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Abstract:

Carboxylic acid reductases (CARs) have been harnessed in metabolic pathways to produce
aldehydes in engineered organisms. However, desired aldehyde products inhibit cell growth and
limit product titers currently achievable from fermentative processes. Aldehyde toxicity can be
entirely circumvented by performing aldehyde biosynthesis in non-cellular systems. Use of
purified CARs for preparative-scale aldehyde synthesis has been limited by in vitro turnover of
model CARs, such as Carni from Nocardia iowensis, despite robust conversion of substrates
associated with expression in heterologous hosts such as E. coli and yeast. In this study, we report
that in vitro activity of Carni is inhibited by formation of the co-product pyrophosphate, and that
pairing of an inorganic pyrophosphatase (Ppaec) with Carni substantially improves the rate and
yield of aldehyde biosynthesis. We demonstrate that, in the presence of Ppaec, Michaelis-Menten
kinetic models based on initial rate measurements accurately predict Carni kinetics within an in
vitro pathway over longer timescales. We rationalize our novel observations for Carni in part using
previously posed thermodynamic arguments for ATP hydrolysis, and we compare our results with
those observed for other adenylate-forming enzymes. Overall, our findings may aid in increasing

adoption of CARs for cell-free in vitro aldehyde biosynthetic processes.



Main Text:

1 Introduction

Aldehydes find uses in many industries, including the flavors and fragrances industries.
Vanillin and benzaldehyde, which are two aromatic aldehydes that respectively provide vanilla
and almond flavors, are the two flavor additives to food products with the largest global annual
markets by quantity [1-3]. Other aldehydes with relevance to the flavor industry are aliphatic
(fatty) aldehydes such as hexanal, octanal, decanal, and dodecanal, as well as terpenoid aldehydes
such as citral and safranal [4-6]. Plant extracts that naturally contain desired aldehydes for flavor
applications are often expensive and/or scarce, most notably in the cases of vanillin and safranal
[6, 7]. However, in the flavor industry and other industries requiring high purity, additives that are
produced biologically without the use of harsh chemicals or severe processing conditions are often
considered “natural” from a regulatory perspective and may be priced commensurate with their
plant-derived counterparts [8]. If markets are sufficiently large, such molecules may represent
more attractive targets than commodity chemicals for the development of biotechnological

production processes.

Two broad classes of bioprocesses are capable of generating aldehydes from more
abundant and affordable natural precursors: (i) whole-cell microbial conversion processes; or, (ii)
cell-free conversion processes [9, 10]. Advantages of using microbial conversion include the
ability to use less expensive inputs and more easily achieve economies of scale through large
fermentations. However, cell-based aldehyde synthesis processes are limited by the rapid reduction
of aldehydes to alcohols by endogenous reductases [11, 12] and by toxicity to the host cell [12-
15]. Aldehyde reduction can be minimized by deleting genes encoding endogenous reductases

[12]; however, mitigation of toxicity effects remain unsolved. Cell-free or in vitro biosynthetic

4



routes could be used to circumvent both the aldehyde stability and toxicity issues, with the minor

exception of aldehyde adducts that may form on, and inhibit, aldehyde biosynthetic enzymes.

In recent years, carboxylic acid reductases (CARs) have shown outstanding promise for
their use in aldehyde biosynthesis [11, 16]. The carboxylic acid reductase from Nocardia iowensis
(Carni) is a model CAR that has been characterized in vitro, was found to be active on diverse
aldehyde substrates ranging across aromatic and aliphatic families, and has been expressed in E.
coli and S. cerevisiae to enable microbial production of aldehydes from carboxylic acid precursors
that are supplied exogenously to cultures or produced intrinsically from metabolism [12, 17-22].
Many of the carboxylic acid precursors can be found more inexpensively in nature than their
corresponding desired aldehyde. Carboxylic acids can also serve as the target for microbial
production with minimal toxicity, and subsequently, the carboxylic acid product from fermentation
can be separated and converted to aldehyde in a cell-free environment. The first report detailing
the biosynthesis of vanillin from glucose harnessed such a two stage approach [23]. Like other
soluble enzymes, CARs can also be utilized in the three main types of cell-free systems: they can
be expressed in cells that are later lysed to generate cell-extracts (CFX); they can be synthesized
in vitro using dilute aqueous systems that contain transcription (TX) and translation (TL)
machinery for cell-free protein synthesis (CF TX-TL or CFPS) [24]; or alternatively, they can be

purified and added to dilute aqueous in vitro solutions [9, 10].

One primary obstacle to the use of purified CARs for cell-free in vitro aldehyde
biosynthesis is their low conversion of carboxylic acids in dilute systems [18, 25]. In this report,
we investigate why CARs are subject to apparently limited turnover in vitro using the model CAR
from Nocardia iowensis (Carni). We identify that a known co-product of the reaction,

pyrophosphate (PPi), is inhibitory. Addition of inorganic pyrophosphatase sourced from E. coli



substantially improves turnover, enabling predictable pathway kinetics using simple Michaelis-
Menten models and improving final conversion nearly two-fold under some of the conditions

investigated.

