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Chapter 4

THERMAL BIOSWITCHES FOR MODULAR CONTROL OF
PROTEIN DIMERIZATION

4.1: Introduction

The study and engineering of cellular function within the context of complex tissues and
synthetic biomaterials necessitates the development of methods to enable external control of
cellular signaling with high spatial and temporal specificity and deep tissue penetration®.
Conditional protein-protein interactions (PPIs) are among the most widespread and versatile
modalities employed by cells to regulate molecular signaling pathways2. Consequently,
engineered PPIs have had an important role in studying the function of many proteins in the
cell and the construction of synthetic cellular devices. In particular, widely used chemically-
inducible dimerization domains such as FKBP/FRB® have enabled a vast array of
applications ranging from the basic study of protein signaling* to the engineering of
exogenously-gated chimeric antigen receptors for cellular immunotherapy®. Chemical
dimerization is effective both in culture and in deep tissues based on the bioavailability of
the chemical agent; however, this activity is poorly amenable to spatiotemporal regulation.
In contrast, optically inducible dimerization domains such as Cry2/CIB1 offer exquisite
spatial and temporal precision, enabling microscopic studies of processes such as the immune
response® and cell motility”, but are limited by the scattering of photons in deep tissue and

other complex media.
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Temperature offers an alternative mechanism for controlling biological signaling with
several advantages over chemicals and light. Temperature can be applied to biological
samples globally using simple heat sources or electromagnetic radiation, and can be applied
locally deep within scattering media using technologies such as focused ultrasound, enabling
spatiotemporal control with millimeter spatial resolution and temporal resolution on the order
of seconds'®. Previous work on thermal control of cellular signaling has focused on
temperature-actuated transcription and translation, taking advantage of endogenous heat
shock promoters®?, temperature-dependent RNA elements®!, or heterologously expressed
protein-based transcriptional bioswitches. In addition, temperature-sensitive variants of
individual proteins have been used to study the function of these proteins in model
systems'®4, While these pioneering approaches enable thermal control of specific aspects

of cellular function, they lack the modularity of chemical and optical dimerizers.

Here we introduce a modular approach to controlling protein dimerization with temperature.
Starting with a homodimeric temperature-dependent coiled-coil transcription factor from
bacteria, we engineer a pair of heterodimeric protein association domains with sharp, tunable
thermal unbinding. We demonstrate the ability of these “thermomers” to dynamically control
protein localization in living mammalian cells. The resulting technology has the potential to
provide versatile thermal control of protein-protein interactions in a variety of cell types,

complementing the existing set of chemical and optical tools.
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4.2: Results
As the starting point for our design of thermomers, we used the temperature-sensitive
transcriptional repressor TIpA from Salmonella typhimurium due to its relatively simple
architecture and well-characterized thermal behavior'®. While no atomic-resolution structure
of this protein exists, biochemical and bioinformatics studies have indicated that TIpA
consists of an N-terminal DNA-binding domain and a C-terminal coiled-coil domain, the
latter of which causes the protein to homodimerize in a temperature-dependent manner. As
a dimer, TIpA binds to a cognate DNA operator sequence within its corresponding promoter
and prevents transcription. The coiled-coil domain of TIpA undimerizes and uncoils above a
temperature of ~42°C, causing unbinding from the operator and allowing transcription to take
place. This sharply cooperative transition happens over less than 3 °C, as defined by 10% to
90% activation. We previously demonstrated that the thermal set-point of TIpA could be
tuned through directed evolution without compromising cooperativity, and used its
transcription factor activity to spatiotemporally control the function of engineered bacteria

with ultrasound hyperthermia®?.

