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consists of multiple mutations, including the ncAA, it is unlikely
that a single mutation could restore active protein in the
absence of the ncAA. The net result is to create two mutually
orthogonal protein interfaces, one of which strictly depends on
the presence of an ncAA.
To test this notion, we chose to use a homodimeric
chorismate mutase (CM) as the target protein. The ncAA pbenzoyl phenylalanine (pBzF) was chosen to create a new
interface due to its large nonpolar surface area and lack of
structural similarity to the canonical aromatic amino acids
(Figure 1A), and the availability of an orthogonal amber

ABSTRACT: We have engineered the protein interface of
the Escherichia coli chorismate mutase (EcCM) homodimer to be dependent on incorporation of a noncanonical
amino acid (ncAA) at residue 72. The large hydrophobic
amino acid p-benzoyl phenylalanine (pBzF) was substituted for Tyr72, which led to a catalytically inactive
protein. A library of ﬁve residues (Leu25′, Arg29′, Leu76,
Ile80′ and Asp83′) surrounding pBzF72 was generated
and subjected to a growth based selection in a chorismate
mutase deﬁcient strain. An EcCM variant (Phe25′,
pBzF72, Thr76, Gly80′ and Tyr83′) forms a stable
homodimer, has catalytic activity similar to the wild type
enzyme, and unfolds with a Tm of 53 °C. The X-ray crystal
structure reveals a pi−pi stacking and hydrogen bonding
interactions that stabilize the new protein interface. The
strategy described here should be useful for generating
organisms that are dependent on the presence of a ncAA
for growth.

I

n the past decade, we and others have shown that a large
number of noncanonical amino acids (ncAAs) with unique
chemical and physical properties can be added to the genetic
codes of both prokaryotes and eukaryotes.1−9 The essential
element is an orthogonal tRNA/aminoacyl-tRNA synthetase
(aaRS) pair that incorporates an ncAA in response to unique
“blank” codons without cross reacting with the translational
machinery of the host.1,2 This orthogonal ncAA translational
machinery can be used not only to confer an evolutionary
advantage,3−6 but also to generate ncAA dependent organisms
for use as vaccines or for biological containment.10−12 In
particular, bacteria and viruses that are dependent on the
presence of an ncAA for replication have been generated by
incorporating ncAAs in multiple essential genes.10−14 Although
computational approaches have proven very useful in the
design of proteins requiring ncAAs for activity,10 it remains a
challenge to engineer host strains that are strictly dependent on
ncAA incorporation into a single gene product.
We hypothesized that one can disrupt a protein−protein
interface by the introduction of a large amino acid side chain
which is dissimilar to any of the 20 canonical amino acids. It
should then be possible to reconﬁgure this “unnatural” interface
by mutagenesis of the surrounding residues to accommodate
the ncAA and restore function. Because the new interface
© 2017 American Chemical Society

Figure 1. Chorismate mutase Tyr72 site. (A) Chemical structure of
pBzF with A and B rings designated. (B) The wild type dimer is
illustrated in orange and gray color. The salt bridge and hydrogen
bonding network at the interface of helix 3, helix 1′ and helix 3′ are
shown in black dashed lines (PDB ID code 1ECM).

suppressor tRNA/aaRS that eﬃciently incorporates pBzF into
proteins in bacteria.8,9 The Escherichia coli (E. coli) CM
(EcCM) domain of bifunctional CM-prephenate dehydratase
forms a helical bundle homodimer.15,16 The CM is an essential
enzyme that converts chorismate into prephenate for aromatic
amino acid biosynthesis in bacteria, fungi, plants, and
apicomplexan parasites.17 An excellent CM-selection system
has been developed to identify mutants with enhanced activity
based on use of the CM deﬁcient E. coli strain KA12/pKIMPUAUC and growth in the absence of tyrosine and phenylalanine. The pKIMP-UAUC plasmid expresses Erwinia
herbicola prephenate dehydrogenase and Pseudomonas aeruginosa prephenate dehydratase, allowing it to utilize prephenate
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Figure 2. Schematic of selection strategy using the chorismate mutase deﬁcient E. coli strain KA12/pKIMP-UAUC/pUltra-BzF (Ec.ΔCM.BzF)
harboring pKTECM-Y72X-NNK5 plasmids in the presence of pBzF in deﬁned media. The library contains NNK mutations at the selected residues
(Leu25′, Arg29′, Leu76, Ile80′ and Asp83′; red bars) with an amber codon (TAG) at position 72 (yellow bar). N is A, C, G or T; K is G or T.