2 Materials and Methods

2.1 Plasmid construction

Escherichia coli DH10B (Invitrogen, Carlsbad, CA) was used for plasmid cloning
transformations and plasmid propagation. PCR amplification was performed using custom
oligonucleotides (Sigma-Genosys, St. Louis, MO) (Table 1) and Q5 High-Fidelity DNA
polymerase (New England Biolabs, Ipswich, MA). Restriction enzymes were obtained from New
England Biolabs. In order to potentially study the effect of enzyme co-localization in a subsequent
study, C-terminal peptide tags corresponding to synthetic protein scaffold domains appended to
flexible glycine-serine linkers were added to Carni and to YtbEss prior to expression and
purification. In addition, N-terminal hexahistidine (His) tags were added to enable nickel-affinity
purification. As previously described, the codon-optimized gene encoding Carni was first cloned
to generate the pET/His-Car-RBS2-Sfp vector [12, 22]. Next, the gene encoding Carni was
amplified by PCR using two sets of oligonucleotides (first “Car-GBD-f” and “Car-GBD-r1”, and
next “Car-GBD-f” and “Car-GBD-r2”) in order to add a sequence encoding the GBD domain
cognate peptide to the open reading frame [26]. This amplicon was then cloned into the same site
as the original Carni using the restriction enzymes BamHI and Notl. The untagged version of Carni,
which we purified and assayed previously [22], has very similar activity and is subject to the same
limited turnover phenomenon. The gene encoding YtbEss was amplified from Bacillus subtilis
PY79 genomic DNA (gDNA) by PCR and then cloned into the pCDFDuet vector (Novagen,

Madison, WI) using the restriction enzymes BamHI and Sall. Next, the gene encoding YtbEgs was
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amplified by PCR in order to add a sequence encoding the SH3 domain cognate peptide to the

open reading frame [26]. This amplicon was then cloned into the same site as the original YtbEss

using the restriction enzymes BamHI and Sall. The gene encoding Ppaec was amplified from E.

coli MG1655 gDNA and cloned into the pTEVS vector using the restriction enzymes Ndel and

Notl. B. subtilis and E. coli gDNA were prepared using the Wizard Genomic DNA purification kit

(Promega, Madison, WI).

Table 1. Oligonucleotides used in this study.

Name Sequence (5’ 2 3°)

Car- CATCACCATCATCACCAC

GBD-f

Car- GTGGATGGCTCTGCTTCTCTTCTGCATCACGTGCATCAGGGCACCCACCA
GBD-rl | GTCCAGAGCCACTACCGTTGCAGCAGTTCCA

Car- AAAAAAGCGGCCGCTCAATCTTCATCTTCATCGCCAGCCTGGTCCTCCCC
GBD-r2 | TTCGTCGGAGGAGTGGATGGCTCTGCT

YtbE-f AAAAAAGGATCCAATGACAACACATTTACAAG

YtbE-r AAAAAAGTCGACATTAAAAATCAAAGTTGTC

YtbE- CTTTAATAAGGAGATATACCAT

SH3-f

YtbE- TTTTTTGTCGACTCACCCCGGACGGCGACGTTTTGGCGGAAGAGCTGGCG
SH3-r GAGGGCCAGAACCGCTACCGAAATCAAAGTTGTCCG

Ppa-f AAAAAACATATGAGCTTACTCAACGTCCCT

Ppa-r AAAAAAGCGGCCGCTTATTTATTCTTTGCGCGCT

2.2 Chemicals

Commercial inorganic pyrophosphatase (sourced from E. coli) was purchased from New

England Biolabs. The following compounds were purchased from Sigma: benzoic acid,

benzaldehyde, benzyl alcohol, vanillic acid, vanillin, magnesium chloride, dithiothreitol (DTT),

ATP disodium salt hydrate, AMP disodium salt, NADPH tetrasodium salt, NADP" sodium salt,

and sodium pyrophosphate tetrabasic. Isopropyl B-D-1-thiogalactopyranoside (IPTG) was



purchased from Denville Scientific. Ampicillin sodium salt and streptomycin sulfate were

