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Abstract

Transcriptional control can be used to program cells to label proteins with non-canonical amino
acids by regulating the expression of orthogonal aminoacyl tRNA synthetases (aaRSs). However,
we cannot yet program cells to control labeling in response to aaRS and ligand binding. To
identify aaRSs whose activities can be regulated by interactions with ligands, we used a
combinatorial approach to discover fragmented variants of £scherichia coli methionyl tRNA
synthetase (MetRS) that require fusion to associating proteins for maximal activity. We found that
these split proteins could be leveraged to create ligand-dependent MetRS using two approaches.
When a pair of MetRS fragments was fused to FKBP12 and the FKBP-rapamycin binding domain
of mTOR, and mutations were introduced that direct substrate specificity towards azidonorleucine
(Anl), Anl metabolic labeling was significantly enhanced in growth medium containing
rapamycin, which stabilizes the FKBP12-mTOR complex. In addition, fusion of MetRS fragments
to the termini of the ligand-binding domain of the estrogen receptor yielded proteins whose Anl
metabolic labeling was significantly enhanced when 4-hydroxytamoxifen was added to the growth
medium. These findings suggest that split MetRS can be fused to a range of ligand-binding
proteins to create aaRS whose metabolic labeling activities depend upon post-translational
interactions with ligands.
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Introduction

In synthetic biology, cells are programmed to dynamically adjust their metabolic activity as
environmental conditions change by altering transcription, translation, and protein
degradation. To understand the proteome-wide consequences of these programs, variation in
protein content can be measured using mass spectrometry.1-2 When performing proteomic
measurements, it can be challenging to obtain spatial and temporal resolution within
complex cellular populations, especially in multicellular organisms that are made up of
many cell types. One strategy that has emerged to improve the spatial and temporal control
over mass spectrometry used for proteomics is bioorthogonal non-canonical amino acid
tagging (BONCAT).3 In BONCAT, a complex cell population is provided a non-canonical
amino acid bearing a bioorthogonal functional group, and a natural or engineered aminoacyl
tRNA synthetase (aaRS) is used to charge cellular tRNA with the non-canonical amino acid.
4-7 proteome labeling then arises as the charged tRNA is used for protein translation.
Proteins bearing bioorthogonal functional groups can be selectively reacted to add affinity
tags’+® for enrichment and purification or reacted to add fluorescent dyes®10 for
visualization of labeled proteins and cells.

Orthogonal aaRS have been developed that allow for transcriptional control over BONCAT
by introducing mutations into natural aaRS$ that direct substrate specificity towards non-
canonical amino acids.1114 For example, directed evolution was used to identify mutations
(L13N/Y260L/H301L) within £. coli MetRS that allow this protein to efficiently utilize
azidonorleucine (Anl) as a substrate.1> By coupling the transcription and translation of this
mutant protein (NLL-MetRS) to specific cells in a community, cell selective Anl metabolic
labeling can be achieved.16:17 Because the activity of a single promoter only affords limited
spatial control in communities of cells experiencing a range of environmental conditions, a
two-fragment NLL-MetRS was developed that functions as a bipartite transcriptional AND
gate,18 similar to that realized with other proteins.1® With this split NLL-MetRS, improved
spatial control over BONCAT could be achieved by linking NLL-MetRS fragment
expression to a pair of conditional promoters that were activated by two different
environmental cues, such that metabolic labeling only occurred in the subset of cells where
the first and second promoters were activated.1® Thus, this split NLL-MetRS only charged
tRNA with Anl efficiently when the first AND the second fragments were transcribed. While
this split protein AND gate allows for increased spatial and temporal control over BONCAT
using transcriptional programs, whose design can at times be automated,2° the activity of
these split proteins can only be switched on by environmental conditions that alter the
activity of promoters. This limitation in regulation could be overcome by developing new
components for transcriptional regulation! or by using protein engineering to generate aaRS
whose activities are dependent upon post-translational regulation such as ligand binding.

One strategy that can be used to engineer proteins whose activities are regulated by ligand
binding is to split proteins into fragments that are inactive unless they are fused to a pair of
proteins whose association is stabilized by ligand binding (Figure 1a).22 Alternatively, a pair
of protein fragments can be fused to the different termini of a ligand-binding domain to
create a single polypeptide whose activity is switched on and off in response to ligand-
dependent conformational changes (Figure 1b).23 Neither of these approaches has yet been
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applied to an aaRS. Herein we describe the identification of split aaRS whose fragments
require fusion to ligand-binding proteins for maximal activity. As an initial proof of concept
application, we show that a three-hybrid system involving a rapamycin-stabilized protein-
protein interaction2425 can be used to switch on metabolic labeling of newly synthesized
proteins with Anl in £. coli. We also demonstrate that the activity of this split aaRS is
enhanced when fused to different pairs of interacting proteins, suggesting that it could be
coupled to a wide range of protein-protein interactions to regulate non-canonical amino acid
incorporation. Finally, we show that MetRS fragments can be fused to the termini of the
ligand-binding domain (LBD) from the estrogen receptor (ER), and we demonstrate that the
resulting polypeptide displays metabolic labeling activity that is enhanced by 4-
hydroxytamoxifen, an estrogen receptor modulator.26

Results and Discussion

Combining MetRS fission with fusion to peptides.

One way to discover split proteins that require assistance from protein-protein interactions to
associate and function is to build all possible split variants of a protein and screen for
variants that retain parent-like structure and function when the different fragments are
expressed as fusions to interacting proteins.2” To test whether this approach could be used to
discover MetRS fragments whose activity depends upon a protein-protein interaction, we
constructed a library that expresses randomly fragmented MetRS fused to a pair of peptides
(IAAL-E3 and IAAL-K3) that associate strongly, Kp = 70 nM.28 This EK library was built
using a one step procedure by modifying a previously described library of vectors that
express different fragmented variants of truncated MetRS (Figure S1), which were generated
by randomly fragmenting a MetRS truncation made up of residues 1-548 (designated
MetRS herein).18 This truncation was used to avoid variants that require only a single
fragment for activity, since it represents the minimal MetRS fragment that can be generated
with parent-like activity and stability.2° In the EK library, the IAAL-E3 and IAAL-K3
peptides were fused to the termini created by protein fission, rather than the original termini
of the parental protein. In each variant, the C-terminus of the MetRS fragment that precedes
the backbone fission site was fused to the IAAL-E3 peptide, while the N-terminus of the
fragment following the fission site was fused to the IAAL-K3 peptide. Both peptides were
fused through glycine-rich linkers because the residues in each peptide that become
covalently attached to the linkers are separated by 30 A in the structure of the IAAL-E3/K3
complex.30

