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A B S T R A C T   

Oxygen supply implies higher production cost and reduction of maximum theoretical yields. Thus, generation of 
fermentation products is more cost-effective. Aiming to find a key piece for the production of (poly)-3-hydrox-
ybutyrate (PHB) as a fermentation product, here we characterize an acetoacetyl-CoA reductase, isolated from a 
Candidatus Accumulibacter phosphatis-enriched mixed culture, showing a (kcat

NADH/KM
NADH)/(kcat

NADPH/KM
NADPH)>

500. Further kinetic analyses indicate that, at physiological concentrations, this enzyme clearly prefers NADH, 
presenting the strongest NADH preference so far observed among the acetoacetyl-CoA reductases. Structural and 
kinetic analyses indicate that residues between E37 and P41 have an important role for the observed NADH 
preference. Moreover, an operon was assembled combining the phaCA genes from Cupriavidus necator and the 
gene encoding for this NADH-preferring acetoacetyl-CoA reductase. Escherichia coli cells expressing that 
assembled operon showed continuous accumulation of PHB under oxygen limiting conditions and PHB titer 
increased when decreasing the specific oxygen consumption rate. Taken together, these results show that it is 
possible to generate PHB as a fermentation product in E. coli, opening opportunities for further protein/metabolic 
engineering strategies envisioning a more efficient anaerobic production of PHB.   

1. Introduction 

Although (poly)-3-hydroxybutyrate (PHB) was discovered almost 
100 years ago (Lemoigne, 1926), studies focused on this polymer have 
recently burgeoned in response to increasing interest in 
environment-friendly materials to replace non-biodegradable plastics. 
However, PHB production cost is still high if compared with fossil-fuel 
based plastics. One of the factors affecting PHB production cost is the 
required oxygen supply (Fig. 1). Oxygen supply implies not only extra 
material and energy input: oxygen itself is also a major electron sink, 
reducing product yield (Cueto-Rojas et al., 2015). 

Carlson and co-workers studied the maximum theoretical PHB yield 
under anaerobic conditions, given the glycolytic pathways available in 
Escherichia coli (Carlson et al., 2005). They concluded that co-feeding 
glucose and acetate with a 2:1 ratio, it is possible to co-generate two 

3-hydroxybutyryl monomers and two formate, approaching a carbon 
yield of 0.8. Remarkably, for their theoretical analysis, Carlson and 
co-workers assumed an NADH-consuming PHB production pathway. 
Acknowledging that best studied PHB synthesis pathways include an 
NADPH-preferring instead of an NADH-preferring acetoacetyl-CoA 
reductase, they included in their theoretical network a trans-
hydrogenase catalyzing the transference of electrons from NAD(H) pool 
to NADP(H) pool. They acknowledged that the activity of this trans-
hydrogenase will consume energy, decreasing the yield. However, if 
reduction of acetoacetyl-CoA to R-3-hydroxybutyryl-CoA is driven by 
NADH, the activity of the energy consuming transhydrogenase is not 
necessary, and it would be possible to produce PHB as a fermentation 
product. 

On the other hand, while different genes encoding for the enzymes 
required for the conversion of acetyl-CoA to PHB have been identified in 
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many organisms, the successful expression in E. coli of the phaCAB 
operon from Cupriavidus necator (Schubert et al., 1988) opened the way 
to tens of research projects focused on engineering the PHB accumula-
tion. Given the cofactor preference of the acetoacetyl-CoA reductase 
from C. necator (AARCn), the reduction of acetoacetyl-CoA to 
R-3-hydroxybutyryl-CoA using such enzyme is coupled to NADPH con-
sumption. An NADPH-consuming PHB production pathway implies 
competition for NADPH between PHB and biomass formations. Under 
these circumstances, the best growers are also the worst producers, 
leading to instability in the production strain. To avoid this problem, 
nitrogen-poor media are frequently employed to hinder biomass for-
mation. Nonetheless, this approach affects protein and nucleotide syn-
thesis, compromising the bio-conversion global rate (Chen et al., 2019). 

Previous publications reported the use of NADH-preferring acetoa-
cetyl-CoA reductases from Allochromatium vinosum and Halomonas 
bluephagenesis for PHB accumulation (de Las Heras et al., 2016; Ling 
et al., 2018). However, in those studies the cofactor preference was 
evaluated through a comparison between activities obtained at a single 
substrate and a single cofactor concentration. Moreover, product inhi-
bition by NAD+ and NADP+ were not evaluated, and saturation con-
stants were not reported. Considering that, in vivo, NADPH/NADP+ and 
NADH/NAD+ ratios are different (Andersen and von Meyenburg, 1977) 
and that these ratios change depending on physiological conditions (de 
Graef et al., 1999; Krapp et al., 2011), the assessment of the cofactor 
preference of any acetoacetyl-CoA reductase should be evaluated at 
physiologically meaningful NADPH/NADP+ and NADH/NAD+ ratios. 
Therefore, the information provided in those previous reports is not 
enough to ensure the use of NADH over NADPH under physiological 

conditions. 
Looking for an NADH-preferring acetoacetyl-CoA reductase engaged 

in PHB accumulation, we decided to study the enzyme from the bacte-
rium Candidatus Accumulibacter phosphatis (AARCAp). The choice of 
this organism was based on the following observations. First, this or-
ganism is able to anaerobically convert acetate and glucose equivalents 
into PHB with full electron conservation (Fig. 1C). Therefore, it natu-
rally does what Carlson and co-workers found as the ideal scenario for 
anaerobic PHB accumulation. Second, genomic and transcriptomic data 
indicate that this organism lacks the enzymes catalyzing the reactions of 
the oxidative branch of pentose-phosphate pathway (Garcia Martin 
et al., 2006), a common source of NADPH. Furthermore, no gene 
encoding for an NADP+-depending non-phosphorylating glycer-
aldehyde-3-phosphate dehydrogenase was found in this bacterium. 
Therefore, oxidation of glucose equivalents should yield NADH. Third, if 
AARCAp is an NADPH-preferring enzyme, electrons derived from glucose 
equivalents oxidation (carried as NADH) must be transferred to NADPH 
by some transhydrogenase mechanism. Given the redox potential of 
NAD(H) and NADP(H) pools, transfer of reducing equivalents from the 
former to the latter pool requires energy (Reich and Selʹkov, 1981; 
Spaans et al., 2015). A more parsimonious and energetically cheaper 
solution is to have an NADH-preferring acetoacetyl-CoA reductase. 

