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ABSTRACT: We report that L-threonine may substitute
for L-serine in the β-substitution reaction of an engineered
subunit of tryptophan synthase from Pyrococcus furiosus,
yielding (2S,3S)-β-methyltryptophan (β-MeTrp) in a
single step. The trace activity of the wild-type β-subunit
on this substrate was enhanced more than 1000-fold by
directed evolution. Structural and spectroscopic data
indicate that this increase is correlated with stabilization
of the electrophilic aminoacrylate intermediate. The
engineered biocatalyst also reacts with a variety of indole
analogues and thiophenol for diastereoselective C−C, C−
N, and C−S bond-forming reactions. This new activity
circumvents the 3-enzyme pathway that produces β-
MeTrp in nature and offers a simple and expandable
route to preparing derivatives of this valuable building
block.

Amino acids possess a rich array of functionality that has
made them ideal building blocks for complex molecular

structures. In addition to the small set of amino acids that form
the basis of naturally occurring proteins, nature has produced a
myriad of noncanonical amino acids (ncAAs) that are non-
proteinogenic but are nonetheless prevalent in other classes of
natural products.1 Chemists have applied both natural and
artificial ncAAs in the development of chemical probes and
asymmetric catalysts as well as industrial products such as
agrochemicals and small-molecule pharmaceuticals.2 However,
the efficient synthesis of ncAAs is notoriously challenging
because it requires methods that can form the products in high
enantioenrichment while tolerating their dense functionality.3

The difficulty is compounded with β-branched amino acids,
which necessitate both enantio- and diastereoselective synthetic
methods.4 As a result, access to these compounds often requires
lengthy synthetic routes with the use of numerous protecting
groups. Biocatalytic routes to ncAAs present an attractive
alternative because they often feature exquisite stereoselectivity
and do not require protecting groups. As such, there is continued
demand for enzymes that can enable production of diverse
ncAAs.
A striking example of an enzyme with a broad substrate scope

is tryptophan synthase (TrpS), a pyridoxal phosphate (PLP)-
dependent enzyme that catalyzes the condensation of indole (1)
and L-serine (Ser, 2) to form L-tryptophan (Trp, 3, Figure 1a).5 It
is well-precedented that TrpS can accept nucleophiles other than

1,6 but the only electrophiles that are known to replace 2 are
amino acids such as L-cysteine and β-chloro-L-alanine, which lead
to the same products as 2, albeit with diminished efficiency.7 This
desirable reaction is catalyzed by the β-subunit (TrpB) of the
αββα heteromeric enzyme complex, but further expansion of the
substrate scope through protein engineering is complicated by
the presence of the α-subunit (TrpA), without which the
catalytic efficiency of TrpB is significantly attenuated.5 Recently,
we used directed evolution of TrpB from the hyperthermophile
Pyrococcus furiosus to create a variant, PfTrpB0B2, that maintains
high catalytic efficiency outside of the native heteroenzyme
complex.8 We explored the substrate scope of this stand-alone
enzyme with the hypothesis that any promising activity could be
optimized through further evolution for efficient production of
ncAAs.
We tested analogues of 2 with PfTrpB0B2, with the goal of

expanding the scope of substrates that can serve as electrophiles
in this reaction manifold (Figure S1). In the course of this
exploration, we were pleased to discover that L-threonine (Thr,
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Figure 1. (a) Condensation of 1 and 2 using wild-type TrpS from
different species. (b) Proposed reaction with 4 using engineered variants
of TrpB. (c) Examples of natural products with β-MeTrp as a
biosynthetic intermediate.
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4) could substitute for Ser to yield a single product that we
determined to be (2S,3S)-β-methyltryptophan (β-MeTrp, 5,
Figure 1b), corresponding to substitution with retention of
configuration (Figure 2).9

To our knowledge, this reactivity is unprecedented for TrpB.
While an analogous reaction has been reported for TrpS from
Salmonella typhimurium, this required a substantially stronger
nucleophile (benzyl mercaptan) to obtain even 1% of the activity
relative to Ser and the stereochemistry of the product was not
determined.10 Compound 5 is valuable because it is an
intermediate in the biosynthetic pathways to several natural
products such as maremycin and the antitumor agent
streptonigrin (Figure 1c).9,11 The chemical synthesis of 5 has
excellent selectivity but requires many chemical manipulations.12