purchased from Affymetrix.
2.3 Enzyme purification

All proteins in this study were overproduced using Escherichia coli BL21 Star (DE3)
obtained from Invitrogen. All proteins were purified using two-step purification techniques to
ensure high purity. SDS-PAGE gels of purified proteins are presented in Fig. S1. Carni and YtbEss
were purified using sequential affinity and anion exchange chromatography. An overnight culture
harboring either pET/His-Car-GBDtag-RBS2-Sfp or pCDF/His-YtbE-SH3tag was used as 10%
(v/v) inoculum in two liters of LB Broth containing either 100 mg/L ampicillin or 50 mg/L
streptomycin, respectively. Cultures were incubated at 30°C and 250 rpm, and expression was
induced using a final concentration of 1 mM IPTG at an ODecoo of 0.6. Cells were harvested after
20 hours using centrifugation and resuspended in Buffer A (100 mM MOPS-NaOH [pH 7.0], 300
mM NaCl, and 10% glycerol). Cells were subsequently lysed using sonication. The supernatant
was collected, supplemented with imidazole (5 mM) and batch bound at 4°C for 2 h to 1 mL of
Ni-NTA resin (Qiagen, Germantown, MD). The resin was washed with Buffer A containing 7.5
mM imidazole and subsequently poured into a column. Affinity chromatography was performed
using step-wise increasing concentrations of imidazole (20, 40, 60, 100, and 250 mM). Fractions
containing purified His-tagged enzyme were pooled and dialyzed overnight at 4°C into Buffer B

100 mM MOPS-NaOH [pH 7.0], 50 mM NaCl, ] mM DTT, and 10% glycerol).
p gly

For subsequent anion exchange chromatography, dialyzed fractions were loaded onto a 5x5
mL HiTrap Q HP anion exchange column (GE Life Sciences, Piscataway, NJ) via a superloop,
which were integrated into an AKTApurifier with a UNICORN control system v5.20 and a Frac-

950 collector (GE Life Sciences). The purification was performed at a flow rate of 1 ml/minute at

8



4 °C. An initial wash of 25 ml was followed by a linear gradient from 50 mM NacCl to 500 mM
NaCl for 100 ml elution volume. Fractions of 2 ml were collected and absorbance at 280 nm was
used to determine desired fractions. Desired fractions were pooled and dialyzed once again in

Buffer B to reduce salt content. Dialyzed enzyme was then flash frozen using liquid nitrogen and

stored at -80°C.

The gene encoding Ppaec was inserted into the pTEVS vector for protein purification,
leading to an enzyme product containing a His tag removable by treatment with TEV protease.
One liter of cells harboring pTEV5/Ppa was grown at 30°C and 250 rpm in LB medium containing
100 mg/liter of ampicillin. Expression was induced using a final concentration of 1 mM IPTG at
an ODeoo of 0.6. Cells were harvested after 20 hours using centrifugation and resuspended in Buffer
A. Cells were subsequently lysed using sonication. The supernatant was collected, supplemented
with imidazole (5 mM) and batch bound at 4°C for 2 h to 1 mL of Ni-NTA resin (Qiagen,
Germantown, MD). The resin was washed with Buffer A containing 7.5 mM imidazole and
subsequently poured into a column. Affinity chromatography was performed using step-wise
increasing concentrations of imidazole (20, 40, 60, 100, and 250 mM). Fractions containing
purified His-Ppaec were pooled along with 0.5 mg His-tagged TEV protease and dialyzed
overnight at 4°C into Buffer B. The dialyzed and TEV-digested protein was passed through 1 ml
of Ni-NTA resin to remove His-Ppaec and His-tagged TEV protease. The untagged Ppaec that did
not bind to the resin was collected, flash frozen using liquid nitrogen, and stored at -80°C.
Qualitative purity of all protein fractions were determined using SDS-PAGE (Bio-Rad, Hercules,
CA). All protein concentrations were determined using the Bradford assay with bovine serum

albumin as a standard [27].

2.4 Kinetic studies



Michaelis-Menten parameters for Carni on benzoate were determined by measuring
changes in absorbance at 340 nm for up to 5 minutes. Reactions were prepared as follows: 100
mM MOPS-NaOH [pH 7.0], 10 mM MgClz, 0.6 mM NADPH, 1 mM ATP, 224 nM Carni, and at
6 different concentrations of pH neutralized benzoic acid. All concentrations were assayed in
triplicate. MOPS was used instead of Tris to buffer our reactions given the propensity of Tris to
react with aldehydes [28, 29]. MATLAB R2013a (Mathworks) was used to calculate kinetic

parameters and model in vitro pathway kinetics.

Michaelis-Menten parameters for YtbEgss on benzaldehyde were determined by measuring
changes in absorbance at 340 nm for up to 5 minutes. Reactions were prepared as follows: 100
mM MOPS-NaOH [pH 7.0], 10 mM MgClz, 0.6 mM NADPH, 1 mM ATP, 1422 nM YtbEss, and

at 6 different concentrations of benzaldehyde. All concentrations were assayed in triplicate.

For all in vitro experiments excluding initial rate measurements, samples were quenched
using 1% TFA and then subject to centrifugation. Aqueous supernatant was collected for HPLC
analysis using either an Agilent 1100 series or 1200 series instrument equipped with a diode array
detector. Wavelengths of 223, 242, and 192 nanometers were used to detect benzoic acid,
benzaldehyde, and benzyl alcohol, respectively. The benzoate family of analytes was separated
using an Aminex HPX-87H anion-exchange column (Bio-Rad Laboratories), with a mobile phase
consisting of 70% 5 mM H2SO4 and 30% acetonitrile. All three compounds eluted within 35
minutes at a flow rate of 0.4 ml/min. Column temperature was maintained at 30°C. All chemicals
reported in figures were quantified using calibration of standards on the HPLC instrument and
linear interpolation. All experiments were performed in duplicate. Data points shown are averages

with error bars calculated using the following formula, which is ordinarily used to determine

10



standard deviation but which does not result in a value with the same statistical power in this case

given only duplicate measurements:

i (g —%)?

