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Abstract

Integrating non-enzymatic chemistry with living systems has the potential to greatly expand the 

types and yields of chemicals that can be sourced from renewable feedstocks. The in situ 

conversion of microbial metabolites to higher order products will ensure their continuous 

generation starting from a given cellular reaction mixture. We present here a systematic study of 

different organocatalysts that enable aldol condensation in biological media under physiological 

conditions of neutral pH, moderate temperature, and ambient pressure. The relative toxicities of 

each catalyst were tested against bacteria, and the catalysts were found to provide good yields of 

homoaldol products in bacterial cultures containing aldehydes. Lastly, we demonstrate that a 

biocompatible oil can be used to selectively extract the upgraded products, which enabes facile 

isolation and decreases the product toxicity to microbes.
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Integrating a biocompatible organocatalytic aldol reaction improves microbial cell health by 

converting short-chain aliphatic aldehydes to insoluble upgraded products.
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Introduction

One of the grand challenges for green chemistry and engineering is to find an efficient, 

clean, and cost-effective means of converting raw materials into technologically relevant 

products. In recent years, advancements in synthetic biology have yielded processes that 

utilize the machinery of microbes to convert sugars into biofuels,1–8 drugs,9–12 and 

industrially relevant chemicals.13–17 In these approaches, the desired product is either 

directly produced by the microbe, or the small molecule metabolites are removed from the 

media and chemically upgraded in a separate flask.18,19 However, the accumulation of the 

desired product or product intermediates can harm or kill the microbe.20–22 In addition, 

product isolation such as distillation from complex growth media can be energy-intensive.23 

Here, these challenges are addressed simultaneously by integrating microbial production of 

common C3-C6 fermentation products into water-insoluble hydrocarbons using concomitant 

organocatalytic upgrading in a single-flask process. This process mitigates metabolite 

toxicity to the microbe, enables facile extraction of the desired product, and greatly expands 

the overall yield and collection of chemicals that can be sourced from photosynthetically 

captured carbon.

To develop a one-pot process for upgrading bacterial metabolites, several significant 

challenges must be addressed: the catalyst must (a) operate in aqueous growth media at 

physiological temperature and pressure without becoming inactivated by media 

components;24 (b) exhibit high microbial biocompatibility; (c) perform efficiently at low 

metabolite concentration; and (d) yield an upgraded product with physical properties that 

enable low-energy product isolation. These challenges have been elegantly outlined in a 

recent review.25 Several elegant examples of integrated one-pot enzyme/chemical catalysis 

processes have been reported,26,27 though the study of whole cells in the presence of 

chemical catalysts has been studied far less.28 However, some work has been performed in 

this area. Balskus et al have merged non-enzymatic catalysis with microbial metabolite 
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production and demonstrated hydrogenation of exogenously added alkenes in media with 

hydrogen-producing E. coli and biocompatible Pd catalysis.29 Recently, this area has been 

expanded to include the iron-catalyzed cyclopropanation of microbially produced styrene in 

a single-flask process30 and the electrocatalytic upgrading of metabolically produced 

muconic acid to 3-hexenedioic acid in the presence of biogenic impurities.31

In consideration of these challenges, we hypothesized that an organocatalyzed aldol reaction 

would not only function in growth conditions but would also result in a doubling of the 

carbon content in the product, thereby enabling its separation from the aqueous media. This 

solvent-driven removal of microbial product would ensure a low aqueous concentration of 

the intrinsically toxic metabolites. Furthermore, because organocatalysts are commonly 

derived from amino acids or other biogenic amines,32–34 it is likely that the organocatalyst 

would exhibit good biocompatibility with living cells, which would allow high catalyst 

loadings and help drive the reaction at low aldehyde concentrations. Finally, in terms of 

aldehyde production from cells, aliphatic aldehydes should be attainable from genetically 

engineered bacteria, as these are often penultimate precursors in alcohol biosynthesis. For 

instance, Z. mobilis ferments glucose to acetaldehyde, which is subsequently reduced to 

ethanol.35 C. acetobutylicum ferments glucose to n-butanal in the penultimate step of n-

butanol synthesis,36 and engineered pathways to produce n-butanol and isobutanol in E. coli 

also use n-butanal and isobutyraldehyde as intermediates en route to the final alcohols.1,4 