Similarly, the biosynthesis of 5, which uses three enzymes in a
four-step pathway from 3 using (S)-adenosylmethionine as the
methyl source,9,11 is unsuitable for large-scale production of 5 or
its derivatives. The reaction reported here represents a
significantly more efficient route to this valuable intermediate.
We therefore sought to optimize the enzyme for this novel
reaction using directed evolution.
To identify the best parent enzyme for subsequent engineer-

ing, we first measured production of 5 using purified enzymes
from each generation in the evolution of PfTrpB0B2. PfTrpBWT

was an inefficient catalyst, performing just 66 turnovers in 24 h
(Table S1). This activity was enhanced approximately 6-fold with
the single amino acid substitution T292S and further to ∼660
TTN with the enzyme PfTrpB4D11, which incorporates four
additional mutations (E17G, I68V, F274S, and T321A).
PfTrpB0B2 exhibited a decrease in activity with Thr (Table S1)
compared to PfTrpB4D11, despite having higher activity with
Ser.8 We therefore selected PfTrpB4D11 as the parent for directed
evolution.
Previous studies have shown that the catalytic activity of TrpB

is governed by open−close transitions of the communication
(COMM) domain,5,8 and mutations that alter this dynamic in
the reactivated subunits are distributed throughout the protein
structure.8 As such, we elected to apply random mutagenesis for
the first round of evolution for activity with Thr. To determine an
optimal mutational load, we measured the retention of function
of 352 clones from libraries with different mutation rates (Figure
S2). In this process, we found six missense mutations in five

clones with at least a 2-fold increase in Vmax, obviating the need
for screening a more expansive library. The most active clone
from this library, PfTrpB4G1, had∼3.8-fold increased activity and
contained the single mutation F95L, which abuts the COMM
domain.
Notably, another activated variant contained two mutations,

I16V and Q89L, of which the former is adjacent to the E17G
mutation already present in the parent enzyme. These six
mutations were randomly recombined and the resulting variants
screened for activity, which resulted in the final variant
PfTrpB2B9. Three mutations, F95L, I16V, and V384A, were
retained in this enzyme, which is eight mutations away from wild
type and has at least a 6000-fold boost in productivity (Figure 3).
This increase is in part due to an elevated expression level of
soluble protein, from ∼80 mg PfTrpBWT per L medium to ∼350
mg of PfTrpB2B9.

To assess the basis of this new activity, we used UV−vis
spectroscopy, which reports on the steady-state distribution of
the PLP-bound intermediates in the catalytic cycle (Figure 2).
Addition of Ser to PfTrpBWT shifts λmax from 412 to 428 nm,
corresponding to transimination of the lysine-bound internal
aldimine, E(Ain), to a Ser-bound external aldimine, E(Aex1).

8

Unexpectedly, addition of 20 mM Thr to PfTrpBWT did not
result in any spectral shift indicative of Thr binding. However,
this experiment cannot distinguish between Thr simply not
binding or Thr binding noncovalently but not favoring formation
of E(Aex1). We soaked Thr into crystals of PfTrpBWT, and
diffraction yielded a 1.54 Å structure that shows Thr bound
noncovalently (Figure 4a, Table S2). The Thr hydroxyl forms a
2.7 Å hydrogen bond with the side chain of Asp300, an

Figure 2. Proposed catalytic cycle showing the expected UV−vis
absorbance peaks for key intermediates. Detailed discussion of the TrpS
mechanism is given in ref 5.

Figure 3. Productivity of 5 with heat-treated lysates of Escherichia coli
expressing PfTrpB enzymes. Productivity is defined as the amount of 5
formed after 90 min at 75 °C from a starting reaction mixture containing
20 mM of 1 and 4.

Figure 4. (a) Cocrystal structure of PfTrpBWT with 4 shows that Thr
binds noncovalently. Mesh corresponds to Fo−Fc omit map displayed at
2.5σ. (b) UV−vis spectrum of PfTrpB2B9 (black) shows a peak at 412
nm, corresponding to E(Ain). Addition of 20 mM 4 (red) has a mixed
population of E(Aex1) at 428 nm and E(A-A) at ∼350 nm, indicating
covalent substrate binding.
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interaction that is also observed in the Ser E(Aex1). Modeling of a
hypothetical Thr E(Aex1) that maintains the Asp300 hydrogen
bond reveals a strong steric clash between the Thr methyl group
and the backbone carbonyl of Gly298 (Figure S3), accounting for
the lack of E(Aex1) observed by UV−vis spectroscopy.
UV−vis spectroscopy was used to probe the basis for

enhanced activity through directed evolution. Addition of 20
mM Thr to the engineered proteins from each generation
resulted in a clear trend (Figures 4b and S4): the 412 nm peak
decreased while a new absorbance band at 350 nm with a broad
shoulder out to 550 nm appeared, consistent with accumulation
of the electrophilic aminoacrylate species E(A-A). A similar
phenomenon was observed during directed evolution for
independent TrpB function;8 however, comparison of the Ser-
and Thr-bound PfTrpB2B9 spectra indicates that E(A-A) with
Thr is much less stable (Figure S5).
The engineered PfTrpB2B9 enzyme has several desirable

