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Abstract

We describe a genetic AND gate for cell-targeted metabolic labeling and proteomic analysisin
complex cellular systems. The centerpiece of the AND gate is a bisected methionyl-tRNA
synthetase (MetRS) that charges the Met surrogate azidonorleucine (Anl) to tRNAMéL. Cellular
protein labeling occurs only upon activation of two different promoters that drive expression of
the N- and C-terminal fragments of the bisected MetRS. Anl-labeled proteins can be tagged with
fluorescent dyes or affinity reagents via either copper-catalyzed or strain-promoted azide-alkyne
cycloaddition. Protein labeling is apparent within five minutes after addition of Anl to bacteria
cellsin which the AND gate has been activated. This method allows spatial and temporal control
of proteomic labeling and identification of proteins made in specific cellular subpopulations. The
approach is demonstrated by selective labeling of proteins in bacterial cellsimmobilized in the
center of alaminar-flow microfluidic channel, where they are exposed to overlapping, opposed
gradients of inducers of the N- and C-terminal MetRS fragments. The observed labeling profileis
predicted accurately from the strengths of the individual input signals.

The bio-orthogonal non-canonical amino acid tagging (BONCAT) method of proteomic
analysis enables enrichment and identification of selected subsets of cellular proteins 1. The
initial demonstration of the BONCAT method used the methionine (Met) surrogate
azidohomoalanine (Aha) as a metabolic label; addition of Ahato cells at selected time points
provides temporal control of proteomic labeling. In contrast to Aha, which isincorporated
into proteinsin all cells through the action of the wild-type methionyl-tRNA synthetase
(MetRS), the bulkier Met surrogate azidonorleucine (Anl) can be used to restrict labeling to
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cells that express amutant MetRS (designated NLL-MetRS)2. Sensitivity to cell state (e.g.,
to oxidative stress) can be achieved by controlling expression of the mutant synthetase with
carefully chosen promoters3. However, it is not yet possible to specify cell state more
precisely in such experiments, and to control proteomic labeling by integrating multiple
signalsto activate the NLL-MetRS.

Here we introduce a new approach in which multiple promoters (P1 and P2) are used to
regulate Anl incorporation into the E. coli proteome. The approach relies on construction of
asplit MetRS that generates a translational output only in cellsin which the P1 and P2
inputs are simultaneously on. The split MetRS functions as an AND gate to control protein
labeling (Figure 1).

We used protein fragment complementation to make a bisected MetRS8, prompted by the
work of Schimmel and coworkers who showed that the E. coli MetRS could be cut at six
different sitesto yield functional split variants’. To assess which of the peptide bonds in the
MetRS backbone should be broken to create fragments that associate to form the most active
enzymes, transposase mutagenesis was used to construct alibrary of vectors that express
split MetRS8 and active variants were selected via bacterial complementation. To avoid
variants that require only a single fragment for activity, a gene fragment encoding MetRS
residues 1-548 (designated MetRS henceforth) was used to construct the vector library
(Figure 2a). The 1-548 variant is the smallest MetRS fragment that has been reported to
exhibit near-native activity and stability®. E. coli strain CS50 was used for selecting
functional variants on medium lacking Met%; growth was visible only when cells expressed
an active MetRS (Figure 2b).

Selection by CS50-DE3 complementation yielded hundreds of colonies with varying
complementation strengths (Figure S1). DNA sequencing of these clones identified MetRS
variants with backbone cleavage sites lying within al four domains of the synthetase (Figure
2c, Table S1). Variants with the greatest complementation strength were cut within the
connective polypeptide and Rossmann domains. Mapping the locations of backbone
cleavage onto the MetRS structure (Figure 2d) revealed that cleavage in these domains
yields fragments that make large numbers of intermolecular residue-residue contacts in the
assembled enzyme (Figure S2).

We have shown previously that two MetRS triple mutants, L13N/Y 260/H301 (NLL) and
L13P/Y 260/H301 (PLL), charge Anl with good efficiency2. The corresponding mutations
were introduced into the vectors encoding the bisected MetRS variants that exhibited the
strongest complementation (those with cut sites at residues 48, 131, 183, 247, 272, 278, and
456) (Figure S3). E. coli CS50-DE3 cells transformed with each mutant vector were grown
to mid-log phasein liquid culture, and labeling was initiated by addition of 1 mM Anl (1,
Figure 2e). After 1 h, cellswere lysed and total cellular proteins were treated with alkyne-
tetramethylrhodamine (TAMRA) dye (2, Figure 2¢e) for labeling via copper-catalyzed azide-
alkyne cycloaddition (3, Figure 2e)*1314 After SDS-PAGE, TAMRA-labeled proteins were
detected by in-gel fluorescence imaging (Figure 2f). All fourteen of the NLL and PLL split
MetRS variants enabled Anl incorporation into cellular proteins. On the basis of this result
and the strong complementation observed for wild-type MetRS(247) (Figure 2b), NLL-
MetRS(247) was selected for further development.