To turn TIpA into a modular protein-protein dimerization system, we first needed to convert
it from a homodimer to a heterodimer. Most applications of inducible dimerization systems
require the interacting modules to be heterodimeric to enforce selective binding between two
desired molecular partnerst®. To redesign the wild type TIpA into a pair of heterodimeric
coiled-coil species (Fig. 4-1a), we used rational mutagenesis guided by bioinformatic
prediction of the TIpA dimerization domain. Coiled-coil domains typically consist of

repetitive seven-amino acid residue sequences known as heptad repeats!’. We used a
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published annotation of the TIpA sequence®®, cross-referenced against a computational
annotation from the COILS™ prediction server, to establish the register of heptad repeats
within the TIpA primary sequence. We then introduced charge-complementary pairs of
residues® predicted either at conventional g-to-¢’ contacts or at alternative g-to-d’ interfaces
to disfavor homodimerization and favor heterodimerization (Fig. 4-1, b-c). The latter
architecture occurs when large ionic sidechains at the core peripherally expose their charged
termini as has been described for the Fos-Jun coiled coil interaction?'. To maintain the highly
switch-like thermal dissociation behavior of TIpA, we reasoned that the least perturbative
positions for mutagenesis would be at existing interfacial ionic interaction sites in the wild
type protein, which are present due to the C, symmetry of the parallel coiled-coil structure.
We mutagenized all such positions one by one, replacing cationic residues with glutamate
and anionic side chains with arginine or lysine. We expressed the resulting coiled-coil
domains in E. coli, purified the proteins via affinity chromatography, and assayed their
helical content over a relevant thermal range via circular dichroism spectroscopy
(Supplementary Fig. 4-S1). From this initial screen we obtained a pair of charge-
complemented mutants, dubbed TIpA-G:A (E180R) and TIpA-GiB (R179E), that
demonstrated a sharp, sigmoidal switching profile with a notable upshift in threshold for an

equimolar mixture of the mutant pair relative to pure solutions of either species (Fig. 4-1d).

To validate the in vivo functionality of the TIpA-G1A and G1B mutants, we utilized the ability
of TIpA to modulate the expression of a fluorescent reporter gene in E. coli*?. We constructed
a temperature-inducible circuit containing two separate copies of the TIpA gene, witha TIpA

operator upstream of a green fluorescent protein (GFP) and a red fluorescent protein (RFP).
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To compare the repression efficiency of the G1A/G1A and G1B/G:B homodimers to that of
the G1A/G1B heterodimer, we generated circuit variants containing two copies of TIpA-G1A,
two copies of TIpA-G1B, or one copy of each TIpA strand (Fig. 4-2a). The thermal gene
expression profiles of GFP showed all three circuits to produce a highly switch-like
cooperative activation. However, the two homodimeric constructs had a clear downshift in
their transition temperature compared to the heterodimeric construct containing both TIpA
variants (Fig. 4-2b), confirming a stabilized heterotypic-association between the two coiled-
coil strands. The RFP output displayed similar activation profiles (Supplementary Fig. 4-
S2). Swapping the positions of the two TIpA copies within the vector did not significantly
influence the expression profile, controlling for inadvertent stoichiometric effects

(Supplementary Fig. 4-S3).

While the performance of the first-generation heterodimers was encouraging, we noted that
the G1A/G1A and G1B/G1B circuit constructs still demonstrated an activation setpoint above
37 °C, indicating that the mutants retained the ability to homodimerize under typical
mammalian homeostatic conditions. We therefore used our thermal GFP expression assay to
evaluate a subset of additional rational mutant pairs selected from our original panel
(Supplementary Fig. 4-S4), and chose the two best-performing pairs of substitutions from
this subset to combine with TIpA G:A and TIpA G:B in all possible permutations. This
resulted in the second-generation coiled-coil pairs dubbed TIpA Gz-1— G4, each comprising
a G2An and a G2Bn monomer (Supplementary Table 4-T1). In our bacterial bioswitch assay,
all the heterodimeric circuits combining G2An with its complementary G2Bn displayed

switch-like activation of reporter fluorescence (Fig. 4-2c, Supplementary Fig. 4-S5). In
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contrast, the homodimeric constructs containing two copies of G2An or G2B, were unable to
propagate in a stable manner, consistently displaying deletions in the TIpA promoter or the
fluorescent reporter gene, even when grown at 30 °C in recombination-deficient E. coli. We
interpreted this as evidence that the second-generation variants are unable to form
homodimeric interactions at the concentrations defined by our circuits, resulting in
constitutive expression from the TIpA promoter and a strong metabolic burden to the host