In the genome-scale metabolic network of Ca. A. phosphatis derived 
from meta-genomics data, AARCAp was annotated as an NADPH- 
preferring enzyme (Oyserman et al., 2016). Nevertheless, to the best 
of our knowledge, the kinetic properties of AARCAp have not yet been 
characterized. The direct use of NADH to drive the reduction of 
acetoacetyl-CoA to R-3-hydroxybutyryl-CoA has basic and applied 

Fig. 1. Electron transfer from carbon source(s) to PHB. NAD(H)-driven processes are represented by red circles and NADP(H)-driven processes by blue circles. A: 
PHB formation pathway. The enzymes catalyzing the steps involved in this conversion are identified using their Enzyme Commission (E.C.) codes. B: In the most 
studied cases—such as recombinant E. coli expressing phaCAB genes from C. necator—glucose is catabolized by Embden–Meyerhof (in orange) or Entner–Doudoroff 
pathway (in green), yielding two acetyl-CoA (AcCoA) per glucose and eight electrons carried by NADP+ and/or NAD+. One monomer of hydroxybutyrate (HB) 
contains 18 electrons, and could be form from two acetyl-CoA (16 electrons) and two electrons carried by NADPH. Therefore, there is a surplus of six electrons per 
glucose that must flow to other electron acceptors (an external acceptor in the case of Respiration, an internally generated acceptor in the case of Fermentation). If 
glucose oxidation happens only through Embden–Meyerhof pathway, then participation of an energy-dissipating membrane-bound transhydrogenase is also required 
to transfer electrons from NADH to NADPH. C: In the case of Ca. Accumulibacter phosphatis, PHB formation takes place under anaerobic conditions. Acetyl-CoA is 
coming from an internal glycogen reserve and from external acetate, with full electron conservation. Acetate must be taken up and activated to become acetyl-CoA 
(several steps, represented with a dashed line). The genes encoding for the enzymes catalyzing the reactions of the oxidative branch of pentoses-phosphate pathway 
or Entner-Doudoroff pathway have not been found in this organism. If PHB accumulation is driven by NADPH, some transhydrogenase mechanism would be 
required. However, transhydrogenase activity has not been definitively confirmed. If PHB accumulation is driven by NADH, then NADH generated in the lower 
Embden–Meyerhof pathway could be used to drive PHB formation. 
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implications. From the basic science perspective, it would mean that Ca. 
A. phosphatis developed a mechanism to transfer electrons from 
glycolysis to PHB accumulation without involving an energy-consuming 
transhydrogenase. From the applied science perspective, it would mean 
that PHB can be produced as a fermentation product, avoiding compe-
tition for NADPH between biomass and PHB accumulation. 

Aiming to find a bona fide NADH-preferring acetoacetyl-CoA reduc-
tase suitable for PHB accumulation, we characterized here the cofactor 
preference of an acetoacetyl-CoA reductase obtained from a Ca. A. 
phosphatis-enriched mixed culture. Moreover, we investigated the role 
of some key residues in the cofactor discrimination and we observed 
engagement of this enzyme in PHB accumulation. 

2. Material and Methods 

2.1. DNA manipulations and strain construction 

All the steps for the construction of the several plasmids and strains 
employed in this research are detailed in Supplementary Material 1. 
Relevant information about the strains, primers and plasmids employed 
in this research are in the Supplementary Table 1, Supplementary Table 
2 and Supplementary Table 3. DNA sequence maps of all the constructed 
plasmids can be found in the open access repository “NADH-driven 
polyhydroxybutyrate accumulation in E. coli dataset 2” available at 
Mendeley data. The access link is: https://doi.org/10.17632/ 
954dxdncrv.1 

2.2. Cell-free extracts preparation 

Cells from Ca. A. phosphatis were obtained from a Ca. A. phosphatis- 
enriched mixed culture. This Ca. A. phosphatis-enriched culture was 
prepared as described by Smolders and co-workers (Smolders et al., 
1994). In the case of E. coli, for all the here-studied strains, cells from 
previously isolated colonies were inoculated in Lysogenic Broth and 
aerobically grown for 16  hours at 37 ◦C, in an orbital shaker at 180  rpm. 
Ampicillin (100 μg/mL) or Kanamycin (30 μg/mL) was added, when 
required, to select cells carrying plasmids. Cultures had an optical 
density at 600  nm between 2.0 and 3.0 when cells were collected. 

Broth samples (approx. 10 mL) were collected from E. coli cultures and 
the bioreactor containing cells of Ca. A. phosphatis. These samples were 
centrifuged (2500x g, 10 min, 4 ◦C) and extracellular media were dis-
carded. Pellets were re-suspended in 10 mL of Buffer A (50 mM Tris (pH 
8), 5 mM MgCl2, 5 mM NaCl). Cellular suspensions were centrifuged 
again (2500x g, 10 min, 4 ◦C) and supernatants were discarded. After this 
second centrifugation step, pellets were re-suspended in 10 mL of Buffer A 
supplemented with 2 mM (L +D) 1,4-dithiothreitol (DTT) and cOm-
plete™ protease inhibitor cocktail (Roche), following manufacturer’s 
instructions. Cells were disrupted by sonication in an Ultrasonics™ S- 
250A Analog Ultrasonic Cell Disruptor (Branson), with output power set 
at level three, 30 % duty cycle, for 3 minutes per sample. Cellular sus-
pensions were kept on ice while being sonicated to avoid overheating and 
protein denaturation. The resulting cellular suspensions were centrifuged 
(15000x g, 45 min, 4 ◦C). The obtained cell-free extracts were used for 
enzymatic assays. The protein concentration in the cell-free extracts was 
determined using the Bradford protein assay reagent (Bio-Rad) and 
bovine serum albumin (Bio-Rad) as standard (Bradford, 1976). 

2.3. Enzyme purification and characterization 

For over-expression of poly-histidine-tagged forms of the proteins 
encoded by phaBCAp6, phaBCnecator and phaBChimera, the plasmids pCOLA- 
His-phaBCAp6, pCOLA-His-phaBCnecator and pCOLA-His-phaBChimera were 
introduced in BL21(DE3) cells. Protein purification was achieved 
following a method previously described (Olavarria et al., 2015). Purity 
of the protein preparations (over 95 %) was assessed by SDS-PAGE. 

The substrates employed for enzymatic assays were purchased from 

Sigma ((L +D) 3-hydroxybutyryl-CoA, NAD+, NADP+, NADH and 
NADPH) and Santa Cruz Biotechnology (acetoacetyl-CoA) and all had 
analytical grade quality. NADH and NADPH were freshly prepared by 
dissolving them in Buffer A. Acetoacetyl-CoA, NAD+ and NADP+ were 
freshly dissolved in des-ionized water (resistivity 18.2 MΩ*cm at 25 ◦C). 
Substrate concentration in these stock solutions was estimated by 
spectrophotometry, dissolving samples taken from the stocks in 50 mM 
MOPS (pH 7), 5 mM MgCl2, 5 mM NaCl. The reactions were monitored 
in Buffer A at 30 ◦C. All the kinetic assays were performed in a Synergy 
HTX plate reader (Biotek), using path length correction. While some 
reactions were monitored at 310 nm to detect small changes in acetyl- 
CoA concentration, others were monitored at 360 nm to avoid absor-
bance values above 2.0 leading to the optical artefact known as “stray 
light” (Cavalieri and Sable, 1974). To calculate acetoacetyl-CoA reduc-
tase activity, it was considered that, during the reactions, both 
acetoacetyl-CoA and NAD(P)H are consumed with a stoichiometric ratio 
1:1. The apparent molar extinction coefficients were εAcAcCoA, 

310 = 11000 M-1 cm-1 (Stern, 1956), εNAD(P)H,310 = 3340 M-1 cm-1, 
εAcAcCoA,360 = 900 M-1 cm-1 (Stern, 1956), and εNAD(P)H,360 = 4275 
M-1 cm-1. The enzyme concentration in working stocks was determined 
using the Bradford protein assay reagent (Bio-Rad) and bovine serum 
albumin (Bio-Rad) as standard (Bradford, 1976). 