5= n—1

Conversion of vanillate to vanillin was determined using a Zorbax Eclipse XDB-C18
column (Agilent) and detected using a wavelength of 280 nm. A gradient method used the
following solvents: (A) 50% acetonitrile + 0.1% trifluoroacetic acid (TFA); (B) water + 0.1% TFA.
The gradient began with 5% Solvent A and 95% Solvent B. The setting at 20 minutes was 60%
Solvent A and 40% Solvent B. The program restored the original ratio at 22 minutes and ended at
25 minutes. The flow rate was 1.0 ml/min and all compounds of interest eluted within 15 minutes.

Column temperature was maintained at 30°C.
3 Results
3.1 Pyrophosphatase addition improves in vitro Caryi-catalyzed conversion

The overall reaction catalyzed by Carni proceeds via several steps that require components
beyond the carboxylic acid substrate and Carni apoenzyme [19]. A phosphopantetheinyl
transferase must attach a phosphopantetheine group to Carni in order to form an activated
holoenzyme. Carni catalyzes the ATP-dependent and Mg?*-dependent formation of an acyl-
adenylate (or acyl-AMP) intermediate at its N-terminal adenylating domain. The Mg*" ion is
reported to neutralize the charge of ATP, stabilize the transition state, and neutralize the leaving
phosphate [30]. The thiol group belonging to the phosphopantetheine arm of activated Carni
subsequently binds to the acyl group, resulting in a covalently bound acyl-enzyme intermediate
and the release of AMP. Once the phosphopantetheine arm “swings” to the C-terminal reductase
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domain, the NADPH-dependent reduction of the acyl group into a released aldehyde occurs. After
reactivation of the thiol group, a new catalytic cycle follows [19]. The simplified net reaction

catalyzed by Carni for the model substrate benzoate is depicted in Fig. 1A.

When initially performing in vitro experiments with Carni and required co-factors in dilute
buffered solution, we observed a steady decline in reaction rate and gradual formation of a
precipitate. Given the possibility that precipitation may be contributing to the decline in Carni
activity, we sought to determine the minimal set of components responsible for precipitation. Upon
mixing all possible pairs of substrates, products, and co-factors (benzoate, MgCl2, ATP, NADPH,
benzaldehyde, AMP, PPi, and NADP") in separate solutions, we found that only MgClz and PP;
were forming precipitate. Interestingly, it is known that MgClz and PPi form a precipitate, whereas
MgCl: and orthophosphate do not [31]. To better understand the possible influence of precipitation
on the reaction catalyzed by Carni, we explored two questions. One question was whether an
increase in the initial concentration of MgClz in assay solutions would increase soluble Mg?*
available for the reaction and thereby extend the number of turnovers. A second question was
whether precipitate formation could be minimized by breakdown of PPi. To accomplish the latter,
we added commercial inorganic pyrophosphatase from E. coli (Ppaec) to our assay solution, which
catalyzes the conversion of PP; to inorganic phosphate (Fig. 1B). Benzoate consumption increased
after both perturbations, albeit more substantially with the breakdown of PPi (Fig. S2).

Precipitation was not observed in samples containing commercial Ppatc.

To investigate the possible effects of Mg?>* concentration and pyrophosphatase addition
more thoroughly, we began by overexpressing and purifying the inorganic pyrophosphatase from
E. coli in order to exclude the possibility that another component from the commercial Ppaec

mixture was influencing observed enhancement. In addition, given our curiosity about possible
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alternatives that may shift equilibrium, we compared three modified assay conditions against a
control assay (Fig. 1C). All assays contained 1 mM benzoate, 6 mM NADPH, and 224 nM Carni
added at the time of 0 mins, after all other components. The control also contained 6 mM ATP and
20 mM MgCl. The following deviations from the control were investigated: (i) 12 mM ATP; (ii)
12 mM ATP and 100 mM MgClz; (iii) 224 nM Ppaec. Within each of the experimental groups, the
concentrations of benzaldehyde product observed at 30 mins and 60 mins were similar. This result
underscores the problem of limited turnovers, except in the case of Ppaec addition, which led to
nearly complete conversion of benzoate within 30 mins. Precipitate was observed in all samples
except those containing Ppaec. The other perturbations of increasing ATP concentration two-fold
and Mg*" concentration five-fold did not improve benzaldehyde synthesis. In fact, contrary to our
previous experiment (Fig. S2), the increase in Mg?" appeared to decrease the rate of benzoate

conversion while maintaining a similar “final” benzoate conversion achieved by 60 mins.