Though extensive work has been performed by synthetic biologists to produce chemicals 

that can be used directly as fuel, we reasoned that utilizing the C-C bond forming potential 

of the intermediate aldehydes would greatly expand the breadth of compounds that could be 

sourced from biomass, and the work shown here establishes the guiding principles to do so.

Here, we show that 3-aminopropionic acid (β-alanine), an inexpensive organocatalyst, 

exhibits excellent biocompatibility and catalyzes the conversion of n-aliphatic aldehydes to 

their corresponding homoaldol products at physiological conditions (pH 7.4, 37°C) in good 

yield and with high selectivity. In a biphasic system with glycerol tributyrate (GT, 10% v/v), 

catalytic upgrading of C3–C6 aldehydes to their C6-C12 products occurs in the aqueous 

phase, and the increased lipophilicity of the C6-C12 product allows for selective 

accumulation in the GT phase, effectively sequestering the final condensation products from 

the microbe to help maintain cell viability.

Results

In initial studies, amino acids and biogenic amines were screened for homoaldol 

condensation activity of n-butanal to 2-ethylhexenal (2-EH) in conditions compatible with E. 

coli growth and maintenance (Table 1). To start, we chose n-butanal as the reactant, as it has 

been shown that it should be possible to produce this from C. acetobutylicum26 or in 

genetically engineered E. coli.1 Furthermore, the condensation product 2-EH is highly 

insoluble in water and can therefore be easily extracted into an oil phase. Using a model 

system of simulated physiological condition (pH 7.4 PBS, 25 mol% catalyst), we observed 

through 1H NMR and mass analysis that glycine could convert n-butanal (500 mM) to 2-EH 

in high purity but in a low yield of 26% after 24 h whereas β-alanine produced higher yields 

(51%), and 4-aminobutyric acid, 5-aminovaleric acid, and 6-aminocaproic acid all provided 
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similar yields of 2-EH (ca. 40%). Similar to previous reports, lysine showed excellent 

activity and was capable of converting 59% of n-butanal to 2-ethylhexenal at physiological 

temperature and pH at this relatively high concentration of n- butanal.37 In each case, NMR 

analyses showed that only n-butanal and 2-ethylhexenal were observed, indicating minimal 

side product formation and high product selectivity (Figure S1). In addition to yields, 

turnover frequencies (TOF) were also determined. As expected, lysine exhibited the highest 

TOF owing to its lower loading and higher catalytic activity (Table S1).

Because catalysis must occur in the presence of microbes, we next sought to identify the 

toxicological profile of each candidate catalyst against a model E. coli strain, FDA strain 

Seattle 1946, which is a common host cell for microbial fuel production. Not only would a 

potentially toxic organocatalyst limit catalyst loading, but toxic effects would also slow the 

cellular production of metabolites such as n-butanal and therefore decrease yields of target 

products. To run the cell toxicity assays, we examined the effect of different organocatalyst 

concentrations on the growth of E. coli cultures (Figure S2, Supporting Information). 