To identify bipartite MetRS that are functional when fused to associating peptides, we
transformed our EK library into £. co/i CS50, a strain with a chromosomal mutation that
decreases MetRS affinity for methionine.3! Because this strain grows poorly on minimal
medium lacking methionine (Figure S2), we selected the library for vectors that
complemented CS50 growth on minimal medium lacking methionine. In this strain, the Trc
and T7 promoters used to control transcription of the MetRS fragments are both repressed
by the lac repressor, so their expression can be induced by the addition of isopropyl p-D-1-
thiogalactopyranoside (IPTG). However, these promoters were sufficiently leaky to allow for
selection of split MetRS that complemented £. co/i CS50 in the absence of IPTG.
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Sequencing colonies obtained from this selection identified six unique split MetRS variants,
which arose from backbone fragmentation after residues 464, 465, 467, 470, 472, and 521.
The locations of the backbone fission sites are all within the MetRS anti-codon binding
domain (Figure 2A),32 and many cluster within the region of the anti-codon binding domain
that is most distal from the catalytic site. These backbone cleavage sites all differ from those
previously identified in a study that analyzed the functional tolerance of MetRS to backbone
fission in the absence of protein fusion.® This previous study identified a larger number of
active bipartite MetRS, which arose from fragmentation within all four MetRS domains
(Figure S3), including the Rossmann fold, connective peptide, KMSKS, and anti-codon
binding domains.

Fragmented MetRS require assistance for activity.

The discovery of novel split MetRS that retain activity when fused to peptides that associate
suggested that some of these two-fragment MetRS might require assistance from the IAAL-
E3 and IAAL-K3 coils to function. This idea was tested by comparing the complementation
of each variant in the presence and absence of fusions to associating peptides. For this
complementation analysis, we monitored the extent to which each variant complemented E.
col/CS50 grown in liquid cultures. This approach was used to analyze complementation
because it provided quantitative information on growth in medium containing and lacking
methionine, including growth rate, growth delay, and area under the growth curve. With this
analysis, the ratio of each growth parameter +/— methionine was used as a proxy for split
MetRS activity. This comparison was chosen because it considered the growth
complementation by each variant (-methionine) as well as expression and fitness burdens
arising from translation of protein fragments (+methionine).

A comparison of split MetRS complementation of £. co/i CS50 +IAAL-E3/K3 revealed
complementation strengths that were dependent on fusion to associating peptides. When
fused to both IAAL-E3 and IAAL-K3 (Figure 2B, S4), all six of the variants enhanced £.
coli CS50 growth (-methionine) to a level that was significantly higher than cells
transformed with an empty vector. Removal of the IAAL-E3 and IAAL-K3 coils
significantly decreased complementation in all of the variants (Figure 2C, S5), albeit to
varying extents, suggesting that the N-terminal fragments alone are not sufficient for
maximal complementation. This observation led us to assess the relative translation rates
+peptide fusions using a thermodynamic model.33 This calculation revealed that peptide
removal differentially attenuates the strength of the ribosomal binding site (RBS) used to
initiate translation of the second fragment (Figure S6), although it has no effect on the RBS
used to initiate translation of the first fragment. To avoid changes in translation initiation
when disrupting the IAAL-E3 and IAAL-K3 interaction, we also examined the effect of
removing IAAL-E3 (but not IAAL-K3) on complementation by each split MetRS. Removal
of the IAAL-E3 peptide also significantly decreased complementation by all six variants
(Figure 2D, S7). This finding suggests that all six of the split MetRS require assistance from
interacting peptides for maximal activity.

One advantage of our library construction approach is that it generates constructs that can be
modified in a single step to express protein fragments fused to different pairs of interacting
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proteins (Figure S8). We took advantage of this characteristic to create vectors that express
all six split MetRS as fusions to 7hermotoga maritima chemotaxis proteins (CheY and the
CheY binding domain of CheA). CheA and CheY were chosen for this analysis because they
display high affinity for one another, Kp = 200 nM,3* and the residues in CheA and CheY
that become covalently attached to MetRS through peptide linkers are separated by 30 A in
the structure, similar to the IAAL-E3/K3 complex.30:34 When each split MetRS was fused to
CheA and CheY, a wider range of complementation strengths were observed compared with
the IAAL-E3 and IAAL-K3 fusion proteins (Figure S9). MetRS-521 complemented £. coli
CS50 growth strongly across all growth metrics analyzed, and this split MetRS was used for
all subsequent measurements.

To test whether interacting proteins with a smaller separation between their fused termini
also enhance MetRS-521 activity, we fused its fragments to SYNZIP-17 and
SYNZIP-18,35:36 which display high affinity (Kp <10 nM), and compared its
complementation of £. co/i CS50 with the complementation observed with other protein
fusions. The termini that become fused to MetRS fragments in the SYNZIP-17/18 peptide
complex are thought to have a smaller separation (<10 A) compared with IAAL-E3 and
IAAL-K3 because they associate into an antiparallel coiled-coil 3236 When MetRS-521
fragments were fused to SYNZIP-17 and SYNZIP-18, we observed strong complementation
across all growth metrics analyzed (Figure 3A, S10). This finding suggests that the SYNZIP
peptides restore MetRS-521 activity more than IAAL-E3/K3 and CheA/Y.

Effect of active site mutations on MetRS-521 specificity.

