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ABSTRACT: Predictable engineering of complex biological
behaviors using characterized molecular functions remains a
key challenge in synthetic biology. To explore the process of
engineering biological behaviors, we applied a modular design
strategy to the development of E. coli that deliver macro-
molecules to the cytoplasm of cancer cells in vitro. First, we
specified five abstract, qualitative behaviors that would act in
concert to achieve payload delivery. Drawing from disparate
sources of previously described genetic components, we then
designed, constructed, and tested individual genetic circuits to
implement each module. Subsequent coupling of the modules
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and system optimization, aided by quantitative predictions, generated a system that delivers proteins to 80% of targeted cancer
cells. Development of an effective delivery system provides strong evidence that advanced cellular behaviors, not just
transcriptional circuits, can be rationally decomposed into a series of functional genetic modules and then constructed to achieve

the target activity with the existing synthetic biology toolkit.
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ynthetic biologists engineer genetic circuits for applications
ranging from biosynthesis to biotherapeutics." Although
the application of engineering strategies such as stand-
ardization, abstraction, and modularity has long been high-
lighted as the path to designing complex biological systems,”
early work generally relied on an ad hoc strategy, limiting
applications to relatively simple systems.’ More recently,
several groups have explicitly applied modular design to the
development of biosynthetic pathways,* biological computa-
tion,” and increasingly sophisticated logic functions.® However,
the challenge of predictably meeting a performance specifica-
tion using modular design from defined genetic subsystems
remains to be met. To elucidate the barriers to such design, we
created a modular design specification to engineer E. coli that
deliver macromolecules to the cytoplasm of cancer cells in vitro.
This problem is of sufficient complexity that it would be
inefficient to use post hoc design. Failure or poor performance
resulting from construction and testing of the entire system at
once would be difficult to troubleshoot. Further, even if the
problem were known, the lack of a modular, synthetic
infrastructure would hamper replacement of the faulty
component with a more effective one. Instead, we divide the
system into functional modules, assuming that the modules can
be independently fabricated and tested and that the modules
will behave predictably when connected together.
Advanced therapeutic strategies, such as gene therapy and
highly targeted cancer cell elimination, rely on intracellular
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delivery of biological macromolecules. Due to the instability of
important biomolecules in extracellular milieu, several strategies
for protecting biomolecules have been proposed.” Bacterial
delivery systems have been used for direct modification of
mammalian cells,® for delivery of biotherapeutics for cancer and
probiotic applications, and as a vector for systems where
traditional genetic delivery methods are insufficient.” They can
process information in situ, synthesize relevant biomolecules,
and access difficult to reach cell populations.'® Several examples
of engineered bacteria have been described based on attenuated
Listeria monocytogenes and other pathogens.''~'* However, use
of any attenuated pathogen runs the risk that it will recover or
retain uncontrolled aspects of its virulence, rendering this
approach infeasible as a general solution. To address this
problem, nonpathogenic E. coli have been explored as a
potential delivery vehicle'® for therapeutic applications
including gene therapy and cancer treatment.'® Functional
DNA has been delivered to a variety of mammalian cell
lines”'”'® by employing mutations in the native diaminopi-
melic acid (DAP) synthesis pathway that cause dividing
bacteria to lyse in phagosomes. However, bacteria can persist
unlysed inside of lysosomes for over 24 h,'” presumably due to
growth stasis in nutrient-limited phagocytic vacuoles. Com-
bined with the operational complexity of continuously
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providing DAP, this limits the applicability and efficiency of
current E. coli-based techniques and additional refinement of
this approach is needed to achieve therapeutic value in vivo.”
Here, we circumvent DAP mediated lysis by applying modular
design principles to engineer E. coli that actively lyse themselves
and the phagocytic vacuole in response to the vacuole
microenvironment.

We first specified the desired high-level system behavior.
Delivery starts with invasion of the bacterium into the
mammalian cell, resulting in bacterial uptake into a vacuole
(Figure la). After recognizing the vacuole microenvironment,
the bacterium lyses itself and the vacuole, delivering bacterial
macromolecules into the cytosol. Given the high complexity of
constructing the entire system de novo as a single genetic
program, we instead used the temporal separation of events to
decompose the system into five functional modules: a payload
device (PLD) that generates macromolecules for delivery, an
invasion device (ID) that initiates bacterial uptake into the
mammalian cell, a vacuole sensing device (VSD) that responds
to the vacuolar microenvironment, a self-lysis device (SLD)
that causes bacterial lysis, and a vacuole lysis device (VLD) that
ruptures the vacuole. Together, the ID, VSD, SLD, and VLD
modules comprise a complete genetic program (the Payload
Delivery Device, PDD) for delivery of macromolecules
generated by the PLD.