Some kinetic parameters were assessed through analyses of reaction 
progress curves while other were obtained studying the initial rates at 
different substrate concentrations. To estimate initial rates, pseudo- 
linear temporal changes in absorbance were considered within time 
frames during which less than 5 % of the initial substrate had been 
consumed. Enzyme stability was evaluated with the test described by 
Selwyn (1965). Global fitting of reaction progress curves to different 
mechanisms was evaluated by a model discrimination algorithm 
included in the software DYNAFIT (Biokin, version 4.08.137) (Kuzmic, 
1996). Raw kinetic data and DYNAFIT scripts are in the open access 
repository “NADH-driven polyhydroxybutyrate accumulation in E. coli 
dataset 2” available at Mendeley data. 

2.4. Protein structure analysis 

For homology modeling of AARCAp, the X-ray crystal structure of a 
putative acetoacetyl-CoA reductase from Burkholderia cenocepacia 
bound to NADP+ (PDB ID: 4K6F) was used as template. In the asym-
metric unit, NADP+ ligand was present at two active sites of the 
tetramer. In order to model the presence of NAD+ in the AARCAp active 
site, we deleted the atomic coordinates of the 2’-phosphate group of 
NADP+ in 4K6F. Modeling was performed using Modeller (Sali and 
Blundell, 1993) with NAD+ as fixed ligand. Fifty models were created 
and ranked according to the Discrete Optimized Protein Energy (DOPE) 
score. The final model was subjected to energy minimization using the 
YASARA web server (Krieger et al., 2009). The software VMD (Hum-
phrey et al., 1996) was used to visualize structures and Multiseq analysis 
environment (Roberts et al., 2006) was used for structural superposition. 

2.5. Continuous culture 

Setup and operation of the continuous culture was as previously 
described (Olavarria et al., 2019). Dilution rate was fixed to 0.1 h-1. 
Cellular PHB content was measured by Isotope dilution mass spectrom-
etry (IDMS), using the method described by Velasco Alvarez and 
co-workers (Velasco Alvarez et al., 2017). Details about medium 
composition; control of temperature, pH, dissolved oxygen; quantifica-
tion of biomass concentration; quantification of organic compounds and 
PHB quantification can be found in Supplementary Material 4. Biomass 
composition (C1H1.6749N0.255O0.3453S0.0069P0.0063; Mwx = 23.184 
gCDW/CmolX; Reduction degree = 4.292) considered plasmid and het-
erologous protein burden. The unbalanced experimentally assessed rates, 
together with their associated errors, were the input to calculate recon-
ciled rates, consistent with the mass and electron conservation laws. 
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3. Results and Discussion 

3.1. Cells from a Ca. A. phosphatis-enriched mixed culture showed a high 
NADH-dependent acetoacetyl-CoA reductase activity 

Use of NADH or NADPH for the reduction of acetoacetyl-CoA was 
observed first in a cell-free extract from a Ca. A. phosphatis-enriched 
mixed culture. Cell-free extracts obtained from E. coli K-12 MG1655 
cultures, with or without the plasmid pBBRMCS-2-phaCABCnecator, were 
employed as controls. Given the kinetic parameters of the AARCn (KM

A-

cAcCoA(NADPH) = 9 μM, KM
NADPH = 19 μM (28)), the conditions of the assay 

(acetoacetyl-CoA 200 μM, NADPH 200 μM) should be saturating for this 
enzyme. 

As expected, the cell-free extract from E. coli cells expressing the 
phaCAB genes from C. necator showed a higher acetoacetyl-CoA reduc-
tase activity with NADPH than with NADH (Table 1). However, in the 
cell-free extract from the Ca. A. phosphatis-enriched mixed culture, 
activity using NADH was 60 times higher than activity with NADPH. 
Moreover, this NADH-depending activity was four times higher than the 
NADPH-dependent activity observed in the cell-free extract from E. coli 
cells carrying several episomal copies of the phaCAB genes from 
C. necator per cell. These results suggested that (i) acetoacetyl-CoA 
reductase is expressed at high levels in Ca. A. phosphatis and (ii) AAR-
CAp should prefers NADH instead of NADPH. However, we considered 
that to endorse the claiming of NADH preference, it was necessary to 
explore the kinetic behavior of the purified enzyme in a wider range of 
substrate and cofactor concentrations, and explore the strength of 
product inhibition. 

3.2. The cloned phaB gene encodes for an NADH-preferring acetoacetyl- 
CoA reductase 

Using primers targeting the amino acid encoding sequence of the 
gene named CAP2UW1_3919 in KEGG database (GenBank: 
ACV37169.1) and metagenomic DNA obtained from the Ca. A. 
phosphatis-enriched mixed culture, three slightly different nucleotide 
sequences were obtained from four sequenced clones (Supplementary 
Material 1, Supplementary Fig. 1). Most of the differences in DNA se-
quences did not result in changes in the encoded amino acids. None of 
these sequences matched 100 % with the reference sequence 
CAP2UW1_3919. Therefore, it is possible that the cloned genes do not 
correspond to the same species whose genome was previously assembled 
and annotated. It had been impossible to isolate colonies of Ca. A. 
phosphatis so far, and it is likely that different closely related species are 
grouped under this taxonomic name. However, amino acid identity was 
over 93 % in all the sequenced clones. Moreover, the residues D94, K99, 
Y185, Q147 and Q150, identified as key residues for the enzymatic ac-
tivity in AARCn (Kim et al., 2014), were conserved in the cloned se-
quences. Therefore, we considered those cloned genes as phaB 
homologues. Because the biological meaning of the observed DNA and 
protein polymorphism is not clear, for further characterization we chose 
the clone with the highest identity respect to the reference sequence: 
phaBCAp6 (89 % DNA identity, 95 % amino acid identity). A group of 
amino acids relevant for cofactor specificity (see Section 3.3) in 

phaBCAp6 was identical to the reference protein sequence. 
Initial rates using purified enzyme showed that the protein encoded 