features as a catalyst for β-MeTrp production. It is robustly
expressed in E. coli and can be prepared in a moderately pure
form as a heat-treated lysate (Figure S6), and its thermal stability
permits high reaction temperatures, routinely up to 75 °C, which
greatly increases the solubility of hydrophobic substrates.
However, in reactions with 1 equiv each of indole and Thr, we
observed only 44% conversion to product, corresponding to
2220 turnovers (Figure S7). A critical clue explaining this low
conversion came fromUV−vis spectroscopy, which revealed that
addition of Thr to PfTrpB2B9 results in a time-dependent
increase in absorbance at 320 nm, while the remainder of the
spectrum remains constant (Figure S8). We attribute this to α-
ketobutyrate production from the well-described deamination
reaction that results when a nucleophile does not add into C-β,
and E(Ain) is reformed through transimination.7 The precise
mechanism of deamination is unknown, but the net effect is an
abortive reaction wherein the aminoacrylate hydrolyzes to form
α-ketobutyrate and ammonium. We therefore added additional
equivalents of Thr to the β-substitution reaction with indole
(Figure S7), which enabled >99% conversion of indole to β-
MeTrp and up to 8200 total turnovers to the desired product
(Chart 1) with >99% ee and de.
With these reaction conditions, we next characterized the

substrate scope of the reaction with Thr. Previously, we screened
a small panel of indole-like nucleophiles for reaction with
PfTrpB0B2 and Ser.8 We expanded on this panel of nucleophiles
and tested for activity with PfTrpB2B9 using a 10-fold molar

excess of Thr to nucleophile (Chart 1). Reactions were run to
intermediate yield to determine the TTN with a given
nucleophile. The identity of the products was established with
a separate preparative-scale reaction using 100 mM nucleophile,
1.0 M Thr, and 0.02−0.13 mol % of PfTrpB2B9 catalyst. We
observed good reactivity with the 2-methyl and 6-methylindole
substrates, but decreased TTNs compared to indole demonstrate
that the active site is sensitive to steric perturbations. To probe
the role of electronic effects on the C−C bond-forming step, we
tested activity with 4-fluoro- and 5-fluoroindole, which are more
closely isosteric with indole but have decreased electron density
in the π-system. We observed product formation with each
substrate and 3.4-fold lower TTN with the 4-fluoro substrate,
which is more electron-deficient at C-3 than the 5-fluoro
substituent. Increased steric constraints of the active site were
again clear, as we did not observe any activity with the 5-chloro-,
5-bromo-, and 6-hydroxyindoles, which do undergo reaction
with Ser.8

A productive reaction with 220 turnovers was observed with 7-
azaindole, which is a substantially weaker nucleophile than
indole. Interestingly, a second product was detected in the
reaction with 7-azaindole that is consistent with N-alkylation.
This regioselectivity is well-known with indazole, which we
found reacts exclusively to form an N-alkylated product.
Surprisingly, we did not observe product formation with
indoline, which is a stronger nucleophile than both indazole
and indole and reacts significantly faster in the reaction with Ser.
Future studies will be needed to ascertain the origin of this effect.
Lastly, we tested for S-alkylation using thiophenol and measured
1300 turnovers.
In conclusion, we have discovered a new, non-natural

enzymatic route for the production of (2S,3S)-β-MeTrp. This
activity lies in the β-subunit of TrpS, which was subsequently
engineered for increased activity with Thr as the amino acid
donor. Development of the resultant catalyst, PfTrpB2B9, was
greatly facilitated by previous efforts to replace the native two-
enzyme system with a single stand-alone catalyst.8 The
engineered enzymes have high thermal stability and expression
in E. coli, enhancing their utility as practical catalysts. This
enzymatic route to β-MeTrp is dramatically shorter than
previous synthetic routes and also the native 3-enzyme pathway
to this natural metabolite.9,11 This study highlights the ability of
engineered biocatalysts to efficiently produce complicated
molecules from simple precursors and offers a simple and
expandable route for the production of β-methyl ncAA
analogues.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.6b04836.

Additional figures, experimental details, and character-
ization (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*abuller@caltech.edu
*frances@cheme.caltech.edu
Author Contributions
†M.H. and P.vR. contributed equally.
Notes
The authors declare no competing financial interest.

Chart 1. Production of β-MeTrp Analogues

aTotal turnover numbers are given in parentheses. Reactions
conducted in triplicate. Circles indicate the site of alkylation. bSingle
reaction conducted at 25 °C with 12.5 mM DTT. See Supporting
Information for further detail.
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