grew only in the presence of 1 mM pBzF; growth was
undetectable in the absence of pBzF after 6 days (Figure 3A).

in the shikimate pathway (Figure S1 in Supporting Information
(SI)).18 A plasmid pKTECM was then constructed for
expression of a CM which encodes the amino-terminal domain
(Met1-Leu92) of bifunctional E. coli CM-prephenate dehydratase encoded by the pheA gene under a tetracycline
inducible promoter (Figure 2).19 The KA12/pKIMP-UAUC
strain survives when transformed with pKTECM in glucose
minimal media (M9c) with tetracycline.
The subunit interface in the EcCM homodimer is composed
largely of alpha helices with interhelical hydrophobic packing
interactions and salt bridges. In particular, Tyr72 is located at
the amino-terminus of helix 3 and interacts with helix1′ and
helix 3′ through a salt bridge network and hydrogen bonding
involving Arg29′, Asp69, Asp83′ and bridging water molecules
(Figure 1B). In order to determine if Tyr72 is essential for
catalytic activity, we substituted Tyr72 with alanine. The
resulting Tyr72Ala mutant is catalytically inactive and failed to
rescue the KA12/pKIMP-UAUC strain in M9c media (Figure
S2 in SI). We therefore chose to substitute Tyr72 with pBzF
(termed ECA) and found this variant also to be catalytically
inactive (Figure S2 in SI).
To evolve ECA to be dependent on pBzF for growth, we
hypothesized that mutation of the residues surrounding pBzF72
might reconﬁgure the subunit interface to restore favorable
binding interactions. To this end, the codon at position 72 was
mutated to the amber codon TAG and the surrounding
residues (Leu25′, Arg29′, Leu76, Ile80′ and Asp83′) were
randomized (NNK) (Figures 1B and 2). We used the pUltraBzF plasmid (see Figure S3 in SI for details of pBzF
incorporation by pUltra-BzF) which expresses the tRNA/
aaRS pair speciﬁc for pBzF to aﬀord the selection system
KA12/pKIMP-UAUC/pUltra-BzF (Ec.ΔCM.BzF). We then
grew Ec.ΔCM.BzF harboring the EcCM library in M9c media
containing pBzF (1 mM), isopropyl 1-thio-β-D-galactopyranoside (1 mM) and tetracycline (100 ng/mL) at 30 °C until
saturated (Figure 2). Sequencing of 20 colonies from this
culture grown on LB-agar plates revealed that all clones
contained identical mutations at 5 residues along with the
amber mutation at position 72: Leu25′Phe, Tyr72pBzF,
Leu76Thr, Ile80′Gly and Asp83′Tyr (termed ECB).
We next characterized the pBzF dependent growth of
Ec.ΔCM.BzF transformed with the selected variant ECB
encoded on the plasmid pKTECB. Ec.ΔCM.BzF/pKTECB

Figure 3. Characterization of pBzF dependent growth of chorismate
mutase deﬁcient E. coli strain. (A) Optical density was monitored by
culturing Ec.ΔCM.BzF harboring pKTECM (solid line) or pKTECB
(dashed line) in the presence (red) or absence (black) of pBzF. (B),
(C) Survival of KA12/pKIMP-UAUC cells was monitored in selective
(M9c) or nonselective (M9c.FY) media. The dilution series (10-fold
dilutions from approximately 106 cells) of KA12/pKIMP-UAUC cells
harboring pKTECM or pKTECB-Y72X20 were spotted onto M9c and
M9c.FY agar plates and incubated at 30 °C for 3 days.