Catalyst concentrations from 0–3.2 M were prepared in minimal media from a 3.2 M stock 

solution. An aliquot of E. coli stock in media (50 μL of a 1.0 OD stock) was added to the 

catalyst solution (950 μL), and the reactions were shaken at 240 RPM at 37°C for 3 h, at 

which point the reactions were immediately put on ice and the OD600 was measured to 

determine cell density. These studies showed that because lysine was relatively toxic to cells 

(IC50 ~ 40 mM; Figure 1), this molecule could not be implemented in high enough 

concentration to be an efficient catalyst. However, in comparison, glycine, 5-aminovaleric 

acid, and proline showed more moderate toxicity, with measured IC50 values of 170 mM, 

350 mM, and 380 mM, respectively (Figure S2). Finally, β-alanine, γ-aminobutyric acid 

(GABA), and 6-aminocaproic acid all showed excellent biocompatibility (IC50 > 500 mM; 

Figure S2). Next, to normalize catalytic efficiency with biocompatibility, each 

organocatalyst was added at its respective IC50 concentration to media in the presence of 70 

mM n-butanal (Table 2). This concentration of n-butanal was chosen to match the typical 

amounts of product that can be generated from engineered microbes.1 We found that the 

most biocompatible catalysts provided the highest conversion. Thus, while on a per mol 

basis lysine is the most efficient catalyst, β-alanine, GABA, and 6-aminocaproic acid all 

showed higher yields of 2-EH in biocompatible conditions, thus supporting the need to 

discover efficient catalysts that are well tolerated by cells. Finally, in order to determine if 

organocatalysts were taken up by cells, 550 mM β-alanine was added to E. coli for 24 hours. 

The cells were removed by centrifugation, and the concentration of β-alanine was 

determined by 1H NMR spectroscopy against an internal standard (Figure S3). Triplicate 

runs revealed near-zero uptake of the β-alanine catalyst by the cells. These results therefore 

not only support the high biocompatibility of β-alanine but also indicate that these catalysts 

should be stable to extended incubation with limited catabolism or anabolism by the cells.

Using β-alanine as an efficient, biocompatible catalyst, we then next examined the substrate 

scope of homoaldol condensation. To do this, 70 mM solutions of n-propanal, n-pentanal, or 

n-hexanal in minimal media containing 550 mM β-alanine were agitated at room 

temperature for 24 h followed by isolation of the products via liquid-liquid extraction (Table 

2, entries 8–10), and determination of purity by 1H NMR. The yield of homoaldol product 

depended on the structure of the initial substrate: propionaldehyde was converted to 2-
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methylpentenal and isolated in modest yield (40%), hexanal was converted to 2-butyloctenal 

in slightly higher yield (57%), and valeraldehyde was converted to its corresponding C10 

homoaldol product, 2-propylheptenal, in good yield (80%). The modest yield from 

propionaldehyde was most likely due to its high volatility (bp 46°C), while the yield of 2-

butyloctenal was likely limited by the low solubility of hexanal in aqueous media.

Next, in order to demonstrate the effect of simultaneous catalytic upgrading and extraction 

on improving cell viability, we incorporated a biocompatible oil phase, glycerol tributyrate 

(GT) to extract the hydrophobic aldol products as they formed. For this, E. coli was 

incubated with 70 mM n-butanal, 550 mM β-alanine, 10 % v/v GT, or combinations of 

these. First, as expected, the model product 2-EH was found to be highly toxic to E. coli 

(IC50 = 2.5 mM) (Figure S4). However, incorporation of a 10% v/v GT phase increased the 

IC50 more than 10-fold (Figure S5). The GT phase itself was also well tolerated by E. coli 

(Table 3, entry 2). Next, we again simulated the production of microbial n-butanal by 

spiking the cell media with 17.5 mM n-butanal every 12 h over the course of 2 d. Without 

organocatalyst or GT, continuous introduction and accumulation of n-butanal in the media 

led to low cell viability (Table 3, entry 3). Introduction of β-alanine to n-butanal without GT 

led to the complete absence of viable cells owing to the high toxicity of 2-ethylhexenal, 

which was formed in 62% yield (Table 3, entry 4). However, if both β-alanine and 10% v/v 

GT were included with n-butanal, the toxicity decreased about 40-fold relative to n-butanal 

alone. Thus n-butanal was both upgraded into its more lipophilic homoaldol 2-EH product 

and effectively sequestered away from the bacteria, greatly improving cell health while 

returning a good yield (70%) of upgraded 2-EH product.