cell?22

For additional confirmation of the dimerization preference of our engineered coiled-coils, we
designed a biochemical assay based on covalent crosslinking and size-based gel separation.
TIpA dimers can be crosslinked via CuClz-catalyzed oxidation of the protein’s single
cysteine residue?*. To distinguish hetero- from homodimerization, we truncated one of the
two TIpA sequences by removing its DNA binding domain, thereby altering its
electrophoretic mobility on a polyacrylamide gel without perturbing its ability to dimerize
(Fig. 4-3a). HA tags were added at the C-termini of both proteins to facilitate specific
detection via Western blotting. We expressed the resulting pairs of truncated and full-length
TIpA variants in E. coli. To validate this assay, we expressed a pair of wild-type TIpA coils
and crosslinked them at 37 °C, after a thermal elevation to 45 °C, and after return to 37 °C.
Three bands corresponding to the expected mixture of the two types of homodimers and one
type of heterodimer were visible after crosslinking at 37 °C, while crosslinking at the higher
temperature resulted in the preponderance of monomers, which could be re-annealed by

bringing the temperature back down to 37 °C (Fig. 4-3b).
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Substituting the wild type coiled-coils with our first-generation hetrodimerizing mutants
resulted in preferential accumulation of the TIpA heterodimer at 37 °C (Fig. 4-3c).
Constructs containing the second-generation variants demonstrated further reduction in the
intensity of the homodimer bands in favor of the intermediate molecular weight heterodimer,
with TIpA G2.3 demonstrating the strongest heterodimeric enrichment. (Fig. 4-3c,
Supplementary Fig. 4-S6). The first- and second-generation heterodimers both showed
reversible dissociation at 45°C (Fig. 4-3d). On the basis of these results, the TIpA G2.3 pair

was chosen as the thermomer construct for further experiments.

After validating our engineered heterodimeric TIpA thermomers, we set out to demonstrate
their ability to be fused with other proteins and confer controlled protein-protein association
in mammalian cells. We designed a construct wherein one TIpA-G,-3 strand was N-
terminally fused with the palmitoylation sequence of GAP43, thereby compartmentalizing it
to the plasma membrane. The complementary strand was fused at the C-terminus to
mScarlet-1 (Fig. 4-4a), an RFP chosen for its robust fluorescence at elevated temperature
(Supplementary Fig. 4-S7). To make this system compatible with mammalian homeostatic
conditions, we combined the TIpA-G..3 heterodimerizing mutations with three previously
described amino acid substitutions that lower the coiled-coil dissociation temperature to

approximately 39 °C*?,

Using live cell confocal microscopy of transiently transfected K562 cells, at physiological
temperature we observed strong localization of red fluorescence to the plasma membrane

(Fig. 4-4b and Supplementary Fig. 4-S8) and also to the Golgi apparatus (Supplementary
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Fig. 4-S9). Increasing the cells’ temperature using resistive heating above a threshold of 40
°C resulted in the redistribution of membrane fluorescence into the cytosol. As a control for
non-specific thermal dissociation, cells in which the RFP was directly palmitoylated showed
no redistribution of membrane fluorescence within this temperature range (Fig. 4-4c, 4-4d,
and Supplementary Fig. 4-S10). This confirms that RFP dissociation from the membrane

is driven by a TIpA-mediated binding transition rather than disruption of membrane integrity.

To enable the use of the thermomer system with viral gene delivery and genomic integration,
we generated a nonhomologous variant of the TIpA G2As strand (nhTIpA G2A3) in which all
degenerate codons were mutagenized to synonymous triplets with minimal identity to the
original sequence. This mutagenesis helps avoid template switching-mediated recombination
during viral delivery of high-homology constructs®. The resulting open reading frame had
57.48% sequence identity to the parent sequence, with no more than 5 consecutive
homologous nucleotides. Lentiviral delivery of a construct containing palmitoylated nhTIpA
G2A3 and mScarlet-fused TIpA G2Bs resulted in robust temperature-induced dissociation of
red fluorescence from the plasma membrane, similar to results from transient transfection

(Supplementary Fig. 4-S11).

