism under
anoxia, we analyzed levels of transcripts from HYDA1, HYDAZ2,
PFR1, PFL1, ADH1, and PDC3 under anoxia (Supplemental
Figure 7). In all of the strains, except the ack? mutant, but including
wild-type cells, the HYDAT and HYDA2 transcripts were elevated,
with the changes ranging between 2- and 7-fold under the con-
ditions used. Any differences between the mutant and wild-type
cells were not significant. The differences in the levels of PFRT,
PFL1, ADH1, and PDC3 transcripts in the mutant and wild-type
cells were generally less than 2-fold, although the highest levels of
the PFR1 and PFL1 transcripts were observed (throughout the time
course of anoxia) in the ack2 mutant. Overall, these results suggest
that mutations in ACK and PAT can influence levels of transcripts
from the various ACK and PAT genes but do not markedly affect
expression of other genes associated with fermentation metabolism.

Extracellular Metabolite Analyses

To further explore the functions of ACK and PAT with respect to
fermentative metabolism in Chlamydomonas, we analyzed the ac-
cumulation of metabolites excreted into the medium when the wild-
type and mutant strains were transitioned from oxic to anoxic
conditions (Figure 7). Overall, there was less formate, acetate, and
ethanol produced in all of the strains relative to wild-type cells at 4,
8, and 24 h after the imposition of anoxia, except for ack2, for which
there was essentially no difference from the wild type (Figure 7).


http://www.plantcell.org/cgi/content/full/tpc.114.129965/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.129965/DC1

Chlamydomonas Anoxic Acetate Production 4505

A EcoRlI BamHI
H B Al Pro ofe I, H
LB RB
= G
A 9 3
RO

O9e 090
ol B X X L
101000200
1203590200

9S>t
DA(hJ1s @ 4% . ¢

21 -, *
24 = .o e
36 i
4s NN

Figure 5. Cell Viability Following Exposure to Anoxic Conditions.
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(A) Constructs used to complement the mutant strains. The black arrows represent promoters and the black box following the introduced ACK or PAT
gene indicates the PSAD terminator. Green represents genes encoding the chloroplast-localized ACK1 and PAT2 proteins, and brown denotes the

mitochondrion-localized ACK2 protein.

(B) Viability of the wild-type, mutant, and complemented strains. Cells were concentrated in HS medium and exposed to dark anoxic conditions. After
the indicated times under dark anoxic conditions, the cells were spotted onto solid TAP medium under relatively low illumination conditions (50 ymol
photons m—2 s~ ) and allowed to grow for 7 d. The initial number of cells spotted was ~10,000 for oxic growth and ~100,000 for anoxic growth. DA, LO,
and DO represent dark anoxic, light oxic, and dark oxic conditions, respectively. Three isolates for each of the complementation strains were used for
viability tests. A single representative experiment is shown; similar results were obtained in six repetitions.

This once again suggests that disruption of the PAT-ACK pathway
in the chloroplast (the ack1, pat2-1, ack1 ack2, and pat2-1 ack2
mutants would all be affected in acetate production in chloroplasts)
has a larger influence relative to mitochondrial mutations on the
overall fermentative responses of the cells to anoxia. Lactate pro-
duction was elevated in pat2-1 and pat2-1 ack2 mutants (Figure 7,
insets), although to a relatively small extent, indicating that some
rerouting of metabolites to lactate did occur, which would facilitate
NADH reoxidation. Complementation of the pat2-7 mutant with
a wild-type copy of PAT2 yielded strains with slightly higher levels
of metabolites, but the transformed cell lines tested did not fully
recover wild levels of fermentative metabolites (Supplemental
Figure 8). Interestingly, there was still acetate generated in the ack?
ack2 double mutant under dark anoxia. NMR was used to confirm
that acetate was being made in this mutant (Supplemental Figure 9).
These results suggest that some other acetate producing pathway(s)

becomes active (or more apparent) in the ack? ack2 double mutant
(which would be unable to synthesize acetate by the PAT-ACK
pathway in either organelle) during dark anoxia. Overall, our findings
demonstrate that when no acetate is synthesized through the PAT-
ACK pathway, particularly through the chloroplast pathway, the cells
exhibit a downregulation of fermentation metabolism and that
activities/pathways other than those of PAT-ACK must be active in
producing acetate under dark anoxic conditions in these mutants.

H, Evolution

Fermentative H, levels were measured by gas chromatography
to determine the effect of disrupting acetate biosynthesis in the
various mutant strains on H, production. In general, there was
little difference in H, production between wild-type cells and
the mutant strains (Supplemental Figure 10). Furthermore, no
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Figure 6. Changes in ACK and PAT Transcript Abundances in ack and pat Mutants.

RT-gPCR was used to assess ACK and PAT transcript levels in the wild type, the ack1, ack2, and pat2-1 single mutants, and the ack1 ack2, pat2-1 ack2
double mutants under dark anoxic conditions. The TO time point represents the time prior to anaerobic induction (oxic samples). Absolute quantifi-
cations were performed; expression levels are presented relative to gene expression at 0 h. Errors bars represent sp. Asterisks represent significance

(Student’s t test, P < 0.01).

substantial differences were found in the production of CO, be-
tween the wild type and the mutant strains (Supplemental Figure
11), indicating that ethanol production through the PDC3 pathway
does not appear to be activated in these mutants, which is con-
sistent with the finding that these strains exhibit little change in
the levels of PDC3 and ADH1 transcripts (Supplemental Figure 7).

Decreased Acetate Kinase Activities Were Detected in
Various Single and Double Mutants

To evaluate the contribution of ACK to acetate production, in vitro
acetate kinase activity was measured in wild-type, ack1, ack2,
pat2-1, ack1 ack2, and pat2-1 ack2 mutant strains (Figure 8). The
ack1 and ack2 single mutants each had ~50% of the activity of
wild-type, whereas the pat2-1 single mutant and the pat2-1 ack2
double mutant showed ~25% of the activity of the wild type. The
ACK activity in the ack? ack2 mutant was near background levels
but could be restored by complementation with either the ACK1
or ACK2 gene (Figure 8; Supplemental Figure 12). In spite of the
near complete loss of ACK enzyme activity, the ack? ack2 double
mutant still secretes acetate (Figure 7).