By screening 8 × 1010 cells for survival in the M9c-agar plate,
we determined the 10-day escape frequency to be less than 1.3
× 10−11 escapees per colony forming unit. This is well below
the acceptable rate of maximum escape frequency (10−8)
suggested in the biosafety guidelines of the National Institutes
of Health.20 To determine whether any of the 20 canonical
amino acids could substitute for pBzF at position 72, we
constructed 20 individual plasmids which contain each of the
20 canonical mutations at position 72. None of these mutants
were able to rescue KA12/pKIMP-UAUC in M9c media
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supplemented with tetracycline (100 ng/mL) at 30 °C (Figure
3B and Table S1 in SI). This result suggests that single
mutations at position 72 in ECB are unable to restore function.
To characterize the properties of the mutant protein, we
puriﬁed EcCM and ECB both containing a carboxy-terminal
hexa-histidine tag. The enzymes were puriﬁed using a Ni
aﬃnity column, followed by size-exclusion column chromatography (SEC) in a second step. The wild type chorismate
mutase has multiple quaternary structures assessed by analytical
SEC (Figure S4 in SI). Approximately 70% of the multimers
were catalytically active and 25% was dimer, consistent with a
previous report.16 In contrast, SEC showed ECB to be a
homogeneous dimer (94% of total eluate) which is catalytically
active. To determine the catalytic activity of ECB, the
conversion of the chorismate to prephenate was spectroscopically monitored at 274 nm (Figure S6 in SI). The kcat and Km
values of ECB (kcat = 10 ± 0.3 s−1; Km = 362 ± 27 μM; kcat/Km
= 28 000 M−1 s−1) are comparable to those of wild type enzyme
(kcat = 11 ± 0.4 s−1; Km = 645 ± 57 μM; kcat/Km = 17 000 M−1
s−1). The ECB dimer has high helical content, as expected, as
judged by circular dichroism spectroscopy (Figure S7A in SI).21
The somewhat higher ratio ([θ]222/208 of 1.20 for ECB versus
1.09 for EcCM) may reﬂects that ECB has a more compact
packing than the wild type protein. The unfolding transition
temperature of ECB is 53 °C, whereas that of EcCM is 62 °C
(Figure S7B in SI). The lower thermal stability is perhaps due
to the loss of the extensive salt bridge and hydrogen bonding
network involving Arg29′, Asp69, Tyr72 and Asp83′.
The X-ray crystal structure of ECB was determined at 2.0 Å
resolution (Figure 4; Figure S8 and Table S2 in SI). pBzF72 is
surrounded by Phe25′, Phe77′ and Tyr83′. The A and B aryl
rings of pBzF form parallel displaced pi-pi stacking interactions
with Tyr83′ and Phe25′, respectively. The A ring appears to

form a T-shaped pi-pi interaction with Phe25′.22 Phe77′
interacts with the B ring and Phe25 by T-shaped pi-pi
interaction. The carbonyl of pBzF72 interacts with the
backbone carbonyl of Phe25′ through a hydrogen bond with
a bridging water molecule. Thus, the mutations that were
selected to complement the Tyr72pBzF mutation lead to active
enzyme with properties similar to the parent enzyme.
The strategy described above allowed us to rapidly create a
homodimeric protein in which the protein−protein interface is
dependent on the selective incorporation of a ncAA. None of
the common amino acids were able to restore the interface
when substituted for pBzF72, and the reversion rate is
extremely low. Because catalytic activity depends on dimerization, the presence of pBzF is essential for the survival of
Ec.ΔCM.BzF/pKTECB in deﬁned media. Unfortunately,
because CM deﬁciency can be complemented by aromatic
amino acids in the host, this conserved enzyme is not a good
candidate for the development of conditional live vaccines.
Nonetheless, there are a large number of essential oligomeric
proteins that are candidates for this simple approach to creating
orthogonal protein−protein interfaces that are dependent on
ncAAs. It may also be possible to apply a similar strategy to
folding of the core of a monomeric protein.
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Figure 4. X-ray crystal structure of dimeric ECB is shown in orange
and gray color. pBzF is located at the interface with the surrounding
residues Phe25′, Phe77′ and Tyr83′. A water molecule (red sphere)
bridges the carbonyl of pBzF and backbone carbonyl of Phe25′ via
hydrogen bonding interactions (black dashed lines). Electron density
as a 2FoFc contour map (2σ) is shown in meshed surface around pBzF
(marine color); other residues are masked for clarity (PDB ID code
5VHT).
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