by phaBCAp6 was able to catalyze the reduction of acetoacetyl-CoA, 
using both NADH and NADPH, but with very different rates 
(14 ± 2 μmol*min-1*mg-1 and 0.07 ± 0.02 μmol*min-1*mg-1 respec-
tively, acetoacetyl-CoA 100 μM, NAD(P)H 100 μM). On the other hand, 
the enzyme was also able to catalyze the oxidation of (L +D)-3- 
hydroxybutyryl-CoA (100 μM) using NAD+ (1 mM) as cofactor 
(0.61 ± 0.01 μmol*min-1*mg-1). However, no oxidation of (L +D)-3- 
hydroxybutyryl-CoA was detected when using NADP+ (1 mM) as 
cofactor. Because (L +D)-3-hydroxybutyryl-CoA is a mix of two isomers, 
these results did not enable to discriminate the stereo-isomery of the 
product(s) generated during acetoacetyl-CoA reduction. Nevertheless, 
they are consistent with the NADH- and NADPH-linked activities 
registered in the cell-free extract from the Ca. A. phosphatis-enriched 
culture. Therefore, given the high DNA and amino acid identities, and 
the observed enzymatic activities, we considered the purified enzyme an 
acetoacetyl-CoA reductase from Ca. A. phosphatis (AARCAp). 

Analyses of progress curves from reactions with different initial 
concentrations of NADH or NADPH, and initial concentration of 
acetoacetyl-CoA (400 μM) fixed, were performed to estimate some ki-
netic parameters. The same approach was employed to study cases 
where initial acetoacetyl-CoA concentration was varying and initial 
NADPH concentration was fixed (300 μM). Nevertheless, when 
acetoacetyl-CoA concentration varied while keeping fixed initial NADH 
concentration, we observed non-regular oscillations in the absorbance. 
Keeping in mind that substrate inhibition at different concentrations of 
NADH has been reported for other homologues (Haywood et al., 1988; 
Fukui et al., 1987; Ploux et al., 1988; Mothes and Babel, 1994), we tested 
different initial concentrations of NADH, but we did not find a way to 
prevent these oscillations. Therefore, in this specific case, kinetic pa-
rameters were obtained fitting the initial rates versus acetoacetyl-CoA 
concentration data to the simple Michaelis–Menten model, keeping 
initial NADH concentration fixed at 300 μM. In the conditions chosen for 
the enzymatic assays, partial enzyme inactivation was observed when 
enzyme concentration was below 1 nM. Therefore, enzyme inactivation 
was considered when fitting progress curves data. 

A compilation of the obtained kinetic parameters is presented in 
Table 2. The physical meaning of KM parameters depends on the model 
employed to fit the related experimental data. The estimates of KM

AcAcCoA 

and kcat
AcAcCoA using NADH were obtained using the rapid-equilibrium 

model. The other kinetic parameters were obtained using the steady- 
state (Briggs-Haldane) approach. As expected, the turnover constants 
(kcat) for each cofactor were very similar, either when obtained varying 
the concentrations of substrate or cofactor (Table 2). 

The individual analysis of the kinetic parameters enabled a first-sight 
comparison of the performances of AARCAp using NADH or NADPH. Using 
NADH, KM of both substrate and cofactor were lower, kcat was higher, and 
NAD+ inhibited the rates less than NADP+. Cofactor preference is often 
expressed as the ratio between the catalytic efficiencies (kcat/KM) esti-
mated for each cofactor. A comparison between the acetoaacetyl-CoA 
reductases that had been kinetically characterized showed that AARCAp 

has the lowest kcat/KM for NADPH and the second highest kcat/KM for 
NADH, only after the homologue from Halomonas boliviensis (see 

Table 1 
Specific AAR activities, using NADH or NADPH, in cell-free extracts from E. coli 
expressing the phaCAB genes from C. necator and from a Ca. A. phosphatis- 
enriched mixed culture  

Biological sample cofactor mean ± SD (U/mg) 

E. coli MG1655 + pBBRMCS-2-phaCABCnecator NADH 0.026 ± 0.001 
E. coli MG1655 + pBBRMCS-2-phaCABCnecator NADPH 0.196 ± 0.021 
Ca. A. phosphatis-enriched mixed culture NADH 0.720 ± 0.094 
Ca. A. phosphatis-enriched mixed culture NADPH 0.011 ± 0.002 

1 U/mg = 1 μmol*min-1 per milligram of cytoplasmic proteins. 

Table 2 
Kinetic parameters observed for the purified AARCAp. The best fitted values are 
accompanied by the 95 % confidence intervals (in parentheses). Acetoacetyl- 
CoA was abbreviated as AcAcCoA.   

NAD(H) NADP(H) 

KM (μM) 7.7 (6.74, 8.67) 44.3 (40.4, 48.5) 
kcat (s-1) 8.9 (8.8, 9.0) 0.09 (0.092, 0.098) 
Kic

NAD(P) (μM) 54.5 (44.8, 66.0) 1.27 (1.19, 1.35) 
KM

AcAcCoA (μM) 56.7 (42.7, 74.5) 318 (303, 334) 
kcat

AcAcCoA (s-1) 11.6 (10.5, 12.9) 0.131 (0.127, 0.136)  
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Supplementary Table 4). However, the kcat/KM for NADPH of the 
acetoacetyl-CoA reductase from H. boliviensis is almost three times higher 
than its kcat/KM for NADH. Therefore, according to such criterion, the 
acetoacetyl-CoA reductase from H. boliviensis is not a NADH-preferring 
enzyme. 

Anyways, it is important to highlight that, for multi-substrates re-
actions, the comparison between the kcat/KM obtained with different 
substrates or cofactors reflects better the preference when the concen-
tration of the co-substrate is saturating, a situation not necessarily 
occurring under physiological conditions. In our specific case, the low 
Kic

NAD(P) values indicate that in vivo AARCAp activity should be highly 
dependent on NAD(P) concentration and, therefore, on NAD(P)H/NAD 
(P) ratios. Because these ratios depend on the physiological conditions, 
cofactor preference is a dynamic property rather than a static number. For 
the calculation of this dynamic preference, we implemented a quantita-
tive approach considering the variation of NAD+, NADP+, NADH, and 
NADPH concentrations inside physiologically feasible ranges. 