Alternative Enzymatic Routes to Acetate Production under
Anoxic Conditions

The finding that the ack1 ack2 double mutant still produces acetate
suggests that the cells have mechanisms outside the PAT-ACK
pathway for acetate biosynthesis. We therefore used informatic

tools to identify genes in the Chlamydomonas genome potentially
associated with acetate production (Figure 9, Table 1). The ADP-
forming acetyl-CoA synthetases, present in certain parasites and
a limited number of archaea, are absent in Chlamydomonas.
However, there are four Chlamydomonas gene models encoding
proteins with similarity to characterized AMP-forming acetyl-CoA
synthetases. Among these, ACS1 and ACS2 possess typical AMP-
forming ACS sequence motifs and likely specifically use acetate as
a substrate, whereas ACS3 has Ala instead of Val at position 1521
and may be able to use propionate as a substrate (Ingram-Smith
et al., 2006). ACS4 is more similar to an acyl-CoA synthetase (Table
1). Alignments and phylogenetic analyses suggest significant di-
vergence of these genes (Supplemental Figures 13A and 13C and
Supplemental Data Set 1). Although AMP-forming acetyl-CoA
synthetases are not typically associated with acetate production,
there are two reports of acetate production from such enzymes
(Takasaki et al., 2004; Yoshii et al., 2009).

Another potential pathway for acetate generation involves
acetate:succinate CoA-transferase (ASCT) and succinyl-CoA li-
gase (SCL; also called succinyl-CoA synthetase). ASCT trans-
fers the CoA moiety of acetyl-CoA to succinate, and SCL
converts succinyl-CoA back to succinate (this latter reaction is
not shown in Figure 9). In the SCL reaction, the energy in the
thioester bond of succinyl-CoA is used for the biosynthesis of
ATP. There are two gene models on the Chlamydomonas ge-
nome that encode putative SCLs. However, no gene model for
ASCT has been identified, which could mean that there is no
Chlamydomonas ASCT, that lack of similarity to characterized
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shown as an inset with an adjusted scale. Errors bars represent se of the mean.

ASCT enzymes does not allow for its easy identification, or that
the gene is present in a region of the genome that has not been
sequenced or where the sequence quality is poor.

Eight gene models encode putative ALDHs, which may con-
vert acetaldehyde to acetate, with the concomitant production
of NADH (Figure 9, Table 1). Alignments and phylogenetic anal-
yses showed that ALDH3 and ALDH4 have some similarity to
atypical ALDH enzymes, which brings their biological function into
question (Supplemental Figures 13B and 13D and Supplemental
Data Set 2). The Chlamydomonas ALDH proteins are predicted to
be in various cellular locations (Table 1); ALDH1-4, ALDH6, and
ALDHS8 are predicted to be in mitochondria, while ALDH5 and
ALDHY7 are predicted to be targeted to the secretory pathway
and chloroplasts, respectively (Table 1). Furthermore, the Chla-
mydomonas genome also encodes acetyl-CoA hydrolases (in-
dicated as ACT1 and CGLD2 in Figure 9, Table 1), but there is no
experimental evidence to show that they function in the conver-
sion of acetyl-CoA to acetate.

To elucidate the potential origin of acetate production in the
ack1 ack2 double mutant, reverse transcription-quantitative PCR
(RT-gPCR) was performed to monitor expression of the eight

ALDH genes and the four ACS genes under dark anoxic con-
ditions (Figure 10; Supplemental Figure 14). The ACS genes were
not highly upregulated during dark anoxia in wild-type or mutant
strains, suggesting that AMP-forming ACS does not function in
dark anoxia in Chlamydomonas (Supplemental Figure 14), although
posttranscriptional regulation allowing such a function remains
possible. By contrast, ALDH2, ALDH3, and ALDH4 transcripts
showed significantly higher accumulation in the ack? ack2 double
mutant, with the ALDH3 transcript upregulated by almost 200-fold.
ALDH3 was also expressed highly in the ack? and pat2-1 single
mutants under anoxic conditions, raising the possibility that alter-
native acetate-producing pathways may be activated in mutants
defective in the PAT/ACK pathway and especially in those strains
defective for the chloroplast isoforms of the enzymes.

Intracellular Metabolites

Intracellular levels of pyruvate and acetyl-phosphate were
measured to determine whether the accumulation of these meta-
bolites, which are potentially influenced by acetate production
(Figure 1), were affected by ACK/PAT disruption. Intracellular levels
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Acetate kinase activity was assayed as the biosynthesis of acetate from
acetyl-CoA in the wild type and the pat and ack mutants. Errors bars
represent se of the mean. Asterisks represent significant difference from
the wild type (‘P < 0.05; **P < 0.01).

of pyruvate increased slightly (~2-fold) in the ack? ack2 and
pat2-1 backgrounds (Supplemental Table 1), whereas the levels of
acetyl-phosphate decreased slightly in all mutants (Supplemental
Figures 15).

DISCUSSION

Photosynthetic microorganisms rely on dark-phase metabolism for
approximately half of the diel cycle. Elucidating the metabolic
networks activated during the night is key to understanding net
carbon cycling and cellular physiology when light is not available to
drive photosynthetic processes. Such studies provide valuable in-
formation regarding the specific roles of enzymes predicted to be

associated with dark metabolism and to elucidate metabolic net-
works that are available to sustain ATP production in the dark.
From a biofuel perspective, it is critical to understand catabolic
processes in the absence of light, how much fixed carbon is di-
rected toward respiratory processes over the course of the day,
and how these processes influence overall net carbon assimilation.
Furthermore, “dark” metabolism has ecological consequences as it
is now clear that many algae and cyanobacteria secrete reduced
energy carriers (e.g., organic acids/alcohols and H,) under fer-
mentation conditions (Mus et al., 2007; Ananyev et al., 2008; Dubini
et al., 2009; Carrieri et al., 2010), providing reducing equivalents and
carbon substrates to the heterotrophic consortia of organisms that
coexist in the same ecological niche. Such secreted products likely
play an important role in influencing the biota present in a variety of
aquatic and soil ecosystems (Hoehler et al., 2002; Spear et al.,
2005).

Chlamydomonas wild-type strains typically secrete formate,
acetate, and ethanol, as the predominant organic products, in
addition to evolving CO, and H, during anoxia in the dark. In
recent years, mutant analysis has shown that an extraordinary
suite of fermentation pathways are available to Chlamydomonas
and that this alga has a remarkable ability to reorganize fer-
mentation pathways when specific metabolic nodes are blocked
by genetic disruption (Dubini et al., 2009; Philipps et al., 2011;
Burgess et al., 2012; Catalanotti et al., 2012; Magneschi et al.,
2012). This flexibility might also serve to allow Chlamydomonas
to overcome enzyme inhibition by chemicals/compounds pres-
ent in the natural environments. Here, we elucidated the roles of
the PAT and ACK enzymes, which are putatively responsible for
anoxic acetate production (Figure 1).