3.2 Pyrophosphatase addition improves performance of a two-enzyme in vitro pathway

containing Cari

Given the encouraging result observed for consumption of the co-product pyrophosphate,
we sought to evaluate whether consumption of the aldehyde product might also drive the reaction
further towards completion. To that end, we overexpressed and purified the heterologous aldo-
keto reductase YtbEss using E. coli [32, 33]. YtbEss is known to catalyze the NADPH-dependent
conversion of aromatic aldehydes and ketones into their corresponding alcohols, including
conversion of benzaldehyde into benzyl alcohol [32]. Addition of both Carni and YtbEgs into assay
solutions would be expected to establish a two-step in vitro pathway from benzoate to benzyl
alcohol (Fig. 2A). Consistent with previous studies that characterized each enzyme separately, we

determined that YtbEss has lower catalytic efficiency (kca/Km) than Carni. Therefore, we
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established our in vitro pathway using 224 nM Carni and 1422 nM YtbEsgs in order to roughly
balance flux between the first and second reaction. In these experiments, the objective was to

identify conditions that would maximize benzyl alcohol yield.

The resulting concentration profiles of benzoate, benzaldehyde, and benzyl alcohol from
experiments containing the pathway demonstrated that adding a sink for benzaldehyde did not
drive further conversion of benzoate (Fig. 2B). The result also suggests that benzaldehyde does
not inhibit Carni. Once again, Ppaec addition enhanced benzoate conversion as well as overall flux
through the in vitro pathway (based on the final benzyl alcohol concentration) at the lower MgCl
concentration of 10 mM. However, Ppaec addition did not improve flux through this pathway when
100 mM MgCl> was used. Previous studies have demonstrated that Ppaec is Mg?*-dependent and
that activity saturates around concentrations of 10 mM Mg** [34, 35]. These reports do not
document an inhibitory effect resulting from Mg?* concentrations above 10 mM. Although we
found that 100 mM MgClzslightly reduced YtbEgs activity (Fig. S3), we do not expect the decrease
in YtbEss activity to be solely responsible for the decrease in pathway flux. Given that higher
Mg?* concentrations did not seem to have a beneficial effect except in one initial experiment (Fig.
S2), we used 10 mM MgCl: for all following experiments and did not investigate the role of Mg?*

in this system any further.
3.3 Pyrophosphatase addition improves predictability of Carni-catalyzed in vitro reactions

We next sought to understand whether the enhancement observed by Ppaec addition
allowed reaction kinetics to be predictable based solely on initial rate measurements and simple
Michaelis-Menten kinetic equations (see Supplementary Text for model formulation). If
attainable, model predictability would be significant for its guiding insights on process design

factors such as required enzyme concentration and reaction time for preparative-scale aldehyde
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biosynthesis or for in vitro biosynthetic pathways to other products. We were first interested in
simulating reactions containing only Carni. To obtain model parameters, we performed initial rate
measurements for Carni with respect to benzoate (Fig. 3A), and we calculated the keat and Km based
on these data. Initial reaction rates for Carni were no different within the first minute in the presence
or absence of Ppaec, indicating the challenge associated with obtaining a simple and relevant
inhibition rate constant associated with gradual pyrophosphate formation and precipitation. Using
an ODE solver in MATLAB, we plotted the analytical solutions for concentration profiles based
on these parameters and initial substrate and enzyme concentrations (Supplementary Text).
When Ppaec is added to the reaction, we see that Carni-catalyzed conversion of benzoate to
benzaldehyde more closely achieves the simulated concentration one hour after addition of

enzymes (Fig. 3B).

We were next interested in determining the simulated concentration profiles of a two-
enzyme in vitro pathway containing Carni and whether Ppaec addition would more closely align
observed results to simulated results. We performed initial rate measurements for YtbEss with
respect to benzaldehyde (Fig. 3C) and subsequently tested the performance of the two-step in vitro
pathway with and without addition of Ppaec by measuring concentrations of benzoate,
benzaldehyde, and benzyl alcohol at 0, 15, and 30 minutes after addition of enzymes (Fig. 3D).
Observed pathway kinetics deviate from the model predictions within 15 minutes in the absence
of Ppaec. On the other hand, when Ppaec is included in the system, pathway kinetics perform
closely to model expectations for at least 30 minutes. Thus, Ppaec addition not only improves Carni
conversion but enables more accurate kinetic modeling over longer timescales when Carni is used

in vitro individually or as part of a pathway.
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3.4 More concentrated in vitro aldehyde biosynthetic reactions using Carn; display greater

increases in conversion upon pyrophosphatase addition

Thus far, we had observed enhancement when starting with 1 mM benzoate, and we were
curious to know whether Ppaec addition would be as effective for higher initial substrate
concentrations more characteristic of preparative-scale reactions. Furthermore, we wanted to learn
whether enhancement from Ppaec addition would quantitatively differ if an alternative substrate
were used, especially given the promiscuity of Carni. Our next experiment utilized 5 mM initial
concentrations of benzoate or vanillate in the same single enzyme system as used originally, and
we monitored substrate conversion with and without Ppaec (Fig. 4). It is known that Carni catalyzes
the conversion of vanillate to vanillin more slowly than it catalyzes the conversion of benzoate to
benzaldehyde [18]. The result from this experiment suggests that kinetic enhancement obtained by
coupling Ppaec to Carni increases as substrate concentration increases (here roughly double the
final conversion of benzoate and vanillate without Ppaec addition) and occurs across different

substrates.