A previous study showed that the substrate specificity of a split MetRS can be directed
towards the non-canonical amino acid Anl by incorporating L13N, Y260L, and H301L
(NLL) mutations.1® To determine if MetRS-521 specificity can also be directed towards Anl,
we incorporated these NLL mutations into our different MetRS-521 constructs and
examined how Anl metabolic labeling by the resulting protein (NLL-MetRS-521) is
influenced by fusion of fragments to IAAL-E3 and IAAL-K3, IAAL-K3 alone, CheA and
CheY, and SYNZIP-17 and SYNZIP-18. Labeling experiments were performed by
transforming NLL-MetRS-521 constructs into £. coli CS50, growing cells to mid-log phase
in minimal medium containing methionine, and initiating metabolic labeling by transferring
cells to minimal media containing Anl but lacking methionine (Figure S11). After 18 hours
of growth at 37°C, cells were harvested, lysed, and reacted with a dibenzocyclooctyne
fluorescent TAMRA dye to visualize labeling. Anl labeling was quantified by measuring the
fluorescence of total protein after precipitating, washing each sample to remove unbound
dye, and normalizing the fluorescence signal to the total protein in each sample (Figure 3b).
To control for TAMRA reactivity with unlabeled protein, we performed identical
experiments where we did not add Anl. This analysis revealed NLL-MetRS-521 lacking
peptide fusions yields a protein-normalized fluorescence signal that is not significantly
greater than that observed with cells that do not express NLL-MetRS. In contrast, NLL-
MetRS-521 fused to different pairs of interacting proteins (IAAL-E3/K3, CheA/Y, and
SYNZIP-17/18) yielded labeling that was significantly higher than that observed with NLL-
MetRS-521 fragments lacking fusions to associating proteins. However, the signal varied
across the different NLL-MetRS-521 fragment fusions. Fragments fused to SYNZIP-17 and
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SYNZIP-18 yielded a fluorescence signal in the presence of Anl that was 230-fold higher
than that observed in experiments lacking Anl, a labeling enhancement that corresponds to
62% of the value observed with NLL-MetRS. The signal enhancements with fragments
fused to CheA/Y and IAAL-E3/K3 were 200-fold and 60-fold, respectively. Analysis of
each sample using SDS-PAGE and in-gel imaging revealed similar trends (Figures 3c—d),
with the SYNZIP-17/18 and CheA/Y yielding the highest signals among the different
variants tested. Taken together, these findings suggest that the total activity of NLL-
MetRS-521 fragments depends upon the affinity of the pair of proteins fused that are fused
to their termini, the physicochemical properties of the fused proteins, and the distances
between the residues in the interacting proteins that are fused to the NLL-MetRS-521
fragments.

To determine if MetRS-521 activity can be coupled to a conditional protein-protein
interaction whose stability depends upon ligand binding (Figure 4a), we analyzed metabolic
labeling in cells expressing NLL-MetRS-521 fragments as fusions to the FKBP12 and the
FKBP-rapamycin binding domain of mTOR (FRB). FKBP and FRB have strong affinity in
the presence of rapamycin (Kp = 12 nM) but weak affinity in its absence.2> To control for
the effects of rapamycin on metabolic labeling, we first investigated how the addition of
rapamycin affects metabolic labeling by NLL-MetRS. Similar metabolic labeling was
observed in cells expressing NLL-MetRS in the presence and absence of rapamycin (Figure
S12). To investigate whether Anl labeling can be controlled by rapamycin, we evaluated how
the addition of rapamycin influences metabolic labeling in cells expressing NLL-MetRS-521
fragments fused to FKBP12 and FRB. We found that labeling experiments performed in the
presence of 10 pM rapamycin yielded Anl incorporation that was significantly higher (7-
fold) than that observed in the absence of rapamycin (Figure 4b). For these experiments, we
induced protein fragment expression using a low level of IPTG (4 uM), which was found to
be optimal for a rapamycin-dependent labeling signal (Figure S13). Decreased labeling
efficiency was observed when higher levels of IPTG were used to induce MetRS labeling.
This trend was interpreted as arising because high levels of IPTG lead to a greater
consumption of cell resources for MetRS expression, thus limiting the resources for
synthesis of subsequent labeled proteins by MetRS. SDS-PAGE and in-gel fluorescence
analysis of the protein lysate from each experiment revealed trends consistent with our
solution measurements (Figures 4c—d). In addition, immunoblot analysis of the NLL-
MetRS-521 fragments revealed that both fragments were expressed in the presence and
absence of rapamycin (Figure 4e—f). This finding suggests that the 7-fold increase in
labeling observed in the presence of rapamycin arises because rapamycin stabilizes the
NLL-MetRS-521 fragment complex.

To understand the response time of our engineered protein, we evaluated how long it takes to
observe labeling at different times following the addition of rapamycin. Within ten minutes
following rapamycin addition, the labeling in the presence of Anl was 2-fold higher than that
observed in the absence of Anl (Figure S14). In contrast, no significant labeling was
observed at this time point in the absence of rapamycin.
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Using domain insertion to diversify ligand control.

In nature, ligand-dependent protein activity is thought to evolve through domain insertion,
1.e., the insertion of a ligand-binding domain into an enzyme. Protein switches can also be
engineered in the lab by mimicking this evolutionary process.23 For example, a recent study
showed that ligand control can be achieved over Cas9 by inserting the ligand-binding
domain (LBD) of human estrogen receptor (ER).3” This LBD was appealing to use for
domain insertion with MetRS because it undergoes a large conformational shift upon ligand
binding that alters the distance between the N- and C-termini.26:38:39 |n the case of B-
estradiol (B-E) binding, there is a ~27 A movement (from 64 to 37 A), while 4-
hydroxytamoxifen (4-HT) binding yields a larger movement (from 64 to 21 A).37

We hypothesized that the backbone fragmentation sites yielding active split MetRS upon
fusion to interacting proteins would also yield proteins that retain detectable activity upon
insertion of the ER LBD at the same sites. To test this idea, we created vectors that
expressed MetRS with the ER LBD inserted at six sites (after residues 464, 465, 467, 470,
472, and 521) and assessed whether these proteins complemented the growth of £. co/i CS50
(Figure S15). This LBD was fused using Gly-rich linkers that were identical in length to
those used for fusing the individual MetRS fragments to SYNZIP 17/18. All six MetRS
harboring an inserted ER LBD complemented £. co/i CS50 growth on minimal medium
lacking methionine to =30% of the complementation observed with cells expressing MetRS.
This finding provides evidence that MetRS retains some enzymatic activity even when the
ER LBD is inserted at these six different native sites, although it suggests that these proteins
have decreased activities (or expression) compared with that observed when the same split
MetRS are fused to interacting proteins. We additionally examined whether p-E and 4-HT
affect complementation. Complementation was observed in the presence of these ligands,
although the magnitude of this complementation was not significantly higher than that
observed without ligands.