Conclusion

In conclusion, we have shown that inexpensive organocatalysts can carry out aldol 

condensation reactions in aqueous media at mild temperatures in conditions that are 

compatible with E. coli growth and maintenance. The high biocompatibility and low cost of 

the β-alanine catalyst (ca. <$0.05 / g from commercial sources) allows for high catalyst 

loading and efficient reactions at low metabolite concentration. The upgrading reactions also 

allows for removal of toxic metabolites for improved bacterial viability. Finally, inclusion of 

a biocompatible oil phase to the reaction mixture can sequester any toxic upgraded products 

and keep them away from the cellular milieu, thereby improving cell viability. Future studies 

will focus on engineering bacteria to produce a range of aliphatic aldehydes that can be 

converted into industrially useful chemicals from renewable feedstocks; other future studies 

will apply the principles of this work for finding biocompatible catalysts for other reactions 

relevant to metabolite conversion.

Experimental

General information

Unless otherwise noted, all chemicals and solvents were of analytical grade and used as 

received from commercial sources. Butyraldehyde, β-alanine, and glycine were from Sigma-

Aldrich. Hexanal was supplied by Chem Impex. Propionaldehyde and 6-aminocaproic acid 

were supplied by TCI. Proline, 5-aminovaleric acid, and lysine were supplied by Acros. 
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Glycerol tributyrate was supplied by Alfa Aesar, and 4-aminobutyric acid was supplied by 

Oakwood Chemicals. Water (dd-H2O) used in biological procedures or as a reaction solvent 

was deionized using a Milli-Q Advantage A-10 water purification system (MilliPore, 

USA). 1H NMR spectra were acquired with a 400 MHz Bruker AV-III spectrometer with a 

Sample Xpress Automatic Sample Changer. Spectra acquired in CDCl3 were referenced to 

residual CHCl3 (7.27 ppm). Spectra were analyzed with MestreNova 8.1.4. UV-Vis spectra 

were acquired on a DU 730 spectrophotometer (Beckman Coulter, USA) with quartz 

cuvettes. Centrifugations were carried out in an X-22R benchtop centrifuge (Beckman 

Coulter, USA). E. coli (ATCC 25922) was used as a cell model for establishing 

biocompatibility of reaction conditions.

Catalyst screen in minimal media

Solutions containing n-butanal (500 mM) and catalyst (125 mM) were prepared in minimal 

media. The total reaction volume was 50 mL. The reactions were agitated for 24 h at room 

temperature, at which point, each reaction was extracted with CH2Cl2 (3 × 15 mL). The 

organic phase was dried over MgSO4, and the solvent was removed by rotary evaporation at 

25°C to obtain the mass of the product, which consisted of unreacted aldehyde and its 

corresponding homoaldol product. The mass of the product was measured, and the 

composition of the sample was determined by 1H NMR.

IC50 measurements

Catalysts—Stock solutions of each catalyst (3200 mM) in minimal media were used to 

generate working catalyst concentrations of 0, 3.2, 10, 32, 100, 320, 1000, and 3200 mM. 

An aliquot of E. coli stock in media (50 μL of a 1.0 OD solution) was added to the catalyst 

solution (950 μL), and the reactions were shaken at 240 RPM at 37°C for 3 h, at which point 

the reactions were immediately put on ice, and the OD600 was measured. Each reaction was 

prepared in triplicate. Reported values represent the mean value of three reactions, and the 

error bars represent standard deviation. Data were fitted to a four parameter logistic equation 

to extract IC50 values.

2-ethylhexenal—2-ethylhexenal (2-EH) was prepared according to a previously published 

procedure.37 A solution of minimal media (950 μL) was spiked with 2-EH to make final 

concentrations of 0, 0.16, 0.25, 0.40, 0.61, 1.0, 1.6, 2.5, 4.0, 6.3, 10, and 15.8 mM. An 

aliquot of E. coli stock (50 μL of a 1.0 OD culture) was added, and the reactions were 

shaken at 240 RPM for 4.5 h at 37°C, at which point the OD600 values were measured. Data 

points represent the mean value of three independent values. Error bars represent standard 

deviation.