To construct an AND gate for controlled labeling of cellular proteins with Anl, the coding
seguences for the N- and C-terminal fragments of NLL-MetRS(247) were placed in a pair of
vectors under control of Prg and Pgap promoters, respectively. As expected, NLL-
MetRS(247) showed IPTG- and arabinose-dependent activity, with the highest levels of
metabolic protein labeling observed in cultures supplemented with both inducers. To be
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useful asan AND gate, the system described here should be active only when both IPTG
and arabinose are present — not in the presence of a single inducer. However, we observed
some activity even in the absence of IPTG, presumably as a consequence of leaky
expression of the N-terminal fragment (Figure S4). This activity was readily eliminated by
catabolite repression (Figure S5)1%; in glucose-supplemented media, Anl labeling was
observed only upon addition of both IPTG and arabinose (Figure 3a—).

To investigate how the output of the AND gate was controlled by variation in input levels,
we used varying combinations of arabinose and IPTG concentrations to induce MetRS
fragment expression and Anl incorporation. We found concentration-dependent expression
of the N- and C-terminal fragments (Figure S6) and steep transitions between the on and off
states (Figure 3d, and Figure S6). The time-dependence of Anl-labeling under control of the
activated AND gate was monitored by detection of labeled proteins with an
azadibenzocyclooctyne-TAMRA dye; labeling was apparent within 5 min after addition of
Anl (Figure 3e). The rate of AND-gate activation upon induction by IPTG and arabinose
was also measured (Figure S7). The rate of activation will depend on the particular
promoters used to drive fragment expression.

Spatially controlled proteomic labeling of cells within complex multi-cellular systemsis
useful for study of avariety of important biological phenomena including biofilm formation
and developmental patterning®17. The MetRS AND gate provides a useful solution to such
challenges because it can be activated by spatially regulated signals. As a step toward this
goal, we sought to control Anl labeling in cells that are subjected to spatial gradients of
activators. A laminar-flow microfluidic channel was used to expose surface-immobilized
bacteria cells harboring the AND gate to opposing gradients of IPTG and arabinose. Anl
incorporation should occur only in cells that encounter sufficient levels of both inducers
(Figure 4a). The diffusion of IPTG and arabinose in the microfluidic channel was modeled
(Figure S8) and diffusion analysis results were used to estimate inducer profiles across the
width of the channel (Figure 4b).

Dye diffusion experiments enabled visualization of similar gradients during flow, and
confirmed the modeling results (Figure S9). To estimate the strengths of the individual
AND-gate inputs, E. coli DH10B cells were transformed with constructs that expressed GFP
under control of the same PT5 and PBAD promoters that were used for expression of the N-
and C-terminal fragments of the AND gate. GFP expression revea ed the activation profile
of each promoter as a function of position across the width of the channel (Figure 4c—).

Cells harboring the AND gate were immobilized in the microfluidic channel, exposed to the
inducer gradients and Anl for 4 h, then fixed and treated with an alkyne-functionalized
AlexaFluor 488 dye. Fluorescence imaging showed that Anl incorporation was confined to
cellsin the center of the channel (Figure 4e).

To confirm that the observed labeling profile is predictable from the strengths of the input
signals, we used the activation profile of each promoter as reported by GFP expression. As
expected, either for a bimolecular binding equilibrium or for a Boolean AND operation, the
scalar product of the inputs closely matched the output signal as measured by Anl
incorporation (Figure 4€). This result suggests that the protein labeling profile can be
adjusted, by tuning the input promoter strengths, to be more- or less-sharply dependent on
the gradients of local activators or morphogens. Conversely, using endogenous promoters to
drive the AND gate should provide labeling outputs that closely match spatial patterns of
promoter activation.

This work introduces a new AND gate based on protein fragment complementation®. The
AND gate can be used to restrict protein labeling to subsets of cellsin which specified
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promoters or genes of interest are active. Because the AND gate is genetically encoded, it
should be easily integrated with previously reported transcription-based logic gates (e.g.,
AND, OR, NOR, and XOR gates)1%18.19 g create more complex genetic circuits with
protein labeling as the output. As shown previously129.21 azide-labeled proteins can be
affinity-tagged and purified for analysis by mass spectrometry. Thus the AND gate provides
apowerful new tool for targeted analysis of cellular protein synthesis.