To test whether a NLL-MetRS having the ER LBD inserted after residue 521 displays
ligand-dependent metabolic labeling, we created a vector that expresses this protein and
assayed Anl labeling activity in the presence and absence of 4-HT and B-E (Figure 5a). Anl
incorporation was increased in the presence of 4-HT (2.5-fold) and B-E (2.0-fold) compared
with that observed in the absence of ligands (Figure 5b). However, these increases were not
statistically significant. We next investigated whether insertion of the ER LBD at other
locations might yield NLL-MetRS that display ligand-dependent metabolic labeling. For
these experiments, we targeted the other five sites where MetRS fission was non-disruptive
to activity when the fragments were fused to interacting proteins. With each of these
variants, the average metabolic labeling observed in the presence of 4-HT and p-E was also
higher than that observed in the absence of ligands (Figures 5¢—g). However, 4-HT only
increased the Anl labeling activity significantly with the proteins created through insertion
of ER LBD after NLL-MetRS residues 464 (2.1-fold), 465 (3.9-fold), and 467 (6.3-fold). In
the case of B-E, increased labeling was also observed. However, the enhanced labeling was
not significantly higher than that observed in the absence of ligand. To control for the effects
of 4-HT and B-E on metabolic labeling, we also measured how these ligands affect
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metabolic labeling by NLL-MetRS. No significant changes in labeling were observed upon
addition of either 4-HT or B-E (Figure 5h).

Implications.

Mapping the non-disruptive backbone fragmentation sites identified in our combinatorial
experiment onto protein structure suggests that all six split MetRS require both of their
fragments for catalytic activity. For example, the backbone fragmentation site that yielded
MetRS-521, the variant arising from backbone fission closest to the C-terminus, occurs in an
unstructured region of MetRS that connects alpha helices 14 and 15, which are in the
anticodon binding and KMSKS domains, respectively.4? This polypeptide is thought to be
critical to the activity of MetRS because it contains a residue that has been implicated in
hydrogen bonding directly with the tRNA.#1 Additionally, this polypeptide makes multiple
residue-residue contacts with the anticodon binding domain,32:42 suggesting that residues in
this peptide are important for the structure and stability of the anticodon binding domain.
Because a previous truncation study showed that this polypeptide cannot be removed
without abolishing MetRS activity,29 these findings suggest that the low activity observed
when the NLL-MetRS-521 fragments are fused to proteins that do not associate (e.g., K
alone) arise because these fragments associate weakly in the absence of assistance.

Like the previously described NLL-MetRS-247, which does not require assistance from a
protein interaction for Anl labeling,1® all of the split proteins described herein should be
useful as a two-input transcriptional AND gate for controlling BONCAT when their
fragments are fused to pairs of proteins that form a stable complex, such as IAAL-E3 and
IAAL-K3. Our findings also suggest that NLL-MetRS-521 should be generally useful for
controlling BONCAT using post-translational binding that stabilize the MetRS fragment
complex. Our results with FKBP and FRB protein fusions provide evidence for this
application. When NLL-MetRS-521 fragments were fused to FKBP and FRB, enhanced Anl
metabolic labeling was observed in the presence of rapamycin, which stabilizes the FKBP-
FRB complex.2425 Taken together with the finding that NLL-MetRS-521 activity can be
enhanced by fusion to different pairs of interacting proteins, this observation suggests that
NLL-MetRS-521 activity could be coupled to other pairs of proteins whose association
depend upon metabolite binding,*3 metal coordination,** or post-translational modifications.
45 Additionally, response regulators from bacterial two-component systems that sense a wide
range of chemicals could be used to control NLL-MetRS-521 activity,® since many of these
proteins displayed enhanced dimerization as part of sensing mechanism.4"48 While response
regulators could already be used to control the activity of the full-length NLL-MetRS
through transcriptional mechanisms, post-translational regulation is expected to allow for
control over metabolic labeling on a shorter time scale compared with transcriptional
approaches.*® Another potential advantage of using post-translational regulation rather than
transcriptional control is that this approach allows for enhanced levels of aaRS in cells that
lack non-canonical amino acids, 7.e., the NLL-MetRS variant responsible for labeling can
accumulate prior to metabolic labeling. With transcriptional control, NLL-MetRS is likely
synthesized using non-canonical amino acids as they accumulate in cells, which could
impact its ability to label other proteins. Future studies will be needed to better understand
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the benefits of using post-translational regulation for metabolic labeling and to establish the
diversity of protein-protein interactions that can regulate NLL-MetRS-521 activity.

Our results illustrate how a combinatorial library encoding split proteins can be used to
rapidly identify bisected proteins that require assistance from interacting proteins for
maximal activity to create ligand-stabilized bipartite protein AND gates. Selection of our EK
library yielded six variants that all required the peptide fusions for maximal activity. Half of
these variants (467, 472, and 521) displayed enhanced activity when fused to globular
proteins that interact, CheA and CheY.3* These findings are similar to those from a recent
study examining the effects of fission and fusion on the sensory core of a
baceriophytochrome,2” where a large fraction of the two-fragment bacteriophytochromes
that exhibited enhanced fluorescence when fused to IAAL-E3 and IAAL-K3 also displayed
increased fluorescence when fused to CheA and CheY.2” A comparison of our EK library
results with studies of MetRS fission in the absence of fusion illustrates the benefits of using
peptide assembly to assist with fragment complementation in combinatorial libraries. All of
the split MetRS discovered in our EK library arose from fission at locations distinct from
split MetRS that retain activity without assistance.18 This observation suggests that IAAL-
E3 and IAAL-KS, or their peptide linkers, are disruptive to the function of many split MetRS
that are active in the absence of peptide fusions. The underlying cause of this trend is not
known. However, the structure of the IAAL-E3/IAAL-K3 complex suggests one possible
mechanism.30 The IAAL-E3 and IAAL-K3 termini that become fused to MetRS fragments
have a large 30 A separation,3° which could prevent the fused termini in the MetRS
fragments from achieving an active structure even though they bring the MetRS fragments
into close proximity. Consistent with this idea, the SYNZIP-17 and SYNZIP-18 peptides,
whose termini are expected to have a smaller separation,3538 enhanced the activity of
MetRS-521 to a greater extent. Additional studies will be needed to determine if the
SYNZIP-17/SYNZIP-18 peptides are disruptive to the function of some split MetRS that
retain activity in the absence of peptide fusions.