For our quantitative approach, we applied the generic BiBi rate 
equation proposed by Rohwer and co-workers (Rohwer et al., 2006). 
Using this generic equation, the rate of NADH consumption in the reac-
tion catalyzed by AARCAp can be written as: 

vNADH =

kNADH
cat *E* NADH*AcAcCoA

KNADH * KAcAcCoA *
(

1 − NAD*3HBCoA
NADH*AcAcCoA* Keq

)

(

1 + NADH
KNADH + 3HBCoA

K3HBCoA

)

*
(

1 + AcAcCoA
KAcAcCoA +

NAD
KNAD

)

where KNADH, KAcAcCoA, K3HBCoA and KNAD are dissociation constants 
associated to the interactions between the corresponding ligands and 
different forms of the enzyme. However, in vivo, NAD+ and NADH 
binding will be affected by NADP+ and NADPH concentrations because 
they can also bind to the enzyme. Considering NADPH and NADP+ as 
competitive inhibitors of NADH and NAD+ binding, the terms KNADH and 
KNAD were multiplied by the factor (1 +NADPH/KNADPH + NADP/ 
KNADP). After introducing such modifications, the equation was written 
as:   

Clearly, it was possible to write a homologue equation describing the 
rate of NADPH consumption. Considering the experimentally deter-
mined KM and Kic as good approximations of the dissociation constants 
of the generic equation, the parameters kNADH

cat , kNADPH
cat , KNADH, KNADPH, 

KAcAcCoA
NADH KAcAcCoA

NADPH , KNAD and KNADP were immediately available. The 
parameter K3HBCoA

NADH was not experimentally determined but it was esti-
mated taking advantage of the Haldane relationship: 

K3HBCoA
NADH =

Keq*kreverse
cat *KNADH*KAcAcCoA

M

kforward
cat *KNAD  

where kreverse
cat was calculated from the relationship between the Vmax of 

the forward (14 ± 2 μmol*min-1*mg-1) and the backward 
(0.61 ± 0.01 μmol*min-1*mg-1) reactions, measured with purified 
enzyme: 

kreverse
cat =

0.61*kforward
cat

14 

The value Keq = 92 was obtained from literature (Ritchie et al., 
1971). Although this latter value was estimated for reactions using 
NADPH, according to calculations using Equilibrator (Flamholz et al., 
2012), Keq does not vary significantly after substituting NADP(H) by 
NAD(H). This way, K3HBCoA

NADH = 32 μM was calculated. This value is very 
similar to K3HBCoA

M = 33 μM estimated by Haywood and co-workers while 
studying the acetoacetyl-CoA reductase from C. necator (Haywood et al., 
1988). Making a similar assumption for the reaction using NADP(H), 
K3HBCoA

NADPH = 44300 μM was calculated. 
However, beyond the availability of the required kinetic parameters, 

to obtain a physiologically meaningful result, it is important to evaluate 
the rate expressions with physiologically feasible substrate, product and 
cofactors concentrations. Because their ability of binding to other bio- 
molecules, free NAD(P)(H) concentrations are difficult to measure, and 
many experimentally reported values represent thermodynamically un-
feasible states, as demonstrated by Canelas and co-workers (Canelas, 
2008). To overcome these problems, we calculated cofactor concentra-
tion ranges consistent with the thermodynamic constraints enabling the 
operation of glycolysis (Kummel et al., 2006; Henry et al., 2007). In the 
case of NADH/NAD+ ratios, it is know that these values depend on the 
redox potential of the available electron acceptor (de Graef et al., 1999). 
This way, we explored NADH/NAD+ ratios in the range between 0.03 
(fully aerobic) and 0.71 (no external electron acceptor), according to 
experimentally determined values (de Graef et al., 1999). Regarding the 
NADPH/NADP+ ratios, there is a wide range of reported values in liter-
ature, from 0.32 (Chassagnole et al., 2002) to 60 (Bennett et al., 2009). 
Total moieties sizes of (NAD+ + NADH) = 1470 + 100 = 1570 μM and 
(NADP+ + NADPH) = 195 + 62 = 257 μM were considered, according to 
the data from Chassagnole and co-workers (Chassagnole et al., 2002). 
Therefore, to calculate the ranges of individual cofactors concentrations, 
the following systems of simple algebraic equations were solved:   

NAD(H) NADP(H) 

More oxidized 
moiety 

NADH
NAD

= 0.03 (I) 

NAD + NADH = 1570 (II) 
Solutions: 
NAD = 1524 μM; 
NADH = 46 μM  

NADPH
NADP

= 0.32 (I) 

NADP + NADPH = 257 (II) 
Solutions: 
NADP = 195 μM; 
NADPH = 62 μM  

More reduced 
moiety 

NADH
NAD

= 0.71 (I) 

NAD+ NADH = 1570 (II) 
Solutions: 
NAD = 918 μM; 
NADH = 652 μM  

NADPH
NADP

= 60 (I) 

NADP + NADPH = 257 (II) 
Solutions: 
NADP = 4 μM; NADPH = 253 
μM   

Regarding acetoacetyl-CoA concentration, the equilibrium constant 
of the reaction catalyzed by the thiolase (E.C. 2.3.1.9), Keq = 1.1 ± 0.2 * 
10-5 (Lan and Liao, 2012) indicates that cytoplasmic acetoacetyl-CoA 
concentrations must be very low for the operation of this reaction in 
the forward direction. For example, considering acetyl-CoA and 

vNADH =

kNADH
cat *E* NADH*AcAcCoA

KNADH *(1+ NADPH
KNADPH+ NADP

KNADP)* KAcAcCoA
NADH

*
(

1 − NAD*3HBCoA
NADH*AcAcCoA* Keq

)

⎛

⎜
⎝1 + NADH

KNADH *(1+ NADPH
KNADPH+ NADP

KNADP)
+ 3HBCoA

K3HBCoA
NADH

⎞

⎟
⎠*

⎛

⎜
⎝1 + AcAcCoA

KAcAcCoA
NADH

+ NAD
KNAD*(1+ NADPH

KNADPH+ NADP
KNADP)

⎞

⎟
⎠
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coenzyme A concentrations reported by Bennett and co-workers (Ben-
nett et al., 2009) (610 and 1400 μM respectively), acetoacetyl-CoA 
concentration must be 0.03 μM or lower. However, such a low concen-
tration would represent a kinetic problem for the reaction catalyzed by 
AARCAp. The existence of substrate channeling between the enzymes 
thiolase and acetoacetyl-CoA reductase could be a solution for this 
problem. Indeed, evidence of substrate channeling between these en-
zymes had been recently found (Tippmann et al., 2017; Vögeli et al., 
2018). To overcome this uncertainty, for our calculations we assumed an 
acetoacetyl-CoA concentration of 22  μM, as reported by Bennett and 
co-workers. 

At the same time, the term (1-((NAD * 3HBCoA)/(NADH * AcAcCoA 
* Keq))) in the rate equation describing NADH consumption must be 
higher than 1, otherwise the reaction occurs in the backward direction. 
Using this term, it is possible to calculate the maximal R-3-hydrox-
ybutyryl-CoA concentration, corresponding to a situation of thermody-
namic equilibrium: 

3HBCoAmax =
NADH*AcAcCoA* Keq

NAD 

In the more extreme case (fully aerobic conditions, NADH/ 
NAD+= 0.03), using the experimentally validated value of Keq = 92 and 
an acetoacetyl-CoA concentration of 22 μM: 

3HBCoAmax = 0.03*22 μM*92 = 61 μM 

Given all these kinetic parameters, substrate, product and cofactors 
concentrations, it was possible to calculate the ratio R = vNADH/vNADPH, 
which indicates the relative use of NADH over NADPH by the enzyme 
AARCAp. According to this approach, AARCAp will have an R between 4 
and 3975. It is important to notice that the relative use is independent of 
the enzyme concentration, as the terms E in the numerator and de-
nominator of R = vNADH/vNADPH cancel each other. 