Catalyst efficiency at IC50 concentrations

Stock solutions of each catalyst at its IC50 concentration and n-butanal (70 mM) were 

prepared in minimal media. The total reaction volume was 50 mL. The reactions were 

agitated for 24 h at room temperature, at which point, each reaction was extracted with 

CH2Cl2 (3 × 15 mL). The organic phase was dried over MgSO4, and the solvent was 

removed by rotary evaporation at 25°C to obtain the mass of the product, which consisted of 
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unreacted aldehyde and its corresponding homoaldol product. The mass of the product was 

measured, and the composition of the sample was determined by 1H NMR.

Biocompatibility Measurements

Solutions were prepared to test cell health in combinations of reaction components. The total 

reaction volume was 10 mL. β-alanine (550 mM), glycerol tributyrate (10% v/v), and E. coli 

stock (500 μL of a 1.0 OD culture) were mixed with minimal media. n-Butanal was added in 

increments of 17.5 mM every 12 h until a final concentration of 70 mM was reached. The 

reactions were agitated for 48 h at room temperature, at which point aliquots (50 μL) for gel 

plate assays were removed. The reaction was extracted with CH2Cl2, the organic phase was 

concentrated, and the mass was measured. Analysis by 1H NMR enabled calculation of the 

relative composition of the mixture, which consisted of unreacted aldehyde, aldol 

condensation product, glycerol tributyrate, and trace CH2Cl2.

Plate Assay for Cell Viability

Because solutions with glycerol tributyrate (GT) are capable of scattering light and 

conflating OD600 measurements, we used plate assays to calculate the number of colony 

forming units (CFU) per mL in experiments containing GT. Serial dilutions of each reaction 

(10−3, 10−4, 10−5, and 10−6) were prepared in minimal media, and 50 μL of each sample was 

spread evenly with a sterile loop on an LB plate. The plates were incubated overnight at 

37°C, and the distinct colonies were counted to obtain CFU/mL values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 

Representative IC50 plots for the organocatalysts studied.
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Table 1

Screen for biocompatible organocatalysts in aqueous buffer at physiological growth conditions[a]

Entry[a] Organocatalyst Isolated yield [%]

1 none <1

2 glycine 26

3 β-alanine 51

4 γ-aminobutyric acid 40

5 5-aminovaleric acid 39

6 6-aminocaproic acid 42

7 lysine 59

8 DL-proline 23

[a]
Reactions were performed in phosphate buffer (1 M) with n-butanal (500 mM) and the indicated organocatalyst (125 mM) in 50 mL conical 

tubes at 37°C for 24 h. All yields represent isolated yields of 2-ethylhexenal after liquid-liquid extraction.
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Table 2

Screen for biocompatible organocatalysts in aqueous buffer at physiological growth conditions.[a]

Entry Aldehyde Organocatalyst IC50 [mM] Yield [%]

1 n-butanal glycine 170 46

2 n-butanal β-alanine 550 71

3 n-butanal γ-aminobutyric acid 540 62

4 n-butanal 5-aminovaleric acid 350 61

5 n-butanal 6-aminocaproic acid 540 62

6 n-butanal lysine 40 58

7 n-butanal DL-proline 380 8

8 n-butanal none n.a. 0

9 n-propanal β-alanine 550 40

10 n-pentanal β-alanine 550 80

11 n-hexanal β-alanine 550 57

[a]
Reactions were performed in minimal media with the indicated aldehyde (70 mM) and the indicated organocatalyst loaded at its IC50 

concentration in 50 mL conical tubes at 37°C for 24 h. All yields represent isolated yields of the homoaldol condensation product after liquid-liquid 

extraction
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