Multiple mechanisms could be responsible for the increased azidonorleucine incorporation
observed when NLL-MetRS-521 fragments were expressed as fusions to pairs of proteins
that associate, /e, IAAL-E3/IAAL-K3, SYNZIP17/18, and CheA/Y. One or both of the
MetRS fragments might display increased solubility when expressed as fusion to other
proteins, similar to that observed with split GFP that have been developed as solubility
screens.®0 Alternatively, the NLL-MetRS-521 fragments could be soluble in the absence of
protein fusions, but require assistance to form a stable active complex. A comparison of our
metabolic labeling by NLL-MetRS-521 fragments that had been fused to different proteins
suggests that both mechanisms might underlie the activity of this split protein. In the case of
our FKBP/FRB protein fusions, a low level of metabolic labeling was observed in the
absence of rapamycin. The activity observed when NLL-MetRS-521 fragments were fused
to these globular proteins was higher than that observed when only one fragment was fused
to a peptide (e.g., IAAL-K3) or when both fragments lacked protein fusions. Taken together,
these findings suggest that fusing both fragments to globular proteins that do not form a
complex enhances their solubility. With the FKBP/FRB protein fusions, we also found that
addition of rapamycin enhanced activity. This observation provides evidence that the
stabilization of the FKBP/FRB complex correlates with metabolic labeling activity.
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We provide evidence that ligand regulation of metabolic labeling by NLL-MetRS can be
diversified using domain insertion. When the ER LBD was inserted at the backbone
fragmentation sites that yielded our original six functional split proteins, half of the proteins
displayed metabolic labeling activity that was significantly enhanced in the presence of 4-
HT. This labeling enhancement was statistically significant compared with that observed in
the absence of 4-HT. The best protein designed using this approach (NLL-MetRS-467)
yielded a 6.3-fold change in labeled protein. This increase in Anl labeling activity is similar
to that achieved with our rapamycin-dependent system (7-fold), which was built using a
different split variant (NLL-MetRS-521). However, the enhancement of Anl labeling in
response to these two different chemicals is smaller than that observed with full-length NLL-
MetRS (370-fold) and NLL-MetRS-521 having its fragments fused to the SYNZIP17 and
SYNZIP18 peptides (230-fold), which strongly associate.36 This finding indicates that our
library design approach can identify MetRS backbone fragmentation sites to target for
domain insertion when creating protein switches, and it suggests that additional proteins
could be inserted at these NLL-MetRS backbone fragmentation to diversify the ligand-
dependence of NLL-MetRS activity, such as the periplasmic binding proteins whose
chemical-dependent conformational changes have been used to control the emission from
fluorescent protein reporters, such as maltose binding protein.51 However, the protein
switches created using this approach will require additional optimization to decrease their
background labeling while simultaneously improving the maximal level of labeling activity
in the presence of ligand. In cases where optimization is needed, cell-surface display of non-
canonical amino acids can be used as a screen to discover NLL-MetRS-521 mutants with
optimized regulation.’

The split proteins described herein are expected to be useful for extending control over
BONCAT in a range of organisms. The parental NLL-MetRS used to build our split protein
can metabolically label newly synthesized proteins with Anl in £. co/i15 the microbial
pathogen Yersinia enterocolitica>® and mammalian cells.53 Post-translational regulation of
BONCAT could be extended to other organisms by subjecting other mutant aaRS to random
fission and directed fusion using a recently described transposase mutagenesis approach.2”
Mutations have been identified that direct the substrate specificity of insect and murine
MetRS towards Anl, which allow for genetic control over BONCAT in a range of eukaryotes
(fly, hamster, monkey, and human).54:55

All enzymes used for molecular biology were from New England Biolabs and
ThermoFisher, synthetic oligonucleotides were from Integrated DNA Technologies,
nucleotides for PCR were from Roche, bacterial growth medium components were from
Sigma-Aldrich and Amresco, and antibiotics were from Research Products International.
DNA clean up and plasmid purification kits were from Zymo Research and Qiagen,
respectively.
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Library construction.

To create vectors that express different split MetRS as fusions to IAAL-E3 and IAAL-K3, a
previously described vector library that expresses different two-fragment MetRS without
fusions was digested with Notl,18 the Notl-flanked insert in this library was removed, and
the ek-kanR insert coding for IAAL-E3 and IAAL-K3 was ligated in its place.2” The
resulting EK vector library was transformed into £. coli using electroporation, spread on
LB-agar medium containing 25 pg/mL kanamycin, and incubated at 37°C. After 16 hours,
>10,000 colonies were obtained. Assuming sampling with replacement, we estimate that the
EK library sampled ~95% of the variants in the original library digested with Notl. All
colonies were harvested and pooled, and DNA encoding this EK library was purified using
Qiagen miniprep Kit.

Bacterial complementation.

Electroporation was used to transform the EK vector library into a DE3 lysogen of £. coli
CS50, a strain that displays reduced growth rates on minimal medium lacking methionine
because it has a chromosomal mutation that decreases the affinity of MetRS for methionine.
56 Cells were spread onto M9-agar plates containing every amino acid except methionine,
and plates were incubated at 37°C. Approximately 50 colonies appearing after 18 hours
were used to inoculate LB cultures containing 50 pg/mL kanamycin. DNA from each culture
was purified after overnight growth and sequenced, and sequenced variants with both
fragments in frame were subjected to further analysis. Split proteins were named based on
the last MetRS residue in the fragment that precedes the backbone fission site. This residue
is also the first residue in the second fragment, because the transposase method used for
library construction creates a five base pair duplication at the site of DNA insertion.>”

Growth analysis.