As a way to validate this novel approach, we applied it to calculate 
the R = vNADH/vNADPH for the enzyme AARCn, a well-documented 
NADPH-preferring homologue (Haywood et al., 1988; Matsumoto 
et al., 2013). As expected, the resulting analysis showed that AARCn has 
a preference for NADPH over NADH between 17 and 33136. The relative 
use of NADH over NADPH (or vice versa) by AARCAp and AARCn at 
physiological NADPH/NADP+ and NADH/NAD+ ratios is presented in 
Fig. 2. 

It was not possible to calculate the relative use of NADH and NADPH 
by the acetoacetyl-CoA reductases from H. bluephagenesis and 
A. vinosum, either comparing the kcat/KM for NADH and NADPH or using 
the above described approach because the required kinetic parameters 

are not available. In the case of H. bluephagenesis, the values kcat
NADH = 72 

s-1 and kcat
NADPH = 31 s-1 can be calculated from the reported maximum 

velocities and the molecular weight of the monomer (Ling et al., 2018). 
However, no saturation constants were reported. 

Summarizing, our kinetic analyses show that (i) at physiological 
concentrations, AARCAp will largely prefer NADH over NADPH and (ii) 
AARCAp is the acetoacetyl-CoA reductase with the highest preference for 
NADH among the homologues that have been kinetically characterized 
so far. 

3.3. The residues between E37 and P41 have an important role in the 
observed cofactor specificity 

Previous studies tried to identify which are the structural de-
terminants of the cofactor preference observed in some acetoacetyl-CoA 
reductases. De las Heras and co-workers suggested (i) the absence of the 
R40 residue present in the NADPH-preferring AARCn and (ii) the pres-
ence of the acidic E37 residue as the key determinants of the use of 
NADH by the acetoacetyl-CoA reductase from A. vinosum (de Las Heras 
et al., 2016). On the other hand, Chen and co-workers pointed to (i) the 
substitution of the G35, S38 and R40 (according to residue numeration 
in AARCn) by other residues and (ii) the presence of the acidic E40 
residue (aligned with the E37 of the acetoacetyl-CoA reductase from 
A. vinosum) as the key determinants for the use of NADH by the 
acetoacetyl-CoA reductase from H. bluephagenesis (Ling et al., 2018). 
However, these hypotheses were not experimentally tested. AARCAp also 
has the E37 residue but comparing the NADH- and the NADPH-linked 
acetoacetyl-CoA reductase specific activities recorded in cell-free ex-
tracts, the ratio 720/11 ≈ 65 observed in the Ca. A. phosphatis-enriched 
culture is a value higher than the ratio 56/5 ≈ 24 observed in 
H. bluephagenesis (Ling et al., 2018) or the ratio 185/39 ≈ 5 observed in 
the yeasts expressing the acetoacetyl-CoA reductase from A. vinosum (de 
Las Heras et al., 2016). Therefore, we reasoned that other structural 
determinants should have a role in the cofactor discrimination in 
AARCAp. 

Looking for a deeper understanding of the interactions determining 
the high selectivity toward NADH observed in AARCAp, we carried out a 
homology modeling, using the structure from Burkholderia cenocepacea 
as template. The choice of this species to guide the generation of the 
homology model is supported by the fact of B. cenocepacea being the 
closest species where a tridimensional structure of an acetoacetyl-CoA 
reductase complexed with a cofactor is available (Supplementary Ma-
terial 2). Since both the K40 residue observed in AARCAp and the R40 
residue in AARCn have a positively charged side-chain, making a simple 

Fig. 2. Relative consumption of NADH and NADPH in the reactions catalyzed by the acetoacetyl-CoA reductases from Ca. A. phosphatis (left) and C. necator (right). 
The input concentration ranges were NAD+: from 147 to 143 μM, NADH: from 3 to 7 μM, NADP+: from 50 to 6 μM and NADPH: from 50 to 94 μM. 
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alignment of primary structures, one might expect that AARCAp should 
also prefer NADPH. However, the presence of a proline residue at the 
following position (P41) disrupts the α-helix 2 structure such that the 
positively charged side-chain of K40 is moved away from the binding 
pocket (Fig. 3). In addition, the bulky side-chain of the F38 residue 
present in AARCAp could produce steric hindrance with the 2’-phosphate 
of NADPH. On the other hand, interactions with NADH are not impaired 
by these structural features. Therefore, the displacement of the posi-
tively charged side-chain of K40 in combination with the presence of the 
bulky side-chain of F38 should be key structural traits determining the 
preference for NADH observed in AARCAp. Notably, this combination of 
structural features is not shared with other acetoacetyl-CoA reductases 
that reportedly can use NADH as substrate (Supplementary Fig. 2). 

To substantiate our hypothesis about the role of these residues in the 
observed cofactor specificity, we generated, by artificial synthesis, a 
gene encoding for a mutant enzyme. In this mutant enzyme, the original 
segment between the amino acids N37 and R41 of the NADPH-preferring 
AARCn was replaced by the corresponding amino acids from AARCAp 

(E37 to P41). This mutant, named AARChimera, was cloned in the vector 
pCOLA-duet-1 and it was over-expressed in E. coli BL21(DE3) cells. For 
comparison, E. coli BL21(DE3) cells carrying the empty plasmid pCOLA- 
duet-1, the plasmid pCOLA-phaB-Cnecator (enabling the over- 
expression of the parental AARCn) and the plasmid pCOLA-His-phaB-
CAp6 were grown in parallel. Specific acetoacetyl-CoA reductase activ-
ities, using NADH and NADPH, were evaluated in cell-free extracts 
coming from these strains. The average NADH- and NADPH-linked ac-
tivities recorded in the cell-free extract from the cells carrying the empty 
plasmid pCOLA-duet-1 were considered as background signals and 
subtracted to the activities obtained with the other extracts. The net 
NADH- and NADPH-linked activities recorded in the cell-free extracts 
strongly suggested that AARChimera has a cofactor preference somewhere 

between the parental NADPH-preferring AARCn and the NADH- 
preferring AARCAp (Table 3). 