3.5 Steps towards understanding why pyrophosphate hydrolysis enhances the reaction

To better understand the effects of PPi hydrolysis on the reaction catalyzed by Carni, we
first explored the literature. Although reports featuring Carni and its homologs have not discussed
PPi-related inhibition, PPi has been identified as inhibitory for other adenylate-forming enzymes.
In particular, in vitro transcription reactions catalyzed by RNA polymerase have been observed to
form Mg2-PPi, to be subject to limited turnover, and to be enhanced by addition of Ppaec [36-38].
However, these studies offer differing perspectives on why PPi may inhibit RNA polymerase. We

examine these perspectives in more detail in the Discussion.
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We performed two experiments to explore possible inhibitory roles of PP;. First, we added
exogenous sodium pyrophosphate to one of two otherwise identical reaction pairs at an initial
concentration of 0.5 mM. After reactions incubated for one hour, we found that the reaction
containing exogenous PPi did not proceed as far (Fig. S4A). In addition, given our previous
observations of precipitate and hypotheses offered in the literature for in vitro transcription [38],
we briefly explored the possibility that there may be an interaction between Carni and the
precipitate (Figs. S4B and S4C). Based on SDS-PAGE results, we identified Carni protein in the
precipitate in the absence of Ppa addition. We also found increased Carni in the precipitate when
PPi was generated by the reaction relative to when exogenous PPi was supplied initially at the
expected final concentration. However, the protein obtained in the precipitate represents roughly
1/100 of the total initial protein added and therefore this interaction contributes minimally to

reaction termination.

4 Discussion

Cell-free biosynthetic processes are becoming relevant alternatives to fermentative
processes for an increasing number of potential chemical products [39]. Furthermore, the cell-free
research field aims to expand the range of attainable products by moving beyond single enzyme
biocatalysis to construct metabolic pathways in vitro. Central to this aim is the ability to accurately
model in vitro reaction kinetics for individual enzymes and for systems with greater complexity
[40]. In this report, we have demonstrated that coupling Ppaec to Carni not only substantially
improves conversion but enables accurate kinetic modeling for Carni as part of a two enzyme
pathway. In vitro aldehyde biosynthesis featuring Carni is an excellent system for cell-free
researchers and practitioners to build upon for several reasons. The promiscuity of Carni and the

reactivity of aldehydes may enable cell-free synthesis of a variety of aldehydes or aldehyde-
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derived products upon addition of downstream enzymes [11]. In addition, aldehydes are a great
class of chemicals for cell-free researchers to focus on given their cellular toxicity. As mentioned
earlier, another benefit of cell-free processes specifically for aldehyde biosynthesis is that
aldehydes will be rapidly converted to corresponding alcohols in cells or cell extract unless

otherwise engineered [12].

Inorganic pyrophosphatases are abundant in living cells and are essential for growth of E.
coli [35, 41-45]. Previously, they have been applied to PPi-generating reactions for different
purposes. In one application, pyrophosphatase forms part of a coupled enzyme kinetic assay with
increased sensitivity because of the detection of inorganic phosphate as a proxy for product and
the formation of two moles of inorganic phosphate for every one mole of PP;i [46]. In a manner
analogous to its use here, pyrophosphatase has been used to enhance in vitro transcription reactions
since the 1990s [47, 48]. In addition to increasing the yield of RNA synthesized, pyrophosphatase
was also shown to minimize the effect of the Mg?* concentration on product yields [47].
Interestingly, addition of pyrophosphatase increased synthesis of transcripts roughly twofold, and
the lowest concentration of pyrophosphatase investigated provided full enhancement. These
experimental observations for in vitro transcription are consistent with results reported in this study

for pairing Ppaec with Carni.