E. coli CS50 were transformed with sequence-verified plasmids and spread on LB-agar
plates containing 50 pg/mL of kanamycin. After overnight growth at 37°C, colonies from
each transformation were used to inoculate M9 liquid cultures (1 mL) containing all twenty
amino acids and 50 pg/L ampicillin in deep 96 well plates. Six or more colonies were used
for each experimental condition unless noted otherwise. Plates were grown at 37°C while
shaking at 250 rpm. After 16 hours, a 96-pin replicator (V&P Scientific, Inc.) was used to
transfer 0.2 pL of the overnight cultures to fresh M9 medium (+/-methionine) containing 50
ug/mL ampicillin in shallow flat-bottom 96 well plates. When comparing the effects of
different chemicals on growth (xmethionine and ligand), experiments represent biological
replicates from unique colonies. Culture growth was measured in these plates by monitoring
absorbance at 600 nm every five minutes for 24 hours while shaking at 216 rpm using a
Tecan M1000 Pro plate reader. Growth data was fit to a simple exponential model using the
software R to obtain different growth parameters (rate, delay). In addition, the integrated
absorbance over the full 24 hours of growth was used to calculate area under each growth
curve.
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Vector construction.

Constructs from the EK library that complemented £. co/i CS50 were digested with Notl to
remove the DNA encoding the IAAL-E3 and IAAL-K3 coiled coils (ek-kar’), and different
Notl flanked DNA inserts (f1-kan”, k-kar®, ay-kar’)?":57 were subcloned in place of this
DNA to create vectors that express split MetRS fragments without fusions (#Z-kan”), with
only one fragment fused to the IAAL-K3 coil alone (k-kar’), and with the pair of fragments
fused to the chemotaxis proteins CheA and CheY (ay-kar’™). Notl-flanked DNA inserts
encoding the SYNZIP-17/SYNZIP-18 peptides and FKBP12/FRB were synthesized as
gBlocks by IDT, the kar® selectable marker was inserted into these synthetic DNA using
standard cloning methods to create sz-kan”” and ff-kan”, and the resulting DNA were cloned
in the vector expressing MetRS-521 to create vectors that express MetRS fragments fused to
these pairs of proteins. To create vectors that express NLL-MetRS-521 fragments as fusions
to these different proteins, we cloned the gene encoding NLL-MetRS into pPROEX1 (Life
Technologies), the resulting vector was PCR amplified using primers that insert a Notl site
after the codon encoding residues 464, 465, 467, 470, 472, and 521. The different Notl-
flanked inserts were cloned into this restriction site. A Notl-flanked DNA insert encoding
residues 302 to 552 of the human estrogen receptor, corresponding to the ligand binding
domain, was synthesized as a gBlock by IDT. The ER-LBD gBlock was PCR-amplified and
inserted into pPROEX1 containing MetRS or NLL-MetRS split after the following residues:
464, 465, 467, 470, 472, and 521. All constructs were sequence verified.

Anl preparation.

Boc-azidonorleucine (Sigma-Aldrich) dissolved in dichloromethane was incubated with ag
HCI (6M) while stirring in the dark. Reaction progress was monitored by thin layer
chromatography (TLC) After 24 h, the reaction appeared complete. Azidonorleucine was
isolated as its hydrochloride salt after removal of the volatiles under vacuum. Deprotection
of 509 mg of boc-Anl resulted in 448.5 mg of unpurified product. As the tert-butyl cation
was not purified from the resulting product, our yield was estimated to be 88%. Data was
consistent with previously reported data,>8 and the salt was used without further purification.

Anl protein labeling.

The different NLL-MetRS-521 constructs were transformed into £. coli CS50 and plated
onto LB-agar medium containing 50 pg/mL kanamycin. Colonies obtained on these plates
were used to inoculate liquid cultures (4 mL) containing M9 medium, all twenty amino
acids, and 50 pg/mL ampicillin. After overnight growth at 37°C while shaking at 250 rpm,
the cultures were diluted 100-fold into M9 media containing all twenty amino acids and 50
ug/mL ampicillin and grown to mid log phase (OD ~0.5). Cultures were then induced with 4
UM IPTG. After 30 minutes, cultures were pelleted and split into two samples, and these
samples were resuspended in M9 medium (4 mL) containing 19 amino acids, 4 uM IPTG,
50 pg/mL ampicillin, and either 0 or 2 mM Anl. Cultures starting at an OD of ~0.25 were
grown overnight at 37°C while shaking at 250 rpm to allow for Anl incorporation. While the
MetRS fragments were constitutively produced at sufficient levels to complement £. coli
CS50 growth in the absence of IPTG, protein fragment expression required induction for
Anl metabolic labeling. A comparison of labeling using a protocol where samples were
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resuspended in medium containing 19 (-methionine) versus 20 amino acids revealed no
significant difference in the labeling activity of NLL-MetRS (p=0.47, two-tailed Welch’s t
test; Figure S16) under these different conditions. For each experiment, a unique colony
harboring the indicated protein expression plasmid was used for analysis, /., all data
represents biological replicates.

Visualizing labeled proteins.

Cultures grown +Anl were pelleted and resuspended in 50 mM Tris lysis buffer pH 8
containing DNase | (0.04 mg/mL) and cOmplete™ Mini, EDTA-free Protease Inhibitor
Cocktail (1 tablet per 20 mL). Each mixture was frozen at —20°C, thawed on ice, and
vortexed for five minutes. Total protein was determined in diluted aliquots (4-fold) using the
Bio-Rad protein assay, in which the diluted lysate (10 uL) was reacted with 200 pL of Bio-
Rad protein assay reagent in triplicate, and absorbance at 595 nm was analyzed using a
Tecan M1000 plate reader. The remaining undiluted lysate was treated with sodium dodecyl
sulfate (SDS) to a concentration of 1%. The lysate was vortexed for 5 minutes and pelleted,
and the supernatant was then treated with 0.5 M iodoacetamide for two hours to alkylate
cysteines and prevent non-specific reactions of the dibenzocyclooctyne dye with the native
protein. Proteins were precipitated by mixing supernatant (100 pL) and methanol (400 pL),
vortexing the mixture, adding chloroform (100 uL), vortexing until well mixed, adding water
(300 pL) and vortexing until well mixed. The resulting mixture was centrifuged for two
minutes at 14,000xg, the upper aqueous layer was discarded, methanol (400 pL) was added
to the lower organic layer containing the precipitated protein, the mixture was vortexed until
well mixed, and the mixture was centrifuged at 14,000xg for two minutes. All liquid was
removed from above the protein pellet, and the pellet was left to dry. The resulting pellet was
resuspended in Tris-Buffered Saline (TBS), which contained 50 mM Tris 150 mM NacCl,
and 1% SDS with a pH of 7.6. The solution was vortexed for 15 minutes until the pellet was
completely dissolved. Tetramethylrhodamine dibenzocyclooctyne (TAMRA-DIBO) was
added to a concentration of 30 uM and left to react for one hour at 23°C in the dark. Proteins
were precipitated as described above and resuspended in TBS. This process was repeated
two times to remove free TAMRA-DIBO.