Guided by the module descriptions, we selected genetic
components with known biochemical activities to implement
each of the five modules. For modules with unclear engineering
requirements or limited prior characterization in diverse
contexts, we examined multiple device variants. The PLD
expresses two fluorescent proteins that enable visual tracking of
delivery to the mammalian cell (PLD, Figure 1b). Upon release
into the mammalian cytoplasm, RFP distributes throughout the
cytoplasm, while NLS'®-GFP concentrates in the nucleus. The
ID consists of constitutively expressed invasin (inv) from
Yersinia pseudotuberculosis® (ID, Figure 1b). Invasin binds to
Pl-integrins, surface proteins overexpressed by a variety of
human cancers,”' and induces bacterial uptake by phagocy-
tosis.”? In Figure 2a, several bacteria bearing the ID have been
phagocytosed by a human carcinoma cell (HeLa). This result is
consistent with previous work’® and confirms that the ID
independently confers an invasive phenotype. The VSD must
differentiate between encasement within a vacuole and other
growth environments. Based on the behavior of invasive
pathogens,” we reasoned that PhoPQ_responsive promoters,
likely responding to low Mg?* in the vacuole,”* would serve as
an appropriate trigger. We measured the Mg**-repressed (off-
state) and Mg**-starved activity (on-state) of a known PhoPQ
responsive promoter, Pp,p (Figure 3a), confirming its response
to Mg®" starvation.

We constructed two SLDs, each employing the holin,
antiholin, and lysozyme from either the 4 lytic system® or
the T4 lytic system.26 In these systems, free holin accumulates,
oligomerizes, and forms pores in the inner membrane.
Lysozyme then gains access to periplasm through those pores
and degrades the peptidoglycan layer, resulting in E. coli lysis.
Antiholin binds to holin and limits accumulation of lysis-
initiating holin oligomers. Because we observed that even
tightly regulated (Pgsp-controlled) expression of holin and
lysozyme alone caused growth instability (data now shown), we
pursued an architecture employing antholin to prevent
unwanted lysis. In our system, each device consists of a
promoterless operon containing holin and lysozyme followed
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Figure 1. Payload delivery scheme and device composition. (a)
Payload proteins are expressed throughout the delivery process (1).
An invasion module causes bacterial uptake into a vacuole (2), where
the bacterium responds to the vacuolar environment (3). This triggers
self-lysis (4) and subsequently vacuole lysis (5), leading to delivery of
the payload to the cytoplasm (6). (b) Composition of devices. PDD:
payload delivery device. ID: invasion device. VSD: vacuole sensing
device. SLD: self-lysis device. VLD: vacuole lysis device. PLD: payload
generation device. NLS: nuclear localization signal. GFP: green
fluorescent protein. RFP: red fluorescent protein. inv: invasin. Py,
Magnesium responsive promoter. A: activator (see Supporting
Information). P,: Activator responsive promoter. s: lysozyme. H:
holin. AH: antiholin. pfo: perfringolysin O. plc: phospholipase C. plcA:
phosphoinositide (PI)-specific phospholipase C. plcB: phosphatidyl-
choline (PC)-specific phospholipase C.

by a second, constitutively transcribed operon containing
antiholin (SLD, Figure 1b). This produces enough antiholin to
sequester low levels of holin resulting from leaky basal
expression, reducing premature cell death and achieving
threshold-gated lysis as described for systems with a similar
architecture.”’ To facilitate device integration, conditions
identical to those of the VSD assay (both in the presence
and absence of Mg*") were used to measure the effectiveness of
the SLDs. The A device outperformed the T4 device, causing
80% lysis at the highest transcription level tested in the absence
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Figure 2. Device and system function in vivo. E. coli bearing the payload device and one or more other devices were incubated with HeLa (A, B, C)
or U373 MG (D) cells and then observed by microscopy. (+): device is installed. (—): device is not installed. (a) The ID only. (b) The ID and the
VSD(P 1op) driving the SLD(A) without BRP. (c) The ID and the VSD(P 1op) driving the SLD(4) with BRP. (d) The ID, the VSD(ng,Bl) driving a
SLD(A) with BRP, and the VLD(degradation tagged pfo/plc) driven by a constitutive promoter, P,

of Mg** (Figure 3b). It functioned poorly in the presence of
Mg**, achieving only 20% lysis at the highest transcription level
tested. This is consistent with previous observations that
lambda phage lacking Rz genes fail to lyse host E. coli effectively
in the presence of divalent cations.”®