AARChimera was purified, and reactions using NADH or NADPH as 
cofactor were kinetically characterized by progress curves analysis. The 
results obtained with purified enzyme are consistent with the data ob-
tained with cell-free extracts (Table 3). For comparison, some kinetic 
parameters of the parental NADPH-preferring AARCn and the NADH- 
preferring AARCAp were included. In the case of AARCn, kinetic param-
eters obtained with purified enzyme were found in the reports of Hay-
wood and co-workers (Haywood et al., 1988) and Matsumoto and 
co-workers (Matsumoto et al., 2013). While Matsumoto and co-workers 
characterized the enzyme activity using only NADPH, Haywood and 
co-workers studied the activities with NADH and NADPH. Then, we 
chose the data reported by the latter to compare the cofactor preferences 
among AARCn, AARChimera and AARCAp using the parameter (kcat/KM 
NADH) / (kcat/KM 

NADPH) (Table 3). Despite the differences between the 
kinetic parameters reported by Haywood and co-workers and Matsu-
moto and co-workers, their estimates of (kcat/KM 

NADPH) are similar 
(2.62 × 105 M-1s-1 and 6.85 × 105 M-1s-1, respectively). Therefore, either 
comparing the observations from Haywood and co-workers or Matsu-
moto and co-workers, our conclusion about the shift in cofactor speci-
ficity in AARChimera respect to the parental AARCn would be qualitatively 
similar. 

It was possible to observe that, in comparison with the parental 
AARCn, the modifications improved the performance using NADH while 
impaired the performance using NADPH (Table 3). Although a full 
reversion of the cofactor specificity of AARCn will require further mod-
ifications, our results endorse the proposed hypothesis regarding the 
role of the residues between E37 and P41 as structural determinants of 
the NADH preference observed for AARCAp. Moreover, further under-
standing of the structural determinants in the dinucleotide binding 

Fig. 3. Involvement of residues of the β2α2 loop in the cofactor preference. In B and C, labels indicate homologous residues in the homology models (above) and the 
templates (below, italics). A: The superposition of subunits C and D of the homology model of the acetoacetyl-CoA reductase from Ca. A. phosphatis in complex with 
NAD+, shows low conformational variability between subunits. B: Superposition of subunit D with subunit D of the acetoacetyl-CoA reductase from B. cenocepacia 
(PDB 4K6F, colored in orange), in complex with NADP+. C: Superposition of subunit D of the acetoacetyl-CoA reductase from Ca. A. phosphatis with subunit A of the 
acetoacetyl-CoA reductase from C. necator (PDB 4N5N, colored in pink), in complex with NADP+. B and C illustrate the steric hindrance of the voluminous F38 with 
the 2’-phosphate of NADP+, as well as the impossibility of the positively charged K40 in the acetoacetyl-CoA reductase from Ca. A. phosphatis to establish a salt 
bridge with the 2’-phosphate of the NADP+, as R40 in the acetoacetyl-CoA reductase from C. necator does. 

Table 3 
Kinetic properties of acetoacetyl-CoA reductases with different cofactor preference.   

Data obtained with cell-free extracts(a) Data obtained with purified enzymes  

sp. activity NADH  
(U/mg) 

sp. activity NADPH  
(U/mg) 

Ratio sp.  
activities 

kcat
NADH (s-1) KM

NADH (μM) kcat
NADPH (s-1) KM

NADPH (μM) (kcat/KM 
NADH) /  

(kcat/KM 
NADPH) 

AARCn 0.13 ± 0.07 0.68 ± 0.13 0.19 1.0 (b) 400 (b) 5 (b) 19 (b) 0.01 
AARChimera 0.93 ± 0.18 0.29 ± 0.07 3.18 5.14 ± 0.03 77 ± 3 9.30 ± 0.05 665 ± 6 4.75 
AARCAp 1.96 ± 0.11 0.25 ± 0.03 7.88 8.92 ± 0.05 7.7 ± 0.5 0.095 ± 0.002 44.3 ± 2 569 

(a) Cell-free extracts from E. coli BL21DE3 cells over-expressing the acetoacetyl-CoA reductases from C. necator (AARCn), Ca. A. phosphatis (AARCAp) and the artificial 
Chimera (AARChimera). For details about cell-free extracts preparation and rate estimates see section Methods. NAD(P)H concentration was 200 μM and acetoacetyl- 
CoA concentration was 70 μM. 1 U/mg = 1 μmol*min-1 per milligram of cytoplasmic proteins. 
(b) Data from Haywood and co-workers. The kcat were calculated from the reported Vmax (2.6 U/mg for NADH, 13 U/mg for NADPH) and the molecular weight of the 
monomer (23 KDa). 
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pocket (Supplementary Material 2, Supplementary Fig. 3) could be 
useful for genomic screenings looking for other putative NADH- 
preferring acetoacetyl-CoA reductases or could be valuable as starting 
point for further protein/metabolic engineering efforts. 

3.4. AARCAp can be engaged in PHB accumulation 

To verify in vivo functionality of AARCAp, an operon was assembled 
joining the phaCA genes from C. necator with the phaBCAp6 gene; and this 
operon was placed under the control of T7 promoter. The resultant 
plasmid was introduced in E. coli MG1655(DE3) cells, which are able to 
express T7 RNA polymerase upon induction with IPTG (Supplementary 
Material 3). NADH-linked acetoacetyl-CoA reductase activity was 
observed, and this activity increased while increasing IPTG concentra-
tion in the medium (Supplementary Figure 4). Therefore, it was 
concluded that it was possible to regulate the expression of the genes 
phaCACnecatorphaBCAp placed under the control of T7 promoter. More-
over, using the estimated kinetic parameters and the observed specific 
activity, it was possible to calculate the abundancy of AARCAp and the 
metabolic flux that such enzyme capacity can sustain (Supplementary 
Material 3). According to such calculations, with the maximum observed 
specific activity (11 nmol/min/mg), it should be possible to sustain a 
maximum flux around 0.08 mmol/gCDW/h (Supplementary Figure 5). 

However, the observation of NADH-linked acetoacetyl-CoA reduc-
tase activity does not necessarily guarantee the expression of other genes 
placed in the same operon nor an in vivo operative PHB pathway. 
Therefore, we next sought to link the accumulation of PHB in E. coli to 
the presence of the operon phaCACnecatorphaBCAp in order to provide 
evidence of (i) in vivo functionality of the operon phaCACnecatorphaBCAp 

and (ii) the ability of AARCAp to be engaged in an PHB accumulation 
process. 

Aiming a more accurate tracking of the carbon and electrons in the 
system, we chose to study the PHB accumulation using a continuous 
culture. Given the clear preference for NADH of AARCAp, we reasoned 
that a reduction in oxygen supply must lead to an increase in PHB 
accumulation, provided the generation of other fermentation products 
be reduced. To ensure a reduced/null generation of other fermentation 
products, E. coli MG1655(DE3)Δ5 (F– λ– ilvG– rfb-50 rph-1 (DE3) ΔadhE 
ΔadhP ΔldhA Δpta ΔmhpF) was chosen as a suitable strain to express the 
operon phaCACnecatorphaBCAp. 