We used this virally-engineered K562 cell line to quantify the co-localization of RFP
fluorescence intensity with signal from the plasma membrane as delineated by CellBrite Fix
488 staining (Fig. 4-4e). Cells with thermomer-mediated RFP targeting to the membrane
demonstrated co-localization with the dye at physiological temperature, followed by loss of

pixel correlation above 40 °C (Fig. 4-4f). In contrast, control cells with directly palmitoylated
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RFP demonstrate robust co-localization with the membrane stain throughout the temperature
range tested, while free cytoplasmic RFP showed no correlation with the CellBrite dye (Fig.
4-4f). We also used the TIpA reporter cell line to evaluate the reversibility of TIpA-mediated
membrane localization after heating. Membrane localization was released by a 5-minute
incubation at 42 °C. Upon cooling back to 37 °C, TIpA re-partitioned to the plasma
membrane, indicating reversibility, albeit with slower kinetics than observed for dissociation

(Fig. 4-4g and Supplementary Fig. 4-S12 and 4-S13).

4.3: Discussion

Our results establish heterodimeric TIpA coils as modular, tunable thermomers capable of
conferring temperature-controlled protein-protein association and localization to genetically
fused proteins. This technology complements the large existing repertoire of chemical and
optical dimerizers used to control a wide range of protein and cellular functions?®. The
thermomer constructs also expand upon our previous work on temperature-stimulated
transcriptional control*? by enabling thermal actuation in arbitrary cell types and drastically
increasing the Kinetics of activation relative to that of gene expression. We anticipate that as
external control of protein signaling becomes needed for more complex settings, such as
cellular therapy?” and engineered living materials?, this will provide a role for temperature-
based control modalities that offer spatiotemporal specificity and penetration depth beyond

those afforded by systemic drug delivery or optical methods™2.
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The simple architecture of the TIpA coiled-coil renders it an attractive domain for future
work in controlling protein function. For example, conditionally dimeric coiled-coil fusions
have previously been used to reconstitute and control a split mutant of RNAse T1?° and to
conditionally enact DNA binding by a bZIP domain upon photostimulation®. More broadly,
coiled-coils have seen a diverse array of applications in biomaterials, affinity purification,
assembly of bispecific or high avidity antibodies, and reconstitution of various split proteins

or dimerization-dependent protein complexes®!32,

To maximize its versatility as a tool for biology and medicine, future work on TIpA-based
thermomers is needed to optimize construct size, modularity, and kinetics. At 371 residues,
TIpA is nearly four times larger than its drug-responsive counterpart FKBP, which may
hinder applications in gene delivery where sequence compactness is of premium importance.
Truncation and mutagenesis approaches may offer a strategy by which the size of the
thermomer system could be minimized without sacrificing the desired sharp thermal
switching response. In addition, elucidating the mechanism responsible for the unique
thermal cooperativity of TIpA would assist in future rational engineering efforts to modify
performance and generate novel, orthogonal thermomers. Additionally, a thorough
characterization of potential genetic fusion sites and optimal linker sequences would
facilitate the widespread use of TIpA as a thermal fusion tag. In this study, we demonstrated
that TIpA retains a cooperative thermal transition as an intact protein, as an isolated coiled-
coil domain, and as a system with distinct fusion sites at the N and C-termini. However,
additional engineering may be needed to accommodate fusion partners of different sizes and

valency. Finally, we note that while detection of TIpA-RFP delocalization kinetics from the
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plasma membrane appeared to be limited by the timescale of temperature elevation and
image acquisition of our apparatus (approximately 2 minutes), re-association in some cells
was significantly slower. It would be useful to investigate the factors that influence re-
association, including diffusion and potential low-affinity contacts between unpartnered
TIpA strands, their homodimeric partners and other constituents of the cell. With further
optimization, thermomers promise to provide a high degree of control over a wide range of