We fabricated VLDs using the cytolysin genes phospholipase
C (plc) and cholesterol-dependent perfringolysin O (pfo) from
Clostridium perfringens® and two phospholipase C genes from
Listeria monocytogenes, plcA and plcB** (VLD, Figure 1b). In
this system, PFO oligomers create pores in the vacuole
membrane, allowing PLCs to access the outer leaf of the lipid
bilayer, where they initiate degradation of the vacuole
membrane. While the activity of PFO is limited to cellular
membranes containing cholesterol, leaving E. coli cells intact,
accumulation of sufficiently high levels of PFO in the
mammalian cytoplasm causes cellular lysis.>" Thus we then
added N-terminal degrons,® which we expected to prevent
unwanted cytosolic activity by targeting the proteins for rapid
degradation by the ubiquitin-proteasome pathway. Absent a
meaningful in vitro experiment to independently test VLD
variants, they were only tested once combined with other
devices.

Having implemented individual modules, we proceeded to
join them into larger systems, starting with the VSD and SLD.
Composition of P, with the 4 SLD generated a device stable
in cells in the presence of Mg (Figure 4a), but that caused cell
lysis in the absence of Mg®* (data not shown). Unexpectedly,
cells with the ID, VSD, and SLD failed to completely lyse inside
of vacuoles (Figure 2b), instead rounding up but remaining
intact. The round cell morphology, perhaps a consequence of a
stabilizing factor such as CaZJr > is consistent with the outer

membrane remalnmg 1ntact 1n51de the vacuole. We therefore
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revisited the design of the SLD to include a protein capable of
independently lysing the outer membrane. Bacteriocin release
protein (BRP) from E. coli permeabilizes the outer membrane
by activating phospholipase A.*>* After verifying independent
BRP function (Supplementary Figure 2), we incorporated BRP
into the first, promoterless operon of the original SLD and
confirmed maintenance of lysis activity in vitro (Figure 3b) and
subsequently observed successful delivery of payload to the
vacuole in vivo (Figure 2¢).

We constructed complete payload delivery systems by adding
VSD-driven variants of the VLD into cells possessing the ID
and VSD-driven SLD and assayed them for delivery efficiency
and cytotoxicity (Figure 4b). PFO and PLC with N-terminal
degrons had the highest delivery efficiency, delivering the
payload to 15% of invaded target cells. However, all device
variants had similarly low levels of cytotoxicity, irrespective of
the presence of an N-terminal degron, suggesting that the
amount of vacuole lysing proteins delivered to the cytosol was
below toxic levels. Further, the majority of invaded mammalian
cells internalized 1—3 bacteria but contained unlysed vacuoles
filled with GFP (data not shown), suggesting insufficient VLD
activity. On the basis of these observations, we sought to
further improve payload delivery efficiency by decoupling
expression of the VLD proteins from the VSD. A strong
constitutive promoter driving the VLD increased payload
delivery efficiency from 15% to 50% without any increase in
cytotoxicity (Figure 4c).

As a final optimization step, we revisited the VSD module,
evaluating four derivatives of the P, promoter bearing
transcriptional amplifiers (composition shown in Figure 1b)
and four additional known PhoPQ responsive promoters
(ngtCB, Pogtr Prgicsy and ngrBI)' We expected that successful
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Figure 3. Characterization of individual devices. (a) The induced
(On) and uninduced (Off) activity of VSD variants. (b) The lysis
efficiency of SLD variants in the presence and absence of Mg?*. Error
bars in both panels are the standard deviation of 4 biological replicates.

VSD-SLD combinations could be predicted by measuring the
transcription output of the VSD variants (Figure 3a) and
calculating the theoretical performance of each of the VSD-SLD
combinations (Figure 4a). We performed a preliminary
validation of these predictions by measuring the growth rate
of cells bearing each device combination (Figure 4a). The two
VSDs predicted to cause the highest basal self-lysis activity,
P,eic and Py p-actl, in fact showed clear growth defects. P, ,p-
act2, Pypact3, Pyopactd, P, and Ppy,p driving the SLD
grew comparably to the control, consistent with their predicted

421

@ Off (N-media + Mg”")
@ On (N-media - Mg™")

NEED

120 -
100 4
80
60

40 1

STTEITELLT .
= (i N B 0.8
12 I - I
4]
£ — — — 06 -
1A 0 E
= L L] L L] 0.4
4 — = 1 0.2 -
0 I - I R 004
E % E § E § 8 SE" g u‘% ODs0o
15 S S S €
AR SR SR -
< < < <
Q Q Q Q
o o o o
b 201
< 161
> |
S
2 121
§3
23 1
83 81
oo J
4-
1 =
01— } | | !
// - + +
My - - - -
// - - - - -
// - - - - -
C 100 (PODYE
< 80
>
>% 60
o O
23
85
oo
20
0 | ;
- L S s
D O
Q< RS L
N
> & & Q
Y Y Q®