There is disagreement in the literature about the mechanism by which PPi inhibits the
analogous, adenylate-forming In vitro transcription reaction catalyzed by RNA polymerase. A
thermodynamic justification for why PPi hydrolysis should improve the average degree of
polymerization of RNA transcribed in vitro was documented as early as 1975 and is based on the
irreversibility of hydrolysis, which should drive the adenylation reaction forward [36]. However,

in 1997, Kern and Davis reported the application of solution equilibrium analysis to in vitro
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transcription and concluded that the detrimental effect of PP; on the reaction was primarily due to
sequestering of magnesium as the Mg-PP; gradually formed [37]. They observed that the reaction
rate decreased substantially below 5 mM free Mg?". As recently as 2012, a detailed multiphysics
modeling and experimental study further examined the effect of Mga-PPi precipitation on in vitro
transcription and offered yet another possibility [38]. These authors noted that previous studies
had assumed that the Mg>-PP; precipitate forms immediately, whereas they demonstrated that the
gradual formation of precipitate is consistent with a nucleation process that has an induction
period. Importantly, they observed that transcription stops at the onset of precipitation but that the
Mg?* concentration does not decrease as much as expected by solution equilibrium [38]. Two
possibilities were offered: (i) that an electrical double layer around the precipitate sequesters more
Mg?" than predicted by equilibrium analysis; or, (ii) that there may be a physical interaction
between the Mgz PPi precipitate and the RNA polymerase that inhibits the enzyme at the moment
of transition even if the free Mg?" concentration is sufficient [38]. They proposed that a single
molecule assay may resolve the latter question in a future study. Based on our experimental
observations for the reaction catalyzed by Carni, we consider it unlikely that decreased free Mg
is a principal cause of reaction termination given the limited turnover we observed at higher MgCla
concentrations. Furthermore, while our precipitate analysis suggests there may be some physical
interaction between Carni and the Mg PPi precipitate, the amount of Carni protein we found in the

precipitate is not sufficient to be a principal cause of reaction termination.

When we discovered the history of pyrophosphatase use for in vitro transcription, we were
curious to know whether pyrophosphatase addition might enhance all in vitro reactions featuring
adenylate-forming enzymes, which universally generate PPi as a co-product [30]. When we

searched the literature for reports describing the effect of PPi on other adenylate-forming enzymes,
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we found that PPi inhibits the fatty acid reductase complex from luminescent bacteria [49] and
inhibits firefly luciferase in vitro [50]. However, we did not find any use of pyrophosphatase to
relieve inhibition. Based on observations for in vitro transcription, pyrophosphatase would be
expected to enhance these reactions. Yet, other adenylate-forming enzymes seem to function
adequately in vitro. For example, nonribosomal peptide synthesis (NRPS) was reconstituted
without the addition of pyrophosphatase despite the presence of adenylation domains in selected
NRPS enzymes [51]. Additionally, a recently reported NRPS-like enzyme that has an adenylate-
forming domain and generates aldehydes from carboxylic acid substrates appears to achieve high
yields (in some cases > 90%) without pyrophosphatase addition [52]. Although the reactions
catalyzed by this NRPS-like enzyme nearly achieve completion after roughly 24 hours under
conditions investigated, it is possible that addition of pyrophosphatase may increase the rate of

conversion.

In the case of in vitro aldehyde biosynthesis using purified CARs, we can be more certain
that pyrophosphatase addition should enhance conversion and allow for higher initial substrate
concentrations. Results presented in this study also motivate the use of pyrophosphatase whenever
CARs are harnessed for in vitro pathways in dilute solution. A few studies published during
roughly the past decade have reported attempts towards larger-scale in vitro aldehyde synthesis
[18] or towards in vitro reconstitution of a multi-enzyme pathway featuring CARs [16, 25] without
pyrophosphatase addition. As a result, these experiments either suffered from low conversions or
were limited to small (< 1 mM) initial substrate concentrations. In such scenarios, and any others
in which more data than initial rate measurements is desired, our study strongly suggests that

pyrophosphatase should be included in the reaction to avoid early termination.
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The history of CAR assays provides an interesting perspective into why the influence of
pyrophosphatase on CAR kinetics may have been previously overlooked. When one of the first
reported enzymes of the CAR class, CAR from Neurospora crassa, was characterized by Gross
and Zenk in 1969, the authors formulated the reaction as potentially involving the formation of
ADP and inorganic phosphate rather than AMP and PPi [53]. Thus, they had no rationale to include
pyrophosphatase in the original activity assay, which became the standard as homologs were
discovered. However, in 1972, Gross demonstrated that the same CAR from Neurospora crassa
generates an acyl-adenylate intermediate and revised his original formulation [54].
Pyrophosphatase was used in the ATP exchange assay that revealed the acyl-adenylate
intermediate, but there was no mention of possible inhibition from PPi or relief from
pyrophosphatase addition. In 1991, when Kato and colleagues reported characterization of a
related CAR from Nocardia asteroides, the authors assayed activity using the method of Gross
and Zenk (i.e., in the absence of pyrophosphatase), although they independently confirmed the
presence of an acyl-adenylate intermediate using pyrophosphatase [55]. Use of pyrophosphatase
alongside CARs appears to have not been reported since then and never reported in the context of

enzyme kinetics or preparative reactions.