Our localization analyses (Figure 2; Supplemental Figures 2
and 3) support the previous assignment of PAT1 and ACK2 as
mitochondrial and PAT2 and ACK1 as chloroplastic (Atteia et al.,
2006, 2009; Terashima et al., 2011). The presence of two distinct
PAT/ACK pathways in Chlamydomonas suggests that fermentation
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Figure 9. Potential Metabolic Routes to Acetate Biosynthesis.

The various potential routes for acetate production from acetyl-CoA in Chlamydomonas. Red denotes enzymes encoded by high-confidence gene
models in the Chlamydomonas genome, and gray represents gene models for which the function is not entirely clear. Solid lines represent reactions
confirmed in Chlamydomonas, while dashed lines indicate proposed reactions based on gene model analyses and homology searches. ACT1, Acyl-

CoA thioesterase; CGLD2, Acyl-CoA thioesterase.
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Table 1. Gene Models Encoding Uncharacterized Enzymes Potentially Involved in Acetate Production

Gene Phytozome v10.0.4 NCBI Annotation Localization?
ACSH1 g1290.t1 XP_001700210.1 AMP-forming acetyl-CoA synthase (0]

ACS2 g1224.11 XP_001700230.1 AMP-forming acetyl-CoA synthase C
ACS3P Cre07.9353450 XP_001702039.1 AMP-forming acetyl-CoA synthase (0]

ACS4 Cre01.g055500 XP_001700230.1 AMP-forming acetyl-CoA synthase M or SP
ALDHA1 g13400.t1 XP_001694180.1 Aldehyde dehydrogenase (0}
ALDH2 Cre16.9675650 XP_001695943.1 Aldehyde dehydrogenase M
ALDH3 Cre12.9g500150 XP_001690955.1 Aldehyde dehydrogenase M
ALDH4¢ Cre12.9520350 XP_001696928.1 Aldehyde dehydrogenase M
ALDH5 Cre01.9033350 XP_001690075.1 Aldehyde dehydrogenase SP
ALDH6 g8982.t1 XP_001694332.1 Aldehyde dehydrogenase M
ALDH7 916809 XP_001698924.1 Aldehyde dehydrogenase (¢}
ALDH8¢ Cre13.9605650 XP_001699134.1 Aldehyde dehydrogenase O or SP
SCLA1® Cre03.9193850 XP_001693108.1 Succinate-CoA ligase M
SCLB1a° g17060.t1 XP_001691581.1 Succinate-CoA ligase M

ACTA g16435.t1 XP_001692073.1 Acyl-CoA thioesterase (0]
CGLD2 g837.11 XP_001690113.1 Acyl-CoA thioesterase M

Predicted localizations of ACS, ALDH, and other possible acetate metabolism related proteins using PredAlgo software (https://giavap-genomes.ibpc.
fr/cgi-bin/predalgodb.perl?page=main). Names, protein IDs, NCBI accession numbers, and predicted localizations are indicated. C, chloroplast; M,
mitochondrion; SP, secretory pathway; O, other. ACS3 was shown to be localized to mitochondria (Atteia et al., 2009; Terashima et al., 2010). ALD1 and
ALD2 were shown to be localized to mitochondria (Atteia et al., 2009), which correspond to ALDH4 and ALDH8 in our study. SCLA1 and SCLB1a were

shown to be localized to mitochondria (Atteia et al., 2009).

aThe locations of the proteins are either predicted or were experimentally determined.

bTerashima et al. (2010).
CAtteia et al. (2009).

occurs in both the mitochondrion and chloroplast. Analysis of mu-
tants disrupted in PAT2, ACK1, or ACK2, and the pat2-1 ack2 and
ack1 ack2 double mutants, revealed that the chloroplast is the
dominant contributor to overall cellular fermentation metabolism and
that Chlamydomonas is able to retain the ability to produce acetate
even when both the chloroplast and mitochondrial PAT/ACK path-
ways are compromised. In contrast to mutations affecting H,,
formate, or ethanol metabolism, the ack mutations did not result
in a significant rerouting of metabolites, whereas disruptions of
pat2-1 led to increased lactate secretion relative to the control
strain (Figure 7). The most severe attenuation of extracellular
acetate accumulation was in the pat2-1 ack2 mutant, which is
blocked at different steps in the respective chloroplast and mi-
tochondrial acetate production pathways; however, even this
mutant still showed significant levels of acetate secretion. To
eliminate acetate carryover from the medium as a potential source
of acetate, fermentative metabolite experiments were performed
using cells cultured in acetate-free minimal medium. In vitro ACK
enzyme assays showed that the ack? ack2 double mutant lacked
acetate kinase activity, eliminating ACK activity as the mechanism
for acetate production. The in vitro acetate kinase data also
showed that ACK1 and ACK2 were approximately equal in their
contributions to whole-cell activity (Figure 8; Supplemental Figure
11), indicating that both mitochondrial and chloroplast routes
could contribute to acetate production, provided availability of
sufficient substrate.

The finding that the ack? ack2 and pat2-1 ack2 mutants (in
which both chloroplast and mitochondrial pathways are disrupted)
secrete low levels of acetate after being cultured in minimal me-
dium led us to consider routes other than the PAT/ACK pathway

that potentially function in acetate production (Figure 9, Table 1).
These include: (a) the spontaneous hydrolysis of acetate phos-
phate to acetate and P; (Koshland, 1952; Di Sabato and Jencks,
1961); (b) aldehyde dehydrogenase activity that oxidizes acetal-
dehyde (from pyruvate decarboxylation) to acetate (Kirch et al.,
2004, 2005; Brocker et al., 2013); (c) acetyl-CoA hydrolase, which
hydrolyzes acetyl-CoA to acetate and CoA without the production
of ATP (Tielens et al., 2010); (d) acetate formation by AMP-forming
acetyl-CoA synthetase (Takasaki et al., 2004; Yoshii et al., 2009);
and (e) ASCT and SCL activities (van Grinsven et al., 2008; Millerioux
et al., 2012). ASCT transfers the CoA moiety of acetyl-CoA to
succinate and SCL converts succinyl-CoA back to succinate. In the
SCL reaction, the energy in the thioester bond of succinyl-CoA is
used for the synthesis of ATP (van Grinsven et al., 2008). Although
SCL homologs are encoded on the Chlamydomonas genome, no
ASCT homologs were identified, and it is unlikely that this pathway
represents a viable alternative for acetate production in Chlamy-
domonas. Acetate production by AMP-forming acetyl-CoA syn-
thetase cannot be ruled out, as described above (Takasaki et al.,
2004; Yoshii et al., 2009); however, it should be noted that despite
these reports, the majority of these enzymes typically function in
the direction of acetyl-CoA synthesis (Tielens et al., 2010).