cellular processes with the versatile application of thermal energy.
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4.6: Main Figures
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Figure 4-1: Engineering heterodimeric TIpA variants via charge-charge complementation. a)
Illustration of TIpA-based thermomer system. Heterodimeric coiled-coil domains enable reversible
association and dissociation of fusion partners as a sharp function of temperature. b) Diagram of
heterodimeric coiled-coil design based on the introduction or modification of electrostatic contacts
at the e-to-g’ interface between adjacent a-helices. ¢) Diagram of predicted electrostatic contacts
along the TIpA interface occurring in a nonconventional e-to-d’ configuration. d) Normalized
ellipticity of purified TIpA coiled-coil domain variants in isolation or as an equimolar mixture,
measured at the 222 nm peak for a-helical spectra as a function of temperature. Data shown
normalized from 0 to 1 on a per-sample basis.
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Figure 4-2: Evaluation of TIpA heterodimerization via reconstitution of promoter repression.
a) Bacterial expression assay for heterodimerization preference. Left: diagram of bacterial genetic
circuit containing two TIpA genes, each of which can encode one of the engineered variants.
Bacteria harboring the G1A/G1A and G1B/G1B circuits can only produce the homodimeric coils,
whereas the G1A/G;1B circuits can produce either the homodimers or heterodimeric coils. Right:
illustration of operator binding for engineered heterodimeric construct; only cells expressing both
partners of the heterodimeric TIpA variant can repress the reporter gene at a certain temperature.
b) OD-normalized fluorescence expression profile of E. coli harboring the plasmid constructs
shown in a, with the single mutant G1A and G1B variants in the A and B positions, as a function of
temperature (n = 3). Error bars represent + s.e.m. NFU represents normalized fluorescent units. ¢)
OD-normalized temperature-dependent fluorescence expression profiles of E. coli harboring
plasmids bearing the four possible double mutant combinations of the G; variants and two
additional candidate single mutations (n = 3). Only the heterodimeric pairings are shown. Error
bars represent + s.e.m.
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Figure 4-3: Validation of TIpA heterodimerization by electrophoresis. a) Left: diagram of
genetic construct for simultaneous co-expression of engineered heterodimers of TIpA for
biochemical assay. One open reading frame expresses the full length TIpA protein whereas the
other ORF produces a truncated version missing its predicted N-terminal DNA-binding domain
(ANTD). Each position can be occupied by any variant of TIpA, including the wild type protein
and engineered mutants. Right: Diagram of the possible SDS-PAGE bands resulting from covalent
crosslinking of the TIpA products expressed from this construct. The example in the left lane
corresponds to the wild type homodimeric TIpA. The example in right lane corresponds to a pair
of heterodimeric TIpA variants. b) Western blot of CuCl,-catalyzed crosslinking reaction of wild-
type TIpA in E. coli lysate followed by SDS-PAGE. Crosslinking was performed at 37 °C, at 45
°C, or at 37 °C to asses reannealing (Re) following a 10 minute incubation at 45 °C. Each condition
is compared to a non-crosslinked control. The bottom bands on the gel show uncrosslinked
monomers. ¢) CuCl; crosslinking, SDS-PAGE, and Western blot of the construct in a harboring
wild type TIpA (wt), the first generation single mutant heterodimer (G1), and the G.., double mutant
heterodimers. Crosslinking was performed at 37 °C. d) The thermal response of the G; and G2
heterodimer constructs was analyzed in the absence and presence of CuCl; at 37 °C, 45 °C, or with
37 °C reannealing after 10 minute incubation at 45 °C.
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Figure 4-4: Membrane localization assay for TIpA activity in mammalian cells. a) Genetic
construct (top) and schematic (bottom) for temperature-dependent localization of RFP at the plasma
membrane. The TIpAss-G2As strand is fused to a GAP43 palmitoylation motif, leading to its
tethering to the lipid membrane. The partner TIpAss-G.Bs strand is fused to RFP. At low
temperature, the heterodimerization of these strands leads to RFP localization at the membrane.
Upon heating, the RFP-fused strand dissociates from the membrane. b) Fluorescence images of a
representative K562 cell transfected with the construct shown in a. Robust membrane localization
of RFP fluorescence is observed at 25 °C and 37 °C. At 40 °C, RFP begins to dissociate from the
membrane, and by 42 °C red fluorescence is distributed throughout the cytoplasm. The nucleus is

