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Abstract

C–C bond-forming reactions often require nucleophilic carbon species rarely compatible with 

aqueous reaction media, thus restricting their appearance in biocatalysis. Here we report the use of 

nitroalkanes as a structurally versatile class of nucleophilic substrates for C–C bond formation 

catalyzed by variants of the β-subunit of tryptophan synthase (TrpB). The enzymes accept a wide 

range of nitroalkanes to form noncanonical amino acids, here the nitro group can serve as a handle 

for further modification. Using nitroalkane nucleophiles greatly expands the scope of compounds 

made by TrpB variants and establishes nitroalkanes as a valuable substrate class for biocatalytic 

C–C bond formation.
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Enzymes are useful tools for organic synthesis because they can be produced sustainably 

and engineered to catalyze reactions with high rate acceleration and selectivity. Biocatalysts 

such as transaminases and ketoreductases are thus frequently deployed in synthetic 

processes.1,2 However, the ability of biocatalysis to mediate formation of C–C bonds, one of 

the most important transformations for organic synthesis, is hindered by the fact that the 

nucleophilic carbon species ubiquitous in synthetic chemistry, such as organometallic 

compounds, tend to be unstable under the aqueous conditions required by most enzymes. 

Aldolases overcome this by forming a covalent bond with the nucleophilic substrate, which 

then forms the active nucleophilic species in the substrate-binding pocket.3-5 Although these 

enzymes accept a broad range of electrophiles, the requirement for the nucleophilic substrate 

to form a covalent adduct with the enzyme inherently limits the nucleophile scope. 

Conversely, enzymes can activate electrophilic substrates, either covalently or through polar 

interactions such as hydrogen bonding, which can then be engaged by nucleophiles that are 

sufficiently reactive, but stable to aqueous conditions. One exemplar of the latter enzyme 

class is the β-subunit of tryptophan synthase (TrpB), which uses pyridoxal phosphate (PLP) 

as a cofactor to convert serine into a highly electrophilic amino-acrylate species (Figure 1a).
6 This in turn can react with a nucleophile to form an enantiopure amino acid. In nature, the 

nucleophilic substrate is indole, an electron-rich arene that leads to the amino acid 

tryptophan as the product. Due to the modular and convergent nature of this reaction, we 

envisioned TrpB as a general biocat-alytic platform capable of combining structurally 

diverse nucleophiles with serine (or an analogous substrate) to make enantioenriched 

noncanonical amino acids (ncAAs). However, while we have been able to use protein 

engineering to expand the substrate scope of TrpB to include dozens of indole analogs.7-9 

we struggled to find an active carbon nucleophile that did not require the indole substructure.

Nitroalkanes have been used as nucleophiles in organic synthesis dating back to the 

venerable Henry reaction.10,11 Even in the absence of base, these compounds readily 

tautomerize to a structure that is nucleophilic at carbon (1,Figure 1b), and as such have been 

used as substrates for C–C bond-forming reactions catalyzed by electrophile-activating 

enzymes.12-15 In principle, any nitroalkane with a proton at the α-carbon could react; this 

would make nitroalkanes a more versatile substrate class than other mild carbanions like 

malonates, which require at least two electron-withdrawing groups. Indeed, nitroalkanes 

have been shown to react with chemically produced amino-acrylates to form a wide range of 

amino acids,16-20 although these methods were not enantioselective. These reactions also 

required strong base or harsh conditions (e.g, neat nitroalkane in a microwave reactor), 

suggesting that biocatalytic conditions might not support this reaction design. Nonetheless, 

we wondered whether TrpB variants could promote similar reactions under milder 

conditions.

From our previous efforts engineering activity for non-native substrates, we accrued a 

collection of TrpB variants with diverse properties (e.g., active-site configuration, 

conformational dynamics). Since we were unsure which combination of properties would 

provide the best starting point for such a fundamentally different substrate class as 

nitroalkanes, we began by testing a broad panel of TrpB variants for activity with serine and 

(nitromethyl)benzene (2a, Scheme 1), which was chosen due to its structural resemblance to 
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indole. These variants all possess excellent thermostability, and previous reactions with 

serine and indole analogs were run at 75 °C. At this temperature, however, we observed 

significant decomposition of 2a over the 12-hour reaction time (Figure S1); test reactions 

were thus run at 50 °C. We were pleased to observe by HPLC that most tested variants did 

indeed form desired product 3a. The best activity (1,200 turnovers, Figure 2) was obtained 

with a variant that had been engineered to synthesize β-methyltryptophan from L-threonine 

and indole.21 This variant, hereafter called Pf(β-Me), is derived from TrpB of Pyrococcus 
furiosus and contains eight mutations (see Table 1).