For the other three potential pathways, an important consid-
eration in the interpretation of the metabolite data is that dif-
ferent metabolites would have accumulated in the respective pat
and ack mutants as a consequence of the enzymatic block re-
sulting from the gene disruption. In the ack mutants, metabolism
can proceed to the level of acetyl-P prior to enzymatic disrup-
tion, whereas in the pat2-1 mutant, the acetate pathway is
blocked at the level of acetyl-CoA in the chloroplast. In the ack1
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RT-gPCR was used to quantify transcripts for eight distinct ALDH gene models in the wild type and the indicated mutant strains. Data are from two
biological replicates, each with three technical replicates. Errors bars represent sb.

ack2 double mutant, acetyl-P biosynthesis should occur. Acetyl-
P can undergo spontaneous hydrolysis in aqueous solvents to
generate acetate and P, (Koshland, 1952; Di Sabato and Jencks,
1961), and it is possible that this leads to the observed low levels
of acetate secreted from the ack? ack2 and pat2-1 ack2 mutants
in the medium. Presumably, a functional ACK enzyme in wild-
type cells would capture the acetyl-P prior to spontaneous hy-
drolysis. The production of acetate by nonenzymatic acetyl-P
hydrolysis would deprive the cell of the ATP produced by the
action of ACK. In the absence of ATP production by ACK ac-
tivity, cellular ATP levels may be diminished below a threshold
level that would be needed to efficiently prime glycolysis.
Analysis of intracellular metabolites indicated that pyruvate does
accumulate to slightly higher levels (Supplemental Table 1) rel-
ative to the control at several points of anoxic acclimation,
consistent with a metabolic block downstream of pyruvate. In-
creased levels of acetyl-P were not observed as a consequence
of disruptions in the PAT-ACK pathway, which may indicate
a kinetically facile conversion of this substrate (Supplemental
Figure 15). The ack1, pat2-1, ack1 ack2, and pat2-1 ack1 mu-
tants secrete lower levels of all fermentation products, which is
consistent with a reduced rate of glycolysis in these mutant
strains (Figure 11; Supplemental Figure 16). Relative to the ack1
ack2 double mutant, the pat2-1 ack2 mutant produces slightly
less acetate. As the PAT2 disruption blocks acetyl-P production

in the chloroplast, this lesion would be expected to have di-
minished acetyl-P flux, which may explain why acetate production
is more attenuated in the pat2-1 ack2 mutant. It is possible that
nonenzymatic acetyl-P hydrolysis explains the observed residual
production of acetate in the double mutants, the lower overall
yields of all fermentation products (presumably due to a slower
rate of glycolysis) in the double mutants and ack?, and the more
severely diminished levels of acetate secretion in pat2-1 ack2
relative to ack ack2.

Another possibility that would explain acetate secretion from
the ack1 ack2 and pat2-1 ack2 double mutants is that the me-
tabolites acetyl-CoA and pyruvate, which are directly upstream
of acetyl-P in fermentation metabolism, are also accumulated
due to metabolic backup when the PAT/ACK pathway is
blocked and that these substrates are converted to acetate.
Pyruvate could be decarboxylated by PDC3 to generate acet-
aldehyde, which may then be oxidized to acetate by ALDH
activity, a mechanism that is frequently used in some yeast
(Remize et al., 2000). This reaction would form NADH, which if
accumulated would slow glycolysis (as is observed) unless the
cell reoxidized the NADH to maintain redox balance. We do not
observe the secretion of any additional metabolites that would
serve as this reductant sink; however, some of the ALDH
transcripts, particularly ALDH3, show significant increases in
abundance and this pathway cannot be dismissed. Despite this,
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no significant aldehyde dehydrogenase activities were detected
among mutant and wild-type strains at different times after dark
anoxia, reflecting the complexity of the physiology of the ALDH
enzymes and substrates in vivo (Supplemental Figure 17).

Alternatively, acetyl-CoA could be converted to acetate by
acetyl-CoA hydrolase. Genes encoding homologs of acetyl-CoA
hydrolase are found on the Chlamydomonas genome. If acetyl-CoA
accumulated on the cell and was not metabolized by alterna-
tive pathways, cellular CoA would be committed and unavail-
able for other cellular processes. Hydrolysis of acetyl-CoA
would free CoA and produce acetate without generating ATP.
As in the case of spontaneous acetyl-P hydrolysis, this would
deny the cell ATP production by the action of ACK, potentially
diminishing the rate of glycolysis and leading to the reduction
of fermentation metabolite secretion. If the AMP-forming ace-
tyl-CoA synthetase was used for acetate production, ATP
production would be maintained; we did not observe signifi-
cant changes in ACS transcript levels in any of the mutant cell
lines, but this activity is reported to be posttranslationally
regulated (Takasaki et al., 2004). This alternative pathway
would be functionally equivalent to the PAT/ACK pathway in
that ATP production would be retained; consequently, it is
questionable whether a diminished glycolysis and acetate-
secretion phenotype would emerge if AMP-forming ACS was
able to functionally substitute for PAT/ACK.

While multiple potential mechanisms for generating acetate in
ack1 ack2 and pat2-1 ack2 have been identified, we are unable
to determine which of the pathways (or potentially which com-
bination of pathways) is used to produce the acetate secreted in
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the double mutants or if there are additional options to bio-
synthesize acetate. However, it is clear that several potential
mechanisms exist to explain residual acetate production in the
absence of ACK activity. At this point, we do not know whether
these alternative routes are active in wild-type cells or if they
only become active when the mutants accumulate activated
acetyl units. Interestingly, robust acetate production is also re-
tained by unknown mechanisms in mutants of Clostridium
species in which Ack activity is eliminated by a gene knockout
(Sillers et al., 2008; Kuit et al., 2012).