Given the relatively low acetoacetyl-CoA reductase activity observed 
in the cell-free extracts from E. coli cells expressing the operon pha-
CACnecatorphaBCAp (Supplementary Figure 4) in comparison with the 
acetoacetyl-CoA reductase activity registered in the cell-free extract 
from the Ca. A. phosphatis-enriched mixed culture (Table 1), we decided 
to not integrate this operon in the chromosome. Nevertheless, to avoid 
the use of antibiotic during a continuous culture, the genes cscABK from 
E. coli W were introduced in the same plasmid already carrying the 
operon phaCACnecatorphaBCAp, resulting the plasmid pCOLA-phaCACne-

catorphaBCAp-cscABK. This way, the use of sucrose as the sole carbon 
source was the selection pressure to maintain the plasmid, as previously 
demonstrated (Olavarria et al., 2019). 

The continuous growth of E. coli MG1655(DE3)Δ5 transformed with 
the plasmid pCOLA-phaCACnecatorphaBCAp-cscABK, using sucrose as the 
sole carbon source, was studied under oxygen limiting conditions, at a 
dilution rate of 0.1 h-1. To enable the expression of the operon pha-
CACnecatorphaBCAp, the feeding solution was supplemented with IPTG 
(100 μM). 

Being aware of previous reports of genetic instabilities when using 
episomal expression systems enabling the sucrose consumption (Bruschi 
et al., 2012), the presence of the plasmid pCOLA-phaCACnecator-

phaBCAp-cscABK was monitored by colony-PCR. In our conditions, no 
plasmid loss was verified (data not shown). 

Two steady-states, characterized by different levels of oxygen limi-
tation, were characterized (Table 4). Aiming to achieve a stable oxygen 
consumption rate below 2.9 mmol O2/gCDW/h, we tried to further 

decrease the oxygen supply while keeping the same dilution rate. 
However, this attempt brought instabilities in off-gas composition that 
were not stabilized after ten residence times. 

Given the inability of wild-type E. coli to produce PHB, the observed 
accumulation, irrespective to the obtained PHB titers, confirmed the ability 
of AARCAp to be engaged in PHB accumulation and confirmed the in vivo 
functionality of the operon phaCACnecatorphaBCAp. Moreover, in the 
steady-state with the lowest oxygen consumption rate, PHB accumula-
tion increased more than 30 times respect to the other steady-state 
(Table 4). 

From a historical perspective, there are previous reports of in-
crements in PHB accumulation linked to oxygen limitation in Azoto-
bacter beijerinckii (Senior et al., 1972) and Azotobacter vinelandii (Page 
and Knosp, 1989). One potential explanation for those observations was 
the use of NADH to drive PHB accumulation. However, kinetic charac-
terizations of the acetoacetyl-CoA reductases present in those bacteria 
showed that they prefer NADPH instead of NADH (Ritchie et al., 1971; 
Manchak and Page, 1994). In our case, the kinetic characterization 
clearly indicated that, in the physiological conditions, AARCAp prefers 
NADH. Different to previous reports claiming NADH-driven accumula-
tion of PHB using the acetoacetyl-CoA reductases from A. vinosum and 
H. bluephagenesis, we are endorsing our claiming with a kinetic analysis 
considering physiologically relevant and dynamic concentrations of 
NAD+, NADP+, NADH and NADPH. 

Finally, according to several previous observations, Ca. A. phos-
phatis accumulates PHB in anaerobic conditions coupled to glycogen 
mobilization and acetate uptake. Different to A. vinosum or 
H. bluephagenesis, Ca. A. phosphatis does not have an NADPH-producing 
oxidative branch of the pentose-phosphate pathway. This way, the 
oxidation of glucose or glucose equivalents yields electrons carried only 
by NADH. Because PHB has a higher electron/carbon ratio than glucose, 
polymer accumulation could operate as a mechanism to re-oxidize 
NADH in such conditions. One way to enable this re-oxidation is hav-
ing an NADH-preferring acetoacetyl-CoA reductase. Therefore, the 
NADH-preference of AARCAp is consistent with the ecological and 
biochemical conditions present during PHB accumulation in Ca. A. 
phosphatis, highlighting the importance of a multi-disciplinary 
approach when looking for enzymes with different/new properties. 

4. Conclusions 

In this research, we identified and characterized an acetoacetyl-CoA 
reductase that prefers NADH over NADPH in a wide range of 

Table 4 
Reconciled rates and other relevant parameters obtained during the study of the 
two steady-states characterized by different levels of oxygen limitation.   

Steady-state 1 Steady-state 2 

qx (h-1) 0.1098 ± 0.0041 0.0939 ± 0.0041 
qO2 (mmol/gCDW/h) − 4.1004 ± 0.0174 − 2.8381 ± 0.0105 
qCO2(mmol/gCDW/h) 4.4285 ± 0.0183 3.1196 ± 0.0158 
qsucrose (mmol/gCDW/h) − 0.7906 ± 0.0155 − 0.6675 ± 0.0163 
qacetate (mmol/gCDW/h) 0.0062 ± 0.002 0.198 ± 0.0239 
qlactate (mmol/gCDW/h) 0.0495 ± 0.006 0.0043 ± 0.0004 
qsuccinate (mmol/gCDW/h) 0.0377 ± 0.005 0.0222 ± 0.004 
qformate (mmol/gCDW/h) b.d.l. 0.0736 ± 0.0079 
qPHB (mmol/gCDW/h) 0.0023 ± 0.0001 0.0676 ± 0.0034 
Biomass yield (CmolX/CmolS) 0.5 ± 0.022 0.505 ± 0.026 
Biomass yield (gCDW/gS)* 0.406 0.410 
electrons from sucrose going to oxygen 

(%) 
43 35 

electrons from sucrose going to PHB (%) 0.1 3.8 
YPHB (mgPHB/gS) 0.7 25.5 
PHB content (%) 0.2 5.8 
PHB titer (g/L) 0.01 0.31 

b.d.l.: below detection level. 
* For the interconversion between CmolX and gCDW, biomass was considered 

as a “molecule” with a molecular weight Mwx = 23.184 gCDW/CmolX. 
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physiologically feasible NAD(P)(H) concentations. Moreover, a struc-
tural analysis and further kinetic characterization of a mutant enzyme 
indicated a group of key amino acids with a relevant role in the observed 
cofactor specificity, opening the way to further protein engineering 
approaches and to the quest for other NADH-specific acetoacetyl-CoA 
reductases in other (meta)genomes. Finally, evidence of engagement of 
this NADH-preferring acetoacetyl-CoA reductase in PHB accumulation 
was shown. 

The identification of an NADH-preferring acetoacetyl-CoA reductase 
able to participate in PHB accumulation is a key piece to develop 
metabolic engineering strategies envisioning generation of PHB as a 
fermentation product. Yet, this piece alone does not solve the mismatch 
between catabolic supply and PHB formation demand of acetyl-CoA and 
electrons (Fig. 1). Therefore, the substitution of the two sources of 
acetyl-CoA (external acetate and internal glycogen) present in Ca. A. 
phosphatis by a single external source, together with the removal of 
eventual energetic and kinetic bottlenecks, should be the focus of future 
metabolic engineering strategies envisioning anaerobic generation of 
PHB as a single/main fermentation product. 
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