Imaging of TAMRA-DIBO Modified Proteins.

Labeled proteins were transferred into a shallow 96 well plate and analyzed for fluorescence
(Aex = 542 nm; Agm = 568 nm) using a Tecan M1000 Pro plate reader. Fluorescence values
obtained from this analysis were normalized to the amount of protein in each sample, which
was determined using the Bio-Rad Protein Assay. After imaging, proteins were analyzed
using a 12% Novex Bis-Tris polyacrylamide gel under denaturing conditions. The gel was
excited at 370nm using an ImageQuant LAS400 Imager, and the resulting fluorescence was
imaged through an L41 filter, which absorbs light <410 nm. After measuring in gel
fluorescence, the gel was then incubated with coomassie blue stain to visualize total protein
(labeled and unlabeled). Each measurement analyzed the signal arising from samples
derived from different colonies that expressed the indicated proteins.
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Chemical-induced Anl labeling.

The vector expressing NLL-MetRS-521 fragments as fusions to FKBP and FRB were
transformed into £. co/i CS50 and plated onto LB-agar medium containing 50 ug/mL
kanamycin. The resulting colonies were grown overnight in M9 medium containing all
twenty amino acids and 50 pg/mL ampicillin. After overnight growth, cultures were diluted
100-fold into M9 media containing all twenty amino acids and 50 ug/mL ampicillin, and
cultures were grown until they reached mid log phase (OD ~ 0.5). Protein fragment
expression was induced by adding IPTG (4, 20, and 100 pM). Rapamycin dissolved in
DMSO was added to concentrations of 10 uM. A vehicle control was also used at 0.1%
DMSO. After 30 minutes, cultures were pelleted and resuspended into two separate 4mL
cultures with M9 medium containing 19 amino acids, 50 pg/mL ampicillin, IPTG (4, 20, and
100 pM), 10 uM rapamycin or 0.1% DMSO, and either 0 or 2 mM azidonorleucine. Cultures
were subsequently grown for 0, 10 min, 30 min, 1 hour, 3 hours or 24 hours overnight at
37°C while shaking at 250 rpm to allow for Anl incorporation. The concentration of
rapamyecin used in this study (10 uM) is higher than the level (1 uM) found to be optimal
previously.>® The previous study read out the activity of a rapamycin-stabilized split DHFR
through the complementation of £. coli growth. Our requirement for a higher rapamycin
concentration could arise from strain differences or because the strategies used to read out
rapamycin stabilized split proteins required different levels of protein fragment association.

Vectors expressing the different NLL-MetRS containing inserted ER LBD were transformed
into £. coli CS50 and plated onto LB-agar medium containing 100 pg/mL ampicillin. The
resulting colonies were grown overnight in M9 medium containing all twenty amino acids
and 50 pg/mL ampicillin. After overnight growth, cultures were diluted 100-fold into M9
media containing all 20 amino acids and 50ug/mL ampicillin, and cultures were grown until
they reached mid log phase (OD ~ 0.5). Protein expression was induced by adding IPTG
(4pM). B-estradiol and 4-hydroxytamoxifen were dissolved in DMSO and added to a
concentration of 10 pM. A vehicle control (0.1% DMSO) was used. After 30 minutes,
cultures were pelleted and resuspended into two separate 4 mL cultures with M9 medium
containing 19 amino acids, 50 pg/mL ampicillin, 4 pM IPTG, 10 uM B-E or 10 pM 4-HT or
0.1% DMSO, and either 0 or 2mM azidonorleucine. Cultures were subsequently grown
overnight at 37°C while shaking at 250 rpm to allow for Anl incorporation.

Immunoblot analysis.

Tetra-His (BSA-Free, Qiagen) and mTOR (human FRB Domain, Enzo Life Sciences)
antibodies were used to detect the MetRS-521 N- and C-terminal fragments, respectively.
Total protein analyzed using SDS-PAGE was transferred to Protran nitrocellulose
(Whatman), washed with 20 mL of TBST buffer (100 mM Tris pH 7.5, 150 mM NacCl, and
0.1% Tween 20) for 5 min three times and blocked with 10% dry milk. Membranes
containing identical samples were incubated with each antibody (1:1000 and 1:2000
dilutions, respectively) for 1 hour, and the membranes were incubated with a 1:1000 dilution
of a secondary goat anti-mouse 1gG conjugated to peroxidase (Calbiochem) and a 1:5000
dilution of a secondary goat anti-rabbit IgG conjugated to peroxidase (Calbiochem),
respectively. The signals were visualized using the ECL Western blotting substrate (GE
Healthcare) and imaged using film (Bio-Excell).
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Translation initiation calculations.

The effect of protein fusions on the translation initiation rates of MetRS-521 fragments was
determined using a thermodynamic model.33 For these calculations, the rate of translation
initiation at the start codon for each fragment was calculated using sequence that
encompasses 35 base pairs before and after the start codon.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Strategies used to create aaRS that regulate BONCAT using ligand binding.
(A) Assisted NLL-MetRS fragment complementation can be used to switch BONCAT on

and off. In this AND gate, two promoters (P; and P,) are used to control the transcription of
NLL-MetRS fragments (F1 and F2) which are expressed as fusions to a pair of proteins (X
and Y). In cases where a post-translational binding reaction is needed to stabilize the X-Y
complex, metabolic labeling requires four inputs. The transcriptional inputs 2; and P, need
to be on, the chemical that stabilizes the assembly of proteins X and Y must be present, and
cells must be provided the non-canonical amino acid Anl. (B) When NLL-MetRS fragments
are fused to the termini of a ligand-binding domain (LBD), BONCAT efficiency depends
upon ligand-induced conformation changes. In this AND gate, one promoter (P;) controls
the transcription of an NLL-MetRS containing an inserted LBD. In cases where ligand
binding alters the conformation and activity of NLL-MetRS, metabolic labeling requires
three inputs. The transcriptional input 2; must be on, the chemical that binds to the LBD
needs to be present, and cells must be provided the non-canonical amino acid Anl.
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Figure 2. Effect of peptide fusion on MetRS fragment complementation.
(A\) Structural models for fragmented MetRS created using PDB structure 3H9B.32 The