Regarding the single gene disruptions, ack? had a more
pronounced reduction of acetate secretion relative to ack2
(Figure 7). This implies that the chloroplast is the dominant lo-
cation of fermentative acetate production and perhaps fermen-
tative pathways in general. The pat2-17 mutant consistently
produced less acetate than the ack? mutant (both chloroplast
enzymes), which would be expected if nonenzymatic acetyl-P
hydrolysis contributed to the observed levels of secreted ace-
tate in the mutants. Interestingly, both the pat2-71 and the pat2-1
ack?2 mutants showed an increase in lactate secretion (Figure
11; Supplemental Figure 16), suggesting that metabolic rerout-
ing occurs exclusively in the pat2-1 genetic background. This
would be expected if the metabolic block occurred at the level of
acetyl-CoA contributing to the increased accumulation of py-
ruvate, which could be readily redirected toward lactate pro-
duction for redox balancing, as observed in the adh1 and pfi1-1
mutants (Catalanotti et al., 2012; Magneschi et al., 2012). Met-
abolic engineering approaches seeking to eliminate the flux of
pyruvate to the PAT/ACK pathway so that pyruvate can be

ackl
starch—- pyruvate

PDC3
formate

acetaldehyde nceI)lCnA H2

acetaldehyde

starch—— pyruvate

PDC3 /PFL FR1
formate .
Y

acetyl-CoA H,

ack2
starch——, pyruvate

PDC3 /PFL FR1
formate .
)

acetaldehyde acetyl-CoA H,

starch—— pyruvate
LDH

PDC3 /PFL FR1 ’
formate “, lactate
L

acetaldehyde acetyl-CoA H, acetaldehyde
AT,
ADHI1 ll AT2/PAT1 ADH1
acetyl-P
ethanol ACKI1/ACK2 ethanol
ALDH ALDH

acetate

ADHI1 lPATZIPATl ADHI1 PAT2/PAT1 ADH1 PAT2/PAT1
acetyl-P acetyl-P acetyl-P
ethanol lACKL’ACKZ ethanol ACK1/ACK2 ethanol lACl(lf ACK2
ALDH
acetate acetate acetate
pat2-1 ackl ack2 pat2-1 ack2

starch——, pyruvate

PDC3 /PFL FR1
formate ‘\

acetyl-Co
lPAT'ZI'PATl

acetyl-P

acetate

starch—— pyruvate
LDH

PDC3 /PFL1 FR1 ‘
formate S, lactate
%

acetaldehyde acetyl-CoA H,

AT
ADH1 l[ AT2/PAT1
acetyl-P

ethanol l_:\(‘[{l,’ ACK2

\( K1/ACK2

acetate

= Up-regulated

—— Down-regulated
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activities in the respective mutants; red represents increased pathway activities in the indicated mutants; dashed arrows represent catalytic steps that

were omitted in the transfer of electrons from PFR1 to the hydrogenases.
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directed to other pathways typically target PAT rather than ACK
for gene disruption/deletion (Atsumi et al., 2008a, 2008b). The
absence of metabolic rerouting to lactate in the ack mutants
indicates that after the production of acetyl-P by PAT, the cell
uses an alternative route to produce acetate that is secreted,
thereby eliminating metabolite accumulation and the opportunity
to redirect metabolism to alternative pathways. To reintegrate
acetate into central metabolism via the glyoxylate cycle would
establish a futile cycle that would consume ATP and produce
reducing equivalents, two unsustainable outcomes during anoxia.
Therefore, the data suggest that once acetyl-P is produced, the
cell’s options for metabolic redirection are more limited relative to
mutations that result in the accumulation of metabolites at earlier
steps in the fermentation pathway.

In summary, our insertional mutagenesis/reverse genetics anal-
yses of primary fermentation networks underscore the remarkable
ability of Chlamydomonas to overcome deletions of preferred en-
zymatic activity and to sustain fermentation metabolism, often
using pathways that are completely uncharacterized. In contrast to
mutants in the other steps of fermentation, we observed no major
metabolic rerouting in the ack mutants and limited metabolic re-
routing to lactate in the pat2-7 mutant. The generally diminished
accumulation of all fermentative metabolites in the ack and pat
mutants is indicative of a diminished rate of glycolysis and pyruvate
supply to fermentation. Finally, our results suggest that mitochon-
drial fermentation pathways are less active than chloroplast fer-
mentation under the conditions analyzed.

METHODS

Strains, Mutant Isolation, and Growth Conditions

The parental Chlamydomonas reinhardtii strains used in these studies were
CC-124 (nit2—, mt~) and CC-125 (nit2—, mt*), which are designated as
“wild-type” cells throughout the article. The various mutant strains used are
theack1, ack2, pat2-1, and pat2-2 single mutants and the ack? ack2, pat2-1
ack2, and pat2-2 ack2 double mutants. The single mutants were generated
in the D66 (CC-4425; nit2—, cw15, mt*) genetic background (Pollock et al.,
2003) by a PCR-based screen that was previously described (Pootakham
et al., 2010; Gonzalez-Ballester et al., 2011), while the double mutants were
generated by mating pairs of single mutants. The primers used for the
mutant screen are listed in Supplemental Table 2A. All of the mutants were
backcrossed four times with CC-124 and CC-125, alternatively, including
the ack1 ack2, pat2-1 ack2, and pat2-2 ack2 double mutants. Both parental
and mutant strains were maintained on solid (agar plates) Tris-acetate-
phosphate (TAP) medium (pH 7.2) and inoculated into liquid TAP medium,
minimal medium, or high-salt medium (HS) and grown at different light
intensities as indicated. The UVM11 strain was kindly provided by Ralph
Bock (Neupert et al., 2009) and was specifically used for the subcellular
localization of the ACK and PAT polypeptides.

DNA Gel Blot Analyses

DNA gel blot hybridizations were performed as previously described
(Catalanotti et al.,, 2012; Magneschi et al., 2012). Genomic DNA was
isolated from 50 mL liquid cultures of wild-type Chlamydomonas, various
mutants (ack?, pat2-1, pat2-2, and pat2-1 ack2) and from four tetrads
derived from a cross between ack2 single mutants. Genomic DNA was
isolated using a standard phenol-chloroform extraction protocol (Sambrook
et al., 1989) and 10 g extracted DNA was digested for 2 h with 10 units
Pstl or Ncol (New England Biolabs). The digested DNA was resolved

by agarose (0.8%) gel electrophoresis, blotted overnight in 20X SSC onto
nylon membranes (Bio-Rad), and then cross-linked to the membranes by
UV illumination. An alkaline phosphatase-labeled DNA probe was syn-
thesized by chemically cross-linking a thermostable alkaline phosphatase
to the 1.7-kb PSAD-AphVIII PCR fragment (Sizova et al., 2001), which also
contains the PSAD promoter and a 3’ sequence from the Cyc6 gene
(Fischer and Rochaix, 2001). The probe was amplified from plasmid DNA
using a forward primer designated Paro-up and reverse primer designated
Paro-dw. The synthesis of the probe, hybridizations to the membrane-
associated DNA fragments, and detection of the hybridization signal were
performed using an Amersham AlkPhos Direct Labeling and Detection
System according to the manufacturer's protocol (Amersham Bio-
sciences).