10 pm



120

stained in blue with Hoechst 33342 dye. c) Genetic construct (top) and experimental schematic
(bottom) of directly palmitoylated RFP control. d) Fluorescence images of representative K562 cell
transfected with the construct shown in ¢, displaying robust membrane localization throughout the
temperature range tested. ) Representative fluorescence images of a K562 cell with a lentivirally
delivered TIpA-mediated RFP localization construct (shown in @) and the membrane-staining dye
CellBrite Fix 488. f) Pixel colocalization of RFP with the CellBrite 488 dye as a function of
temperature in K562 cells stably expressing directly palmitoylated RFP (shown in b, n = 8), the
TIpA-mediated membrane localization construct (shown in a, n = 15), and free cytosolic RFP (n =
8). Error bars represent + s.e.m. @) Time series of fluorescent images of a representative K562
thermal reporter cell line before heating, after heating to 42 °C, and after re-equilibration to 37 °C.
RFP re-accumulation at the plasma membrane was tracked in 15 minute intervals. Pixel intensity
was normalized to the maximal per-image value.
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4.7: Methods
Plasmid Construction and Molecular Biology
All plasmids were designed using the SnapGene software (GSL Biotech) and assembled via
KLD mutagenesis or Gibson Assembly using enzymes from New England Biolabs. All
plasmids and sequences will be deposited to Addgene. After assembly, constructs were
transformed into NEB Turbo and NEB Stable E. coli (New England Biolabs) for growth and
plasmid preparation. Constructs containing long homologous regions such, including all
plasmids containing two TIpA ORFs, were propagated using NEB Stable. Thermal gene
expression assays were performed in NEB Stable E. coli. Bacterial reporters of gene
expression referred to in the text as GFP and RFP are mWasabi' and mCherry?, respectively.
The mammalian fusion protein fluorophore referred to in the text and figures as RFP is
mScarlet-I®.  TIpA, mCherry and mWasabi were obtained from our previous work®.
mScarlet-1 was obtained from AddGene (pmScarlet-i_C1, plasmid #85044). Coiled-coil
structure prediction and helical wheel diagram annotation was performed using the software
DrawCoil 1.0°. In the creation of dual-expression GFP/RFP thermal reporter plasmids such
as that described in Fig. 1le, an additional terminator was placed upstream of each pTIpA
promoter to suppress crosstalk from the weak upstream transcription previously observed
from this element*. nhTIpA was designed using a homemade script to minimize codon
homology while retaining protein sequence identity. Subsequently, 11 nucleotides were
altered manually to minimize short repeats that prevented custom gene synthesis. The

nhTlpAasge gBlock was synthesized by Integrated DNA Technologies.

Bacterial Thermal Regulation Assay
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Determination of temperature-dependent gene expression was performed as described
previously*. Briefly, saturated precultures were diluted to ODgoo = 0.1 and propagated at 30
°C until reaching ODsoo = 0.3 as measured via Nanodrop 2000c (Thermo Scientific), at which
point 25 uL aliquots were dispensed into PCR tubes with transparent caps (Bio-Rad) and
incubated for 12 hours in a thermal gradient using a Bio-Rad C1000 Touch thermocycler.
After thermal stimulus, fluorescence was measured using a Stratagene MX3005p gPCR
(Agilent), after which cultures were diluted 4x, transferred into microplates (Costar black /
clear bottom), and measured for ODego Using a Molecular Devices SpectraMax M5 plate

reader. The background-corrected F/OD is reported as described previously*.