Figure 4. Characterization of the composed devices. (a) The degree of
lysis from the VSD and SLD combinations in both the Off and On
state were predicted, with error bars calculated from the standard
deviation of the relative transcription measurements of the VSD.
Growth curves of devices in LB + Mg”* were also measured; the mean
of 4 replicates is illustrated. (b) Fluorescent protein payloads were
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Figure 4. continued

delivered to U373 MG cells in vivo, and the efficiency of delivery and
cytotoxicity was measured for each VLD variant. (+): device installed.
Boxed (+): device with degradation tag installed. (—): device not
installed. Error bars indicate the standard deviation of 3 biological
replicates. (c) Payload delivery was evaluated using different
promoters to drive the VLD and SLD. Error bars indicate the
standard deviation of 3 biological replicates.

low basal self-lysis activity. Unexpectedly, the device combina-
tions using P,.4 and P,.cp grew slowly and eventually
exceeded the cell density of a device-free control. Because this
behavior was inconsistent with the behavior of other devices,
we did not consider them for further integration and testing.
We selected P,,.p to evaluate in the complete system because
of its stability and high predicted activity. Consistent with this
prediction, replacement of the P,,,p VSD module with the
Pepr VSD module improved payload delivery efficiency to
over 80% (Figure 4c). In addition to laying the groundwork for
development of a tumor-killing therapeutic, this high level of
macromolecular delivery opens the doors for other therapeutic
applications, such as modification of the host genome.

The basic premise of modular design is that low-level devices
can be built, tested, and then later merged into larger systems.
If this holds for cellular systems, then it should be possible to
independently construct genetic devices and then combine
them for higher-order behavior in the cell. The design,
fabrication, and testing of each low-level device was readily
achieved by drawing on existing information about biological
components. Although integrating low-level devices together
revealed some unanticipated behaviors, these behaviors were
readily addressed by simple design modifications, resulting in a
functional system. We expect that such contextual effects are
generally finite, traceable to specific mechanisms and,
ultimately, addressable by good design. For example,
exploration of a genetic circuit employing T7 polymerase to
generate a positive feedback loop revealed that a quantifiable
interaction with the host generated bistability, despite the lack
of a cooperative interaction.>> Even absent specific mechanistic
explanations of host-system interactions, empirical observations
about the relationship between gene expression and cellular
growth can guide system manipulation.*® Taken together, these
observations suggest that modular design is a viable strategy for
the design of genetic systems.

Further, we were able to predict an improved system
composition based on measurements of the underlying
modules and subsystems. Although quantification of module
behavior was only employed here for optimization, we expect
that improvements in our ability to measure and quantify
cellular processes will enable in silico specification of effective
systems based on single-module measurements. Such a
simplification of the design process should lead to a
corresponding increase in the complexity of engineered genetic
systems.

B METHODS

Plasmids and Strains. The genetic constructs used in this
study are diagramed in Figure 1b and were constructed using
BglBrick standard assembly,?” a variation on BioBrick standard
assembly using the BgIII and BamHI restriction enzymes. To
facilitate part assembly, methylating strains of E. coli were
employed.®® All experiments were performed with E. coli strains
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MG1655, MC1061, and derivatives thereof (Supplementary
Table 4). Sequences of DNAs used to fabricate composite
devices are available in the MIT Registry of Standard Biological
Parts (http://partsregistry.org). The complete composition of
devices is available in Supplementary Table 2.

Growth Medium and Condition. E. coli were grown in
Luria Broth (LB) medium for routine molecular biology
protocols. Cultures for assay experiments were grown in LB, LB
supplemented with 30 mM MgSO, (LB + Mg*"), N-minimal
medium® supplemented with 0.1% casamino acids, 38 mM
glycerol (N-medium), and 30 mM or 0 mM MgSO, (N-
medium + Mg*"), or Terrific Broth (TB) supplemented with
30 mM of MgSO,, (TB + Mg**). Cultures were incubated at 37
°C with 700 rpm shaking in a Multitron Standard orbital plate
shaker (Infors-HT, Bottmingen, Switzerland).