Construction of the pLM004_Venus and pLM004_mCherry Vectors

The pLMO004_Venus and pLM004_mCherry vectors were constructed
identically (see Supplemental Figure 18 for maps). pLM004 was made
from six fragments assembled via Gibson assembly (Gibson et al., 2009).
The HSP70A/RbcS2 promoter region driving the AphVill paromomycin
resistance gene followed by the RbcS2 3'UTR (untranslated region) was
amplified from pJR38 (Neupert et al., 2009). The PSAD promoter from
pMJ013b was inserted in the same direction as the resistance elements.
Downstream of the PSAD promoter and flanked by Hpal restriction sites is
the LacZ alpha fragment cloned in the opposite direction (@amplified from
pUC19) to allow blue/white selection during plasmid construction. Di-
rectly after the second Hpal site is a flexible linker region encoding the
sequence GDLGGSGGR, with a Bglll site at the start to allow removal of
the fluorophore-encoding sequence. Downstream of the flexible linker is
the sequence encoding either Venus (amplified from pJR39; Neupert
et al., 2009) or mCherry; each is followed by a GGG flexible linker, a 6x His
tag, a Bglll site, and a stop codon. Downstream of the stop codon is
a Cyc6 intron prior to the PSAD 3'UTR, followed by the inverted Rpl12
3’UTR to terminate transcription in the opposite direction (amplified from
pMJ013b). Escherichia coli propagation elements, including the ampicillin
resistance gene, were cloned from pUC19. EcoRV sites flanking the
Chlamydomonas elements in the vector were added to allow for removal
of the pUC19 backbone prior to transformation.

Subcellular Localization of ACK1, ACK2, PAT1, and PAT2 Proteins

The coding sequences of ACK7, ACK2, PAT1, and PAT2 were amplified
from random primer retrotranscribed cDNAs using the forward and re-
verse primers ACK1-Loc, ACK2-Loc, PAT1-Loc, and PAT2-Loc with Hpal
adapters at both of the 5" and 3’ ends (Supplemental Table 2B). The
ACK1, ACK2, PAT1, and PAT2 genes were cloned into the pLM004_Venus
vector, and the ACK2 and PAT7 genes were also cloned into the
pLMO004_mCherry vector. After sequencing, the plasmids were transformed
by electroporation using a Bio-Rad GenePulser Il Electroporator into the
Chlamydomonas UVM11 strain grown to a cell density of 0.5to 1 X 108 per
mL (Neupert et al., 2009). The parameters used for electroporation were
a capacitance of 25 wF and a voltage of 800 V (using a standard 0.4-cm
cuvette; Bio-Rad). Transformants were plated onto solid TAP medium
containing 100 pg/mL ampicillin and 10 wg/mL paromomycin. Following
transformation, 11 positive Chlamydomonas colonies (paromomycin re-
sistant) were selected for each construct. Colonies were replicated and
transferred to liquid TAP medium in a 96-well plate format and grown to late
exponential/early stationary phase. After sequential growth for 3 d each,
triplicate aliquots of cells (150 pL each) were transferred to individual wells
of 96-well flat bottom microtiter plates (Greiner Bio-One 655101) also
containing 6 to 12 wells of untransformed UVM11 and two wells of TAP only.
The plates were analyzed using a Tecan infinite M1000 PRO plate reader
(Tecan Group) for Venus (excitation 515/12 and emission 550/12), mCherry
(excitation 585/12 and emission 615/12), and chlorophyll (excitation 440/9


http://www.plantcell.org/cgi/content/full/tpc.114.129965/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.129965/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.129965/DC1

and emission 680/20) fluorescence. The fluorophore signal was determined
by normalizing the fluorophore emission of the cells from individual wells to
their chlorophyll fluorescence and then subtracting the mean fluorescence
of the untransformed UVM11 cells over the range of Venus and mCherry
emissions (Rasala et al., 2013). Strains with the highest fluorescence were
used for imaging by point scanning (Leica SP5) or spinning disk confocal
microscopy.

Anaerobic Induction of Liquid Cell Suspensions and Sampling

Chlamydomonas precultures were grown in liquid TAP medium and then
transferred to 1-liter Roux culture bottles (HS medium), stirred with
a magnetic stir bar at 25°C, 80 wmol photon m~2 s~ of continuous PAR
irradiance (cool, white fluorescence lights, Sylvania, F34W), and vigor-
ously bubbled with air enriched with 3% CO,. Cultures were grown to
a density of 15 to 20 pg chlorophyll mL~" (measured three times), and
cells were pelleted by centrifugation at 25009 for 5 min. For external
metabolite analysis, cell precultures and cultures were grown in HS
medium in a Multitron Il incubated shaker (Infors HT) at 25°C, 90 pmol
photon m~2 s~ of continuous PAR irradiance, 3% CO,, and collected at
mid-log phase (~15 to 20 ug chlorophyll=' mL~") by centrifugation
(3700g for 10 min). Pelleted cells were concentrated by resuspension in
one-tenth volume of HS medium (normally 60 mL), and then transferred to
a sealed anaerobic vial (final chlorophyll was 150 to 200 g chlorophyll
mL~"), flushed with argon for 30 min and incubated at room temperature
under anaerobic conditions (Coy Laboratory Products anaerobic cham-
ber) in the dark. Aliquots of the culture were sampled at different times
(0, 2, 4, and 8 h for proteins and nucleic acid; 4, 8, and 24 h for external
metabolites) over a 24-h period after making the cultures anaerobic. The
samples were centrifuged (10,0009 for 1 min) to pellet the cells, and
supernatants and pellets were separated, frozen in liquid N,, and stored at
—80°C for later analyses (e.g., external metabolites, protein, and nucleic
acid). To monitor survival of cells during anaerobic incubations, cultures
were grown to a density of 2 X 10° cells mL~" (counted three times using
a hemocytometer) and cells were pelleted as described above (final cell
numbers were 2 X 107 cells mL~"). Five-microliter aliquots of the cultures
were collected at specific intervals, spotted onto the surface of solid TAP
medium, and exposed to ambient levels of O, (in air under standard
growth conditions; 50 wmol photons m~—2 s~ at 25°C) to allow for the
growth of viable cells. Control samples were maintained under aerobic
conditions in the light and dark.

Chlorophyll Extraction and Growth Rate

Chlamydomonas cells were pelleted by centrifuging 1 mL of culture at
21,113g for 5 min, and the pelleted cells resuspended in 1 mL 100%
methanol. The tubes were immediately wrapped in aluminum foil to ex-
clude light, vortexed 10 times for 10 s each, and then allowed to rest for
5 to 10 min. The cell debris was pelleted by centrifugation (21,113g for
5 min). The absorbance of the supernatant was then quantified at ODgg,
and ODggs and total chlorophyll was calculated as previously described
(Heinnickel et al., 2013).