Protein Expression and Purification for CD Spectroscopy

PET26b-based expression constructs were transformed into BL21-DE3 E. coli and grown on
kanamycin-selective plates. Saturated overnight cultures were diluted 1 mL into 400 mL
expression cultures and induced with a final IPTG (Sigma Aldrich) concentration of 1 mM
at ODeoo = 0.6. After 24 hours of expression at 25 °C, cultures were harvested by
centrifugation using a JLA-16.250 rotor (Beckman Coulter) at 6,000 rpm and 4 °C for 8
minutes. Pellets were lysed using the detergent Solulyse in Tris Buffer (Genlantis) and debris
was pelleted by centrifugation at 35,343 rcf in a JS-24.38 rotor (Beckman Coulter).
Polyhistidine-tagged proteins were purified on an AKTA purifier (GE Healthcare) using 1
mL cOmplete columns (Roche) and buffer exchanged into 1x PBS (Corning) using Zeba
spin desalting columns. Concentration was determined using the Pierce 660nm Protein Assay
(Thermo Fisher Scientific) and proteins were stored at 4 °C until use. Proteins were

subsequently analyzed within 24 hours of purification.
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Circular Dichroism Spectroscopy
CD melting curves were taken using an Aviv Circular Dichroism Spectrophotometer (Model
60DS) at 222 nm with 0.1 minute equilibration time and 5 second averaging time. Purified

proteins were diluted to 3 uM in 1x PBS and measured in a 1 mm quartz cuvette.

Temperature-dependent protein fluorescence measurement

Fluorescent proteins were purified as described above and diluted to 1 uM for analysis. 25
pL samples were placed in N=3 replicates in PCR strips with optically transparent caps (Bio
Rad) into a Stratagene MX3005p gPCR (Agilent) for intensity mesaurements. Filter sets used
for red, green, and blue proteins were ROX, FAM, and ATTO, respectively. Sample
fluorescence was measured continuously as temperature was ramped from 25 °C to 50 °C in

1 °C increments and with 1 minute of equilibration time at each increment.

Mass-based validation of heterodimerization

Dual TIpA expression constructs were transformed into BL21-DE3 cells (NEB) and grown
as 1 mL precultures in 2xYT/ampicillin for 20-24 hours at 30 °C in an Infors Multitron with
shaking at 250 rpm. 10 uL saturated cultures were diluted into 4 mL 2xYT/ampicillin and
returned to 30 °C. At ODeoo — 0.6 to 0.7, cultures were induced with 4 uL of 1 M IPTG
(Sigma Aldrich) and returned to 30 °C for 12 hours, at which point they were transferred into
2 mL centrifuge tubes (USA Scientific) and pelleted in a Beckman Microfuge 20 at
maximum speed for 1 minute. Supernatant was carefully and completely aspirated with a

pipette, and the pellet was weighed and frozen at -20 °C for at least 20 minutes. After
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thawing, Solulyse in Tris Buffer (Genlantis) was added at 10 pL per 1 mg. Pellets were gently
resuspended via pipetting and shaken in an Eppendorf ThermoMixer at room temperature
(800 rpm for 20 minutes). Subsequently the tubes were spun at 13,000 rcf for 10 minutes and
the lysate was diluted 5-fold in Solulyse in Tris Buffer. A pilot Western blot was performed
and total TIpA band intensity was quantified for each variant, after which loading amounts
for all variants were normalized to that of the wild type via dilution in Solulyse. For
crosslinking, 1 pL of 50 mM CuClz (Sigma Aldrich) was added to 10 pL lysate in an
Eppendorf microcentrifuge tube. The lysate and CuCl> solution were pre-heated separately
for 5 minutes prior to co-incubation. Subsequently, the lysate and crosslinker mixture was
shaken at 800 rpm for 10 minutes in an Eppendorf ThermoMixer at the desired temperature.
After 10 minutes of CuCl,-catalyzed crosslinking, the reaction was quenched with 11 pL
Laemmli buffer (Bio Rad). For uncrosslinked samples, 10 uL Laemmli buffer was added to
the lysate at the appropriate temperature. SDS-PAGEwas performed using 7.5% pre-cast
polyacrylamide gels (Bio Rad) run at 75 V for 140 minutes. Western blotting was performed
using the Transblot Turbo apparatus and nitrocellulose membrane kit (Bio Rad). Transfer
was performed at 25 V for 7 minutes. Membranes were blocked with 5% w/v Blotto milk
(Santa Cruz Biotechnology) in 0.05% TBS-Tween for 1 hour at room temperature. Primary
staining was performed using the mouse anti-HA sc-7392 antibody (Santa Cruz Biotech)
overnight at 4 °C. Blots were then washed three times for 15 minutes at 4 °C with 0.05%
TBS-Tween and stained for 4 hours with goat anti-mouse 1gG-HRP sc-2005 (Santa Cruz
Biotech) at room temperature. After three 15-minute washes, HRP visualization was
performed using Supersignal West Pico PLUS reagent (Thermo Fisher Scientific). Imaging