The results from this study shed much light on the discrepancy in performance of CARs
observed in vitro versus in vivo. Because pyrophosphatases are abundant in E. coli and other
organisms, inhibition by pyrophosphate is not expected to occur in an in vivo context. This suggests
that cell-free aldehyde biosynthetic processes utilizing cellular extract probably would not suffer
from low conversions of carboxylic acid substrates. However, introduction of many other cellular
components along with pyrophosphatase would decrease the ease of product purification, a

supposed advantage of an in vitro biosynthetic process. More importantly, cell-free extract could
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only be derived from cells that have been engineered to contain decreased endogenous aldehyde

reductase activity.
5 Conclusion

Aldehydes are valuable for many purposes where their biosynthesis may be preferred over
chemical synthesis, including as flavors and fragrances. In addition, the reactivity of aldehydes
allows for numerous potential enzymatic steps downstream if aldehyde biosynthesis can occur
robustly. We have demonstrated that Carni-catalyzed conversion of carboxylic acids to aldehydes
ordinarily suffers from low yields in vitro but that pyrophosphate hydrolysis enabled by addition
of inorganic pyrophosphatase increases yields and improves predictability of reaction kinetics.
Given currently limited understanding of microbial aldehyde toxicity and surging commercial
interest in aldehyde biosynthesis [56], these results aid in informing potential development of cell-

free in vitro aldehyde biosynthesis for applications in flavor and related industries.
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Figure Legends:

Fig. 1: Addition of inorganic pyrophosphatase from E. coli (Ppaec) improves in vitro conversion
of benzoate to benzaldehyde catalyzed by the carboxylic acid reductase from Nocardia iowensis
(Carni). (A) Simplified reaction for Carni depicting all required co-factors. (B) Reaction scheme
for Ppaec. (C) Effect of perturbing ATP, MgClz, and Ppakc concentrations on benzoate and
benzaldehyde concentrations from in vitro reactions catalyzed by Carni at 30 minutes and at 60
minutes. In every case, the rate of conversion dramatically slowed after 30 minutes, underscoring
the problem of limited turnover. A two-fold increase in ATP concentration from 6 mM to 12 mM
did not improve conversion. A five-fold increase in MgClz concentration from 20 mM to 100 mM
along with the higher ATP concentration also did not improve conversion. On the other hand,
Ppaec addition at the original ATP and MgClz concentrations substantially enhanced conversion

of benzoate to benzaldehyde.

Fig. 2: Effects of perturbing MgCl2 concentration and adding Ppaec (224 nM) on a two-enzyme in
Vitro reaction pathway involving Carni (224 nM) and a heterologous aldo-keto reductase, YtbEgs
(1422 nM). YtbEss, which catalyzes the conversion of benzaldehyde into benzyl alcohol, was
included to investigate whether the reaction catalyzed by Carni would be enhanced by creating a
sink for the product and to evaluate the performance of Carni in an in vitro pathway (benzoate —
benzaldehyde — benzyl alcohol). In this case, the objective is to maximum yield of the aldehyde-
derived product (benzyl alcohol). Subsequent experiments (Fig. S2) showed that the higher

concentration of MgClz slightly reduced the activity of the second enzyme.

Fig. 3: Addition of Ppaec to in vitro reactions containing Carni enables greater predictability of
reaction progress. (A) Michaelis-Menten kinetic curve displaying specific activity of Carni during

initial rate measurements at corresponding benzoate concentrations. (B) Comparison of modeling
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results with experimental results for longer term conversion of benzoate to benzaldehyde catalyzed
by Carni. Dashed lines represent simulated concentrations, whereas “x” and “o” symbols
represented measured concentrations. Left and right panels display measured concentrations in the
absence (“x”) or presence (“0”) of Ppakc, respectively. Colors corresponding to pathway molecules
are consistent with previous data: green = benzoate; yellow = benzaldehyde. Model parameters:
KM, Car Ni-GBD = 0.35 mM; Keat, car Ni-GBD = 216 min™!. [Carni] = 224 nM. (C) Michaelis-Menten
kinetic curve displaying specific activity of YtbEss during initial rate measurements at
corresponding benzaldehyde concentrations. (D) Comparison of modeling results with
experimental results for a two-enzyme in vitro pathway (benzoate — benzaldehyde — benzyl
alcohol) containing Carni and YtbEgs. The objective is to maximum yield of the aldehyde-derived
product (benzyl alcohol). Left and right panels are consistent with (B). Red lines and symbols
represent benzyl alcohol. Model parameters: Ku, vk Bs-su3 = 2 mM; Keat, YibE Bs-su3 = 96 min™!.

[YtbEss] = 1422 nM. Error bars omitted in (B) and (D) for clarity; however, deviations between

duplicate measurements were less than 5% of average values.

Fig. 4: Effect of Ppaec addition on the Carni-catalyzed conversions of two substrates that result in
aldehydes valuable as flavors. y represents the conversion of substrate Ci (y = Ci/Cio). Initial
substrate concentrations were 5 mM, a five-fold increase compared to previous experiments.
Concentrations of ATP and NADPH were each maintained at 6 mM. In this case, reactions
containing Ppaec may not have attained full conversion within 120 minutes due to limiting co-
factor pools towards the end of the reactions. In spite of that, final conversion roughly doubled for

both substrates in the presence of Ppacc.
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