Though initial results with substrate 2a were encouraging, we wanted to develop a more 

general method for ncAA synthesis that would accept substrates bearing no structural 

resemblance to indole. We therefore tested Pf(β-Me) with nitrocyclohexane (2b), which 

lacks any aromatic moieties and has a more sterically congested nucleophilic carbon. To our 

surprise, this substrate was also accepted by the enzyme, forming product 3b with about 500 

turnovers (Figure 2).

Since none of the eight mutations in Pf(β-Me) are in the active site, the substrate-binding 

pocket is still optimized for the native substrates, indole and serine. We consulted a crystal 

structure of Pf(β-Me) with serine bound as the amino-acrylate intermediate and identified 

seven residues that comprised the indole-binding site (Figure 3).22 We then constructed 

seven enzyme libraries in which each residue was subjected independently to site-saturation 

mutagenesis and tested each against substrates 2a and 2b, reasoning that these structurally 

distinct substrates would favor different active-site mutations.

Turnover for both substrates increased with mutation of L161 to smaller residues like valine, 

alanine, and serine, though the optimal mutations were different. Substrate 2a, for example, 

favored serine, which almost doubled activity to 2,100 turnovers, while alanine provided a 

more modest improvement and valine was essentially equivalent to parent. Substrate 2b, on 

the other hand, exhibited an almost three-fold increase in turnover in all three single-

mutants. The other libraries either revealed no improvements over parent or gave results that 

were completely orthogonal between substrates. In particular, the variant with the I183P 

mutation, hereafter called Pf(NMB), showed twice the activity for substrate 2a (2,700 

turnovers), but no improvement with substrate 2b, while the variant with the I165T mutation 

had almost quadruple the activity for 2b (1,900 turnovers), but no improvement for substrate 

2a. Since the mutations at L161 and I183 do not introduce new polar or charged sidechains, 

their role is most likely to reshape the nucleophile-binding pocket to promote reactive 

binding poses of the nitroalkanes. The mutation of I165 to threonine, on the other hand, adds 

a polar functional group to what was previously an entirely aliphatic sidechain; interestingly, 

serine was also beneficial at this position, suggesting that the improvement particularly 

depends on the hydroxyl group. To react, however, the nitro group of substrate 2b must face 

away from residue 165, so a direct interaction with the hydroxyl group and the substrate is 

unlikely. Thus, the precise effect of this mutation is as yet unclear.

Having identified multiple improved single-mutant variants, we next constructed libraries to 

search for beneficial combinations of these mutations. For both substrates, position 161 was 

allowed to be L (wild-type), V, A, or S. For substrate 2a, this focused L161 library was 
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randomly recombined with I183P, whereas for substrate 2b, this library was randomly 

recombined with I165T. In the screen with substrate 2a, the top variants were all single 

mutants, suggesting that mutations at L161 and I183 were not beneficial in combination. In 

the screen with substrate 2b, on the other hand, the best variant combined mutations I165T 

and L161V to give 2,700 turnovers, an improvement greater than five-fold relative to parent; 

this variant is hereafter called Pf(NC).

The activity of the enzyme can almost certainly be optimized further. For the purposes of 

this study, however, we elected to examine how the reaction conditions affect the activity 

with nitroalkanes. We were particularly interested to know if a more basic pH would 

increase the nucleophilicity of the nitroalkane substrates. To this end, reactions at different 

pH were run to low conversion, and the relative amounts of product formation were 

compared (see SI Section 2.8). This should approximate the relative rates of product 

formation as a function of pH. As expected, the reaction rates for both substrates were 

lowest at pH 6, but increased with more basic pH before remaining constant above pH 7–8 

(Figure 4). This effect was much more pronounced for substrate 2b, which reacted four 

times as quickly at pH > 8 compared to pH 6.

Although initial rate is an important reaction property, the utility of a preparative reaction 

ultimately depends on turnovers to product. Fortunately, total turnovers followed a similar 

trend (Figure S2), with product 3a experiencing an additional boost in turnover at pH > 8.5; 

this boost appears to be correlated with a decrease in formation of a byproduct that results 

from hydrolysis of product 3a. Thus, subsequent reactions were run at pH 9.

The actual concentration of the nitroalkane substrates in the reactions is difficult to know, 

since the reactions are heterogeneous and the substrate miscibility is likely dependent on the 

tautomeric equilibrium. These factors preclude precise determination of kinetic factors like 

kcat and KM. However, it can be observed that under these reaction conditions, the active-site 

mutations greatly increase the initial rates of the reactions with the nitroalkane substrates. 