models illustrate the N- and C-terminal fragments in red and black, respectively. Split
MetRS are named based on the last residue within the N-terminal fragment that precedes the
peptide backbone cleavage site, e.g., MetRS-464 represents a split protein that arose from
fission after MetRS residue 464. In all cases the backbone cleavage sites (green) were all
distal from Anl (orange). (B) The activities of MetRS fragments fused to IAAL-E3 and
IAAL-K3 were assessed using bacterial complementation. For each variant, the relative
growth was calculated as the area under the growth curve over a 24 hour incubation in
minimal medium lacking (open bars) and containing methionine (closed bars). The values
below the bars represent the ratio of growth in the absence and presence of methionine. All
split MetRS significantly enhanced the growth ratio compared with £. co/f CS50 cells alone
(p<0.001, two-tailed Welch’s t test). (C) MetRS fragments lacking IAAL-E3 and IAAL-K3
and (D) fused to only the IAAL-K3 presented complementation that was lower than that
observed with MetRS fragments fused to both peptides. When fused to only one peptide, all
split MetRS presented growth ratios that were significantly lower than those observed when
fused to two peptides (p<0.05, two-tailed Welch’s t test). For each split protein, the error
bars represent £1o from 6 experiments, while the controls represent +1o from 24
experiments.
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Figure 3. Effect of protein fusion on NLL-MetRS-521 Anl-labeling activity.
(A) Culture absorbance at 600 nm was used to track the growth of £. coli CS50 transformed

with vectors that express MetRS-521 fragments alone (521) and as fusion to IAAL-E3 and
IAAL-K3 (EK), CheA and CheY (AY) and SYNZIP-17 and SYNZIP-18 (SZ). The relative
growth was calculated as the area under growth curve measured in medium containing
(closed bars) and lacking methionine (open bars). The values below each label represent the
ratio of growth £methionine. When MetRS-521 was fused to interacting proteins, the growth
ratio was significantly higher than that observed with MetRS-521 fragments alone
(p<0.0001, two tailed Welch’s t test). Error bars represent +1o from 8 experiments. (B) Anl
metabolic labeling in cells transformed with vectors that express NLL-MetRS-521 fragments
lacking protein fusions (521), as fusion to pairs of interacting proteins (EK, AY, and SZ),
and with one fragment fused to the IAAL-K3 peptide (K). Anl labeling of total cellular
protein was performed by growing cells in medium containing 2 mM Anl and 4 uM IPTG.

ACS Synth Biol. Author manuscript; available in PMC 2019 November 16.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thomas et al.

Page 22

Labeling was visualized by reacting cell lysates from each culture with TAMRA-DIBO,
measuring fluorescence, analyzing total protein in each sample using the Bio-Rad Protein
Assay, calculating the protein-normalized fluorescence to obtain relative fluorescence, and
comparing the signals with those obtained in identical experiments performed in the absence
of Anl. For each construct, the ratio of TAMRA fluorescence +Anl is provided below the bar
graph. Like full-length NLL-MetRS, NLL-MetRS-521 fragments fused to three different
pairs of interacting proteins presented a ratio that is significantly higher than that obtained
with cells transformed with an empty vector (p<0.05, two tailed Welch’s t test). In contrast,
NLL-MetRS-521 lacking protein fusions showed no significant increase in Anl labeling
compared with that observed in cells transformed with an empty vector. Samples were
subjected to (C) SDS-PAGE analysis and (D) in-gel imaging to visualize TAMRA-labeled
proteins. The error bars represent +1o from three experiments.
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Figure 4. Using rapamycin to regulate Anl labeling.
(A) A scheme illustrating how rapamycin was used to regulate BONCAT by stabilizing the

NLL-MetRS-521 fragment complex. (B) Effect of rapamycin on Anl labeling in cells
transformed with a vector that expresses NLL-MetRS-521 fragments fusions to FKBP and
FRB. Protein-normalized TAMRA fluorescence was measured in cell lysates that were
derived from cells that had been grown in the presence and absence of 10 uM rapamycin and
2 mM Anl. All experiments contained 4 UM IPTG. The ratio of the signals obtained £Anl is
significantly higher in cell lysates derived from rapamycin treated cells compared with
lysates derived from cells that lacked rapamycin (p< 1x1078 two tailed Welch’s t test).
Samples subjected to (C) SDS-PAGE to assess relative protein levels, (D) in-gel imaging to
visualize TAMRA-labeled proteins, (E) immunoblot analysis using an anti-Tetra His
antibody to determine the relative levels of the N-terminal fragments, and (F) immunoblot
analysis using a anti-FRB antibody to establish the relative levels of the C-terminal
fragments. The error bars represent +1o from 8 experiments.
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Figure 5. Using 4-hydroxytamoxifen to regulate Anl labeling.
(A) Scheme showing how 4-HT was used to regulate Anl labeling using NLL-MetRS

created by domain insertion. The effect of 4-HT and B-E on Anl labeling in cells expressing
NLL-MetRS having the ER LBD inserted after residue (B) 521, (C) 464 (D) 465, (E) 467,
(F) 470, and (G) 472. (H) Metabolic labeling in cells expressing NLL-MetRS is not altered
in the presence of 4-HT or B-E (p>0.2, two-tailed Welch’s t test). For each experiment,
protein-normalized TAMRA fluorescence was measured in cell lysates that were derived
from cells that had been grown in the presence and absence of 4-HT (10 uM), p-E (10 uM),
and Anl (2 mM). All samples were induced with 4 pM IPTG. The error bars represent the
standard deviation from three experiments. NLL-MetRS containing the ER LBD inserted
after residues 464, 465, and 467 present a significant increase in labeling (/.e., the ratio of
signals obtained £Anl) upon addition of 4-HT compared to the vehicle control (p<0.05, two-
tailed Welch’s t test).
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