Extraction of RNA

Total RNA was isolated from frozen cell pellets (no thawing) using
a standard phenol-chloroform extraction protocol (Sambrook et al., 1989).
The RNA was precipitated overnight at 4°C from the aqueous extract by
adding an equal volume of 8 M lithium chloride (4 M LiCl, final concen-
tration), which eliminates most of the DNA. To completely remove DNA
from the samples, ~40 pg of the RNA was treated with 5 units of RNase-
free DNase | (Qiagen) for 1 h at room temperature; this treatment was
repeated when necessary. A Qiagen RNeasy MinElute kit was used to
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further purify the DNase-treated total RNA and to remove degraded DNA,
tRNA, 5S rRNA, DNase, contaminating proteins, and potential inhibitors of
the reverse transcriptase reaction. The A,q, of the eluted RNA was
measured and the integrity of the RNA checked by electrophoresis in
agarose-formaldehyde gels (Catalanotti et al., 2012).

RT-qPCR

The abundance of specific transcripts in total mMRNA of each sample was
quantified by RT-gPCR using the Light Cycler 480 (Roche Applied Sci-
ence). First-strand cDNA synthesis was primed from purified RNA tem-
plates using gene-specific primers (Supplemental Table 2C. Reverse
transcription reaction conditions were previously described (Mus et al.,
2007; Dubini et al., 2009). Amplifications were performed using the fol-
lowing cycling parameters: an initial step at 95°C for 5 min (denaturation)
and then 40 cycles of (1) 95°C for 10 s (denaturation), (2) 60°C for 15 s
(annealing), and (3) 72°C for 15 s (elongation). Melting curves (65 to 100°C,
heating rate of 0.2°C s~ with continuous fluorescence measurements)
were evaluated for PCR products to ensure that a single DNA species was
amplified. Both the absolute (Steunou et al., 2006) and relative levels of
each specific RNA (normalized to the wild-type TO sample corresponding
to oxic conditions) were determined. All reactions were performed in
triplicate with at least two biological replicates.

Extracellular Metabolite Analysis

Organic acid analysis was performed by liquid chromatography using
a Surveyor Plus (Thermo Scientific) HPLC. Dark-adapted cells were
collected at indicated time points following the imposition of anoxic
conditions and centrifuged (17,0009 for 3 min). The resulting supernatant
was filtered with a 0.45-um filter and either directly injected (25 pL) onto
a fermentation monitoring 150 X 7.8-mm column (Bio-Rad) or transferred
to anew vial and frozen in liquid N, for subsequent analysis. Metabolites in
the supernatant were separated by the column at 45°C at a flow rate of 0.5
mL min~1, with 8 mM sulfuric acid serving as the mobile phase. Retention
peaks for the various organic acids, detected by a refractive index de-
tector at the operating temperature 50°C, in parallel with a photodiode
array detector, at 210 nm, were recorded and analyzed using Agilent
ChemStation software; quantifications were performed by comparisons
with the absorption of known amounts of a standard for each of the
organic acids.

Acetate Confirmation by NMR

Acetate content was confirmed by NMR using the same samples that
were used for HPLC measurements. A total volume of 0.5 mL, which
contained 2/3 sample supernatant and 1/3 water (99.9% D,0), was an-
alyzed by NMR. 'H NMR spectra were obtained using an ECA-500 NMR
spectrometer (Jeol) and analyzed by Jeol/Delta software.

CO, and H, Measurement

Cells acclimated to dark, anoxic conditions (4, 8, and 24 h) were assayed
for CO, production by adding 1 mL of 1 M HClI to sealed vials containing 1
mL of the anoxic cells. The acidified cell suspension was shaken vigor-
ously to liberate CO, into the vial headspace, and CO, (0.2 mL injection)
was quantified by gas chromatography (Hewlett Packard 5890 series )
using a Supelco column (80/100 PORAPAK N 6FT X 1/8 IN X 2.1 mm)
coupled to a thermal conductivity detector; helium was used as the carrier
gas. The resulting signal was integrated using ClassVP software, and the
gas was quantified according to standard curves generated from known
quantities of CO,. Fermentative H, production was measured after 4, 8,
and 24 h of dark anoxic conditions by withdrawing and analyzing 0.2 mL of
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headspace gas by gas chromatography using a Hewlett Packard Series Il
5890 (60/80 mole sieve 5A 6FT x 1/8 IN) instrument fitted with a Restek 5A
Molecular Sieve 80/100 6’ 1/8” column and a thermal conductivity de-
tector with argon as the carrier gas. The resulting signal was integrated
using ChemStation software, and H, was quantified using a standard
curve generated from known quantities of H, (Posewitz et al., 2004; Mus
et al., 2007).

Complementation

The 1935-bp Chlamydomonas ACK1 cDNA was amplified using the
specific primers ACK1-COM-F1 and ACK1-COM-R1. The 1658-bp
Chlamydomonas ACK2 cDNA was amplified using the specific primers
ACK2-COM-F1 and ACK2-COM-R1. The 2728-bp Chlamydomonas
PAT2 cDNA was amplified using the specific primers PAT2-COM-F1 and
PAT2-COM-R1. The ACK1, ACK2, and PAT2 products were cloned into
pGEM T-easy (Promega) and sequenced. The pGEM T-easy constructs
were digested with EcoRl and BamHI, which allowed for directional
cloning of the ACK1, ACK2, and PAT2 products into plasmid pJM43Ble
(Invitrogen) for constitutive expression of the resistance gene under the
control of the RBCS2 promoter. Nuclear transformations were performed
by introducing 1 wg plasmids pJM43Ble-ACK1, pJM43Ble-ACK2, and
pJM43Ble-PAT2 (all linearized with Notl) into ack1, ack2, and pat2-1
mutants (in the CC-124 background), respectively, by electroporation as
described above. Additionally, pJM43Ble-ACK1 and pJM43Ble-ACK2
were introduced into the ack? ack2 double mutant to generate ack2 (ack1
ack2-ACK1) and ack1 (ack1 ack2-ACK2) single mutant rescued strains.
The plasmids pJM43Ble-ACK2 and pJM43Ble-PAT2 were introduced into
the pat2-1 ack2 double mutant to obtain pat2-1 (pat2-1 ack2-ACK2) and
ack2 (pat2-1 ack2-PAT2) single mutant rescued strains. Transformants
were spread onto solid TAP medium containing 100 pwg/mL ampicillin,
5 pg/mL paromomycin, and 6 pg/mL bleomycin.