Relative Transcription Determination. Relative tran-
scription was determined essentially as described previously,*’
except that cells were assayed under specific, nonlogarithmic
growth conditions. Briefly, samples of stationary phase bacteria
grown in LB + Mg*" bearing a plasmid with either a constitutive
standard reference promoter (Pggr) or a test promoter (Prggr)
driving expression of green fluorescent protein were subcul-
tured 1:100 into fresh LB + Mg** and grown until reaching an
ODygg of 0.5. They were subsequently washed twice with N-
medium + Mg*" and resuspended in the same medium. They
were then incubated at 37 °C for 6.5 h, and the ODyy, (OD)
and fluorescence intensity (F; excitation S01 nm, emission 511
nm) measured with a fluorescent plate reader. Relative
transcription was then calculated as {F(Prgsr)/OD(Prgsr)}/
{F(Pygg)/OD(Pyeg) }-

Assay for Self-Lysis Activity. E. coli bearing an arabinose-
inducible promoter (Pgsp) driven SLD were grown to
stationary phase in LB + Mg**. They were then diluted 1:100
into fresh LB + Mg*" medium and grown to an ODgy, of 0.5.
Bacteria were collected by centrifugation, washed twice with N-
medium + Mg** and resuspended to an ODggy, of 0.5 in N-
medium + Mg** containing 0—1.33 mM arabinose. They were
incubated at 37 °C for 6.5 h, and the OD;, was measured with
a plate reader. Percent survival was calculated as sample ODg,
divided by control ODgy, (E. coli without SLD), and arabinose
concentration was mapped to relative transcription (see
Supporting Information).

Growth Curve Determination. E. coli bearing VSDs
driving a SLD or a plasmid-less control were grown to
stationary phase in LB + Mg*". These were subcultured 1:100
into fresh LB + Mg*", and a 200 uL aliquot was transferred to a
Corning flat-bottom 96-well microplate. The plate was
incubated at 37 °C, and the ODj,, was measured every S min.

Microscopy of Devices. A monolayer of HeLa or U373
MG cells was prepared 24 h prior to experimentation on an 8-
well chambered slide (LabTech) in growth medium (DMEM
supplemented with 10% fetal bovine serum (FBS) for HeLa
and DMEM supplemented with 1% nonessential amino acids
(NEAA), 1 mM sodium pyruvate, and 10% FBS for U373 MG)
with penicillin and streptomycin antibiotics. The medium was
replaced with fresh medium without antibiotics, and stationary
phase bacterial culture (grown in TB + Mg*") was added to
each well. For experiments without a VLD, 1 uL of bacteria and
HeLa were used, resulting in an average of 20—80 internalized
bacteria per mammalian cell, while for experiments with a VLD,
0.5 pL of bacteria and U373 MG were used, resulting in an
average of 1—3 internalized bacteria per mammalian cell. After
80 min of incubation at 37 °C, cells were washed twice into
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growth medium with 100 pg/mL gentamicin, and the slides
were incubated for a further 3.5 h before examination by
microscopy. Images were taken with Zeiss Axiobserver D1 or
Zeiss Axiovision Z1 inverted microscope equipped with
Hamamatsu 9100-13 EMCCD camera. For complete PDD,
the delivery efficiency was quantified as the number cells with a
green nucleus divided by the number of cells bearing
internalized bacteria and/or a green nucleus. To determine
cytotoxicity after the 3.5 h incubation, each well was incubated
with PBS containing a final concentration of 4 yM of ethidium
homodimer-1 (EthD-1) (Life Technologies) and 2 uM of
Hoechst 33342 (VWR) for 10 min at 37 °C. EthD-1 stains the
nucleus of membrane permeabilized (dead) cells and Hoechst
stains the nucleus of all cells. Cytotoxicity was calculated as the
number of EthD-1 stained cells divided by the number of cells
bearing internalized bacteria and/or a green nucleus.

Biosafety and Biosecurity Considerations. All experi-
ments followed the guidelines of the Office of Environment,
Health, and Safety (EH&S) at UC Berkeley. Since many of the
strains used in these studies involved virulence factors from risk
group 2 (RG2) organisms, these materials are regarded as RG2,
and our work operated under biosafety level 2 protocols. High
affinity iron transport mutants (AtonB) were employed to
mitigate any risks to researchers or the environment posed by
these organisms. To mitigate potential dual use of these
materials, only the RG1 parts are fully described at base-level
precision. Full sequences including RG2 components and
physical DNAs are available upon request from researchers
presenting evidence of institutional approval.

B ASSOCIATED CONTENT

© Supporting Information

Further results and discussion, including supplemental Figures
1,2, and 3, and a list of parts, plasmids, and strains used for the
study. This material is available free of charge via the Internet at
http://pubs.acs.org.
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