Supplementary Material

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

A genetic AND gate for proteomic labeling. Two promoters (P1 and P2) are used as inputs
to drive expression of E. coli MetRS fragments F1 and F2. tRNAMet is charged with Anl
only when the MetRS fragments are both expressed, and associate to form a functional
enzyme. Ribosomes use Anl-charged tRNAMet during protein synthesisin competition with
Met-charged tRNAMet. Newly synthesized proteins are labeled with azide groups, which
can be selectively tagged by the azide-alkyne cycloaddition®. Diverse promoter inputs can
be plugged into the AND gate to control proteomic labeling with Anl. The MetRS image
was created using PDB 2CSX°.
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Identifying fragmented MetRS variants that metabolically label proteinswith Anl. (a8) DNA
that contains a terminator, promoter (Pr7), and ribosomal binding site was randomly inserted
into the MetRS gene to create alibrary of vectors that express two-piece MetRS variantsS.
(b) Growth of E. coli CS50-DE3 cellsin the absence of Met is compared for cells that
express afunctional MetRS truncation comprised of residues 1-548 and split MetRS
variants. Ten-fold serial dilutions of cells were spotted on M9-agar plates and growth was
imaged after 24 h. (c) Complementation strengths of fragmented MetRS variants, which
were named based on the last residue encoded by their N-terminal fragments. (d) Color
coding of the connective polypeptide [CP, blug], Rossmann fold [R, green], KMSKS[K,
orange], and anticodon-binding [AB, purple] domains maps the locations of backbone
fission (yellow spheres) in functional variants onto the MetRS structurel. (€) Structure of
Anl (1), which can be detected in proteins after reaction with alkyne-functionalized
tetramethylrhodamine (TAMRA) dye (2). Copper-catalyzed azide-alkyne cycloaddition (3)
resultsin a stable triazole linkage. (f) Cells expressing the split NLL-MetRS and PLL-
MetRS from the vectors selected using bacterial complementation were grown in the
presence of Anl, and cell lysates were treated with TAMRA-akyne dye. In-gel fluorescence
image shows TAMRA labeling, which indicates Anl incorporation into cellular proteins.
Colloidal blue staining (bottom) was performed to compare protein loading across lanes.
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Genetic control of Anl incorporation into proteinsin cells that express the N- and C-terminal
fragments of NLL-MetRS( 247) under control of IPTG- and arabinose-inducible promoters.
(& Anl labeling of E. coli proteinsin the presence or absence of IPTG (1 mM), arabinose (5
mM), and Anl (1 mM). Cell lysates were treated with an alkyne-TAMRA dye, and in-gel
TAMRA fluorescence was imaged to detect Anl incorporation. (b) Colloidal blue staining of
the gel in (a) confirms similar total protein in each sample. (c) Western blot detection of the
N-terminal (green) fragment containing a Hisg tag and the C-terminal (blue) fragment
containing a hemagglutinin tag. (d) Effects of arabinose and IPTG levelson Anl
incorporation. Cell lysates were treated with alkyne-TAMRA, and the in-gel fluorescence
signal from TAMRA-labeled proteins was used to determine relative Anl incorporation
levels. Dots on the surface show conditions under which Anl incorporation was measured.

(e) Time-dependence of protein labeling upon addition of Anl to cells harboring the

activated AND gate. IPTG (1 mM) and arabinose (5 mM) were added to activate the AND
gate; Anl (1 mM) was added 3 h later (at 0 min on the time axis). Anl-labeled proteins were

detected by treatment with azadibenzocyclooctyne-TAMRA dye (R1); labeling was

quantified by in-gel fluorescence detection. When the AND gate was not activated but Anl
was present, no measurable incorporation was observed even after 1 h, as shown by the red

symbol.
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Figure4.

Spatial control of protein labeling. (a) A laminar flow microfluidic channel was used to
expose surface-immobilized cells to gradients of arabinose and IPTG. In this device, the
AND gate should be activated only in the center of the channel, where cells are exposed to
both IPTG and arabinose. (b) Modeling of inducer diffusion was used to determine cross-
channel concentration profiles of arabinose and IPTG at the locations shown by the arrows
in (c, d, and €). Schematic showsthat cellsin the middle of the channel should incorporate
Anl (gray); those on the periphery should not be labeled (purple). (c) Fluorescence image of
the microfluidic channel (top) seeded with cells expressing GFP under IPTG control, and
images of individual cells (bottom) that were incubated with varying combinations of
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inducers (left to right; 5 mM arabinose, 1 mM arabinose plus 0.1 mM IPTG, and 1 mM
IPTG). GFP fluorescence was quantified as a function of distance from the wall of the
channel at positions indicted by the arrows, and is plotted to the right. Fluorescence values
were normalized by setting the maximum fluorescence to 1. (d) Fluorescence detection of
arabinose-regulated GFP expression under conditions identical to (c); the corresponding
normalized fluorescence values are plotted to the right. (€) Detection of Anl incorporation
by labeling with TAMRA-akyne dye. Conditions are identical to those used for (c). The
plot to the right shows the TAMRA fluorescence intensity (red) as afunction of distance
from the wall of the channel. TAMRA fluorescence values represent the experimental output
of the AND gate, and were normalized by setting the maximum fluorescence to 1. Black
dots represent the products of the GFP fluorescence signals from plotsin (c) and (d), which
were point-wise multiplied to provide a measure of the predicted output of the AND gate.
The products were normalized by setting the maximum signal to 1 in order to allow direct
comparison to the TAMRA fluorescence values.
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