Acetate Kinase Activity

The cells were grown to mid-log phase (1 X 108 cells mL~"), and 100 mL
culture was pelleted by centrifugation at 3200g. The pellet was re-
suspended in 20 mL extraction buffer (25 mM HEPES, pH 7.5 KOH, 5 mM
MgCl,, and 0.3 M sucrose) containing protease inhibitors (100 mM PMSF,
200 mM benzamidine, and 400 mM g-aminocapoic acid). The cell sus-
pension was then passed through the French Pressure Cell twice at 2000
p.s.i. (this results in complete breakage of the cells, which was checked
microscopically). The lysed suspension was centrifuged at 18,0009 for 15
min, and the supernatant containing the soluble proteins was transferred
to a Falcon tube and then assayed for protein concentration using the
Bradford assay (Bio-Rad) with BSA as the standard. Acetate kinase
enzymatic activity in the acetate/ATP-forming direction was determined
using a coupled enzyme assay in which ATP production was coupled to
the reduction of NAD(P)* to NAD(P)H by hexokinase and glucose-6-
phosphate dehydrogenase activities. Reactions (200 L total) contained
100 mM Tris (pH 7.5), 20 mM MgCl,, 5.5 mM glucose, 0.5 mM DTT, 1 mM
NADP+, 5 mM ADP, and 10 mM acetyl phosphate. Hexokinase and
glucose-6-phosphate dehydrogenase (5 units; Sigma-Aldrich H8629)
were added and the reaction mixture was allowed to equilibrate at ambient
temperature. Reactions were initiated by the addition of the cell extract, and
the amount of extract added was determined empirically to give a linear
response under the conditions of the assay. The change in absorbance at
340 nm was monitored over the 5-min reaction time. The results shown are
the mean and st of three independent assays for each sample.

ALDH Activity Assay

Samples were prepared under anoxic conditions. The cells were prepared
as described above (Anaerobic Induction of Liquid Cell Suspensions and

Sampling). Cells were disrupted by bead-beating (4 X 30 s, full speed) with
200 p.g of 0.4-mm glass beads inside the anoxia chamber. The ALDH activity
in the cell extract was measured under oxic conditions using the Aldehyde
Dehydrogenase Activity Colorimetric Assay Kit (BioVision), with some
modifications (http://www.biovision.com/article_info.php?articles_id=79).

Pyruvate Detection and Quantification by Gas Chromatography-
Mass Spectrometry

Anoxic cell samples were prepared and collected as described above for
external metabolite analyses at 4, 8, and 24 h after dark anoxia. The cells
were stored at —80°C until assayed. The analysis was performed with at
least two biological and four technical replicates. To perform the assay,
frozen cells were resuspended in 1 mL ice-cold 80% methanol, sonicated
for 15 min, vigorously shaken for 2 h at room temperature, and then
centrifuged at 3000g for 10 min. Supernatant (500 pL) was transferred to
a separate tube and dried under a vacuum using a SpeedVac. Metabolites
were resuspended in 50 L pyridine containing 15 mg/mL methoxyamine
hydrochloride, incubated at 60°C for 45 min, sonicated for 10 min, and
incubated for an additional 45 min at 60°C. Fifty microliters of N-methyl-N-
trimethylsilyltrifluoroacetamide with 1% trimethylchlorosilane (Thermo
Scientific) was then added to the samples, which were further incubated
at 60°C for 30 min, centrifuged at 3000g for 5 min, and cooled to room
temperature. Then, 80 pL supernatant was transferred to a 150-p.L glass
insert in a gas chromatography-mass spectrometry autosampler vial.
Pyruvate was detected using a Trace GC Ultra coupled to a Thermo ISQ
mass spectrometer (Thermo Scientific). Each sample was injected twice
at a 1:10 split ratio in discrete randomized blocks. Separation occurred
using a 30-m TG-5MS column (Thermo Scientific; 0.25 mm i.d., 0.25-um
film thickness) with a 1.2 mL/min helium gas flow rate, and a separation
program of 80°C for 30 s, a ramp of 15°C per min to 330°C, and an 8-min
hold. Masses between 50 and 650 m/z were scanned at five scans/
second after electron impact ionization. Pyruvate was identified by
matching retention time and m/z values to a commercial standard and
quantified by calibrating peak areas to a five-point standard curve. Finally,
pyruvate concentrations in the extracts were normalized to the total
number of cells harvested.

Acetyl-Phosphate Quantification

The assay was performed as described by Priiss and Wolfe (1994) with
modifications. Anoxic samples were collected as described above for
external metabolite analyses at 4, 8, and 24 h after dark anoxia. Lysis
buffer (1% SDS, 200 mM NaCl, 20 mM EDTA, and 50 mM Tris-HC, pH 8.0)
was added to the cell pellets on ice. After vortexing for 20 s, the samples
were transferred into the tubes with one-fifth volume of glass beads (0.45
wm; Sigma-Aldrich G8722) and disrupted by bead beating for 30 s at 4°C.
Activated charcoal (0.5 g) was then added to the samples, which were
vortexed for 2 min and centrifuged at 18,407g for 25 min at 4°C. The
supernatant was transferred to storage vials (2 mL; National Scientific).
The charcoal was removed by centrifugation and filtration; AcP was used
to catalyze the formation of ATP by adding 1 uL 1 M MgCl,, 250 nL 30 mM
ADP (A2754-1G; Sigma-Aldrich), and 25 ng Ack (25 pL) (from E. coli;
A7437; Sigma-Aldrich) to 1 mL charcoal-treated extract followed by in-
cubation at 30°C for 90 min. The concentration of ATP was then de-
termined using the luciferase assay (E1500; Promega). ATP levels in each
charcoal-treated extract (assayed but without the addition of Ack) were
determined as background. The acetyl-P content of each sample was
calculated using standards (0, 10 wM, 100 wM, 500 pM, 1 mM, 2 mM, and
5 mM acetyl-P; A0262; Sigma-Aldrich) that were subjected to the entire
extraction and conversion procedure. The intracellular concentration of
acetyl-P was expressed as uM, normalized by cell number or chloro-
phyll. The concentration was calculated by the equation (A2 sample-A1
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sample)-(A2 blank-A1 blank)/(A2 standard-A1 standard)-(A2 Blank-A1
blank).

Accession Numbers

Sequence data from this article can be found in the Phytozome 10.0 and
NCBI databases under the following accession numbers: the ACK7 (Cre09.
9396700, XP_001694505.1), PAT2 (Cre09.9g396650, XP_001694504.1),
ACK2 (Cre17.g709850, XP_001691682.1), and PAT1 (Cre17.9699000,
XP_001691787.1). The accession numbers of the other proteins mentioned
in this study are listed in Table 1.
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