Whereas Pf(β-Me) converted substrate 2a with only 3 turnovers per minute, the I183P 

mutation increases this rate ten-fold (Table 2, entry 1). With substrate 2b, which is 

consumed much more slowly, the improvement is even greater, with mutations L161V and 

I165T increasing the initial rate twenty-fold (Table 2, entry 2). If the initial rates are taken as 

an approximation for kcat, then the optimized activity with the nitroalkanes is comparable to 

the activity of the natural enzyme with the native substrates (indole and serine).23 Strangely, 

the active-site mutations also increased the rate of the native reaction (Table 2, entry 3).

Under standard reaction conditions (5,000 maximum turnovers, 12 hours), products 3a and 

3b were formed with 4,000 and 2,700 turnovers, respectively (Chart 1). Although not as 

optimized, the catalysts also exhibited promising activity with a range of other nitroalkanes, 

including nitrocyclopentane, which was converted to product 3c with 1,500 turnovers. The 

enzymes can also tolerate analogs of substrate 2a with substituents at all positions on the 

aryl ring (e.g., products 3d–f). The method-substituted product 3g was not detected with any 

of the enzymes, though this may be due to product instability.
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Although products like 3a technically contain two stereocenters, the carbon adjacent to the 

nitro group is readily deprotonated, leading to an approximately 1:1 mixture of 

diastereomers. We therefore tested an analog of substrate 2a, in which one of the acidic 

protons was replaced with a methyl group. We also tested substrate 2a with threonine in 

place of serine, since previously we showed that TrpB enzymes could convert β-substituted 

serine analogs into products with defined stereocenters at both the α and β positions.21,24 

Although we observed new compounds matching the expected masses of products 3h and 3i, 
these were formed in low levels. With further engineering, it may be possible to use this 

methodology to synthesize ncAAs with multiple stereocenters.

A key feature of the nitro group is that it can be directly converted into other functional 

groups or removed entirely. Since Crossley and co-workers have already shown how 

compounds resembling product 3b are precursors to other classes of amino acid,25 we 

focused on exploring product 3a as a precursor (Scheme 2). For example, the nitro group can 

be hydrolyzed to ketone 4, which is an analog of kynurenin, a component of the antibiotic 

daptomycin. The nitro group can also be removed entirely to make homophenylalanine (5), a 

component of the anticancer drug carfilzomib. Thus, the enzymatic products can be used to 

prepare a much wider range of compounds.

In conclusion, nitroalkanes were demonstrated to be a versatile substrate class for variants of 

the enzyme TrpB from Pyrococcus furiosus. Coupling of nitroalkanes with serine delivers 

enantioenriched noncanonical amino acids with aryl and alkyl side-chains. Even for 

substrates with little structural similarity to indole, as few as two mutations were sufficient 

to increase the reaction rate to levels comparable to the native enzymatic reaction. 

Identification and exploitation of substrates that form water-compatible nucleophilic carbon 

species can greatly expand the products accessible to biocatalysis.
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Figure 1. 
Amino-acid synthesis using TrpB. (a) Mechanism of enzymatic reaction. (b) Tautomerism of 

nitroalkanes.
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Figure 2. 
Turnovers in 12 hours by parent enzyme Pf(β-Me) and variants with active-site mutations 

(see SI Section 2.6 for details).
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Figure 3. 
Active site of Pf(β-Me) with the PLP-bound amino-acrylate (PDB ID: 5vm5).

Romney et al. Page 9

ACS Catal. Author manuscript; available in PMC 2020 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Dependence of initial rate on pH of reaction buffer (see SI Section 2.8 for details).
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Scheme 1. 
Screening reactions for enzyme engineering
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Scheme 2. 
Product 3a as a precursor to other compounds
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Chart 1. Scope of amino acid products
HPLC yield in 12 hours at 50 °C (50 mM of each substrate, 5,000 maximum turnovers). See 

SI Section 2.11 for details. aReaction with Pf(NMB). bReaction with Pf(NC).
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Table 1.

Mutations in TrpB variants

variant mutations

Pf(β-Me) I16V, E17G, I68V, F95L, F274S, T292S, T321A, V384A

Pf(NMB) Pf(β-Me) + I183P

Pf(NC) Pf(β-Me) + L161V, I165T
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Table 2.

Initial rates in reactions with serine
a

entry substrate

turnover frequency (min −1)

Pf(β-Me) Pf(NMB) Pf(NC)

1 2a 3.1 ± 0.4 29.7 ± 0.4 –

2 2b 0.43 ± 0.01 – 8.9 ± 0.2

3 indole 33.5 ± 0.5 82 ± 3 62 ± 3

a
See SI Section 2.10 for details.
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