was performed in a Bio-Rad ChemiDoc MP gel imager.
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Mammalian cell culture

K562 cells (gift of D. Baltimore) were cultured in RPMI 1640 media (Thermo Fisher
Scientific) with 1x Penicillin/Streptomycin (Corning). Transient transfection was performed
using Lonza 4D nucleofection with SF Cell Line buffer and the pre-programmed K562
protocol. Lentivirus was prepared using a third-generation viral vector and helper plasmids
(gifts of D. Baltimore). Virus was packaged in HEK293T cells grown in 10 cm dishes after
2 days of transfection and concentrated via the Lenti-X reagent (Takara Bio). Infection was
performed by resuspending viral pellets in 250 uL RPMI and spinfecting 1E6 K562 cells in
1 mL RPMI with 10 pL virus at 800 xg, 30 °C, for 90 minutes. Experiments were performed

at least five passages after infection.

Live cell microscopy

Delta-T dishes (Bioptechs) were coated with 400 uL 0.1 mg/mL Poly-D Lysine (Sigma
Aldrich) for 30 minutes. Meanwhile, 1E6 K562 cells were pelleted at 300 rcf for 5 minutes
and resuspended in staining solution (1x PBS or HBSS with 2.5 pg/mL Hoechst 33342,
Thermo Fisher Scientific). For Golgi staining, the solution (in HBSS) also contained
BODIPY FL Cs-Ceramide complexed to BSA (Thermo Fisher Scientific, 50 nM final
concentration). Cells were stained at room temperature for 10 minutes before being pelleted
and resuspended in 1 mL RPMI 1640. For co-localization experiments, the staining solution
(in HBSS) also contained CellBrite Fix 488 at 1x concentration as described in the product
manual, and staining was performed at 37 °C for 10 minutes. After at least 20 minutes of

coating, PDL was aspirated from the Delta-T dishes, which were then rinsed once with 1x
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PBS and dried. Cells were then transferred to the Delta-T dishes, which where adhesively
affixed to the swinging plates of an Allegra X-12 centrifuge with SX4750 rotor (Beckman
Coulter) and centrifugated at 30 °C for 15 minutes at 300 rcf. Imaging was performed at the
California Institute of Technology confocal microscopy facility using an LSM880 (Zeiss)
with Airyscan. Cells with sufficient overall brightness to discern membrane contrast were
imaged; the membrane localization of dimmer cells could not be discerned in our thermal
imaging configuration but was observable under higher magnification on a conventional
glass slide (Supplementary Fig. 4-S14). Delta-T dishes were mounted onto the thermal
stage interfaced with a Bioptechs Delta T4 Culture Dish Controller and imaged using a 1080-
378 C-Achroplan 40x/0.80 W objective. Airyscan processing was performed in 2D mode

using default settings.

Image analysis

Image analysis was performed using the Zeiss Zen Black software for pre-processing and
CellProfiler® for correlation quantification. Images were manually cropped to include only a
single cell per ROI, with approximately 408x408 pixel FOVs. For cells with poor attachment
to the plate, resulting in position offsets between the red, blue, and green channels, frame
alignment between the red and green channels was performed in Zen Black. All available
transformations were sampled and the best-aligned transformation on a per-cell basis was
used. Blue channel alignment was performed in CellProfiler using the Mutual Information
module, correlating the blue channel image with the inverted red channel image. Exported
images were then loaded in CellProfiler and analyzed using a custom pipeline

(Supplementary File 4-F1). Briefly, cell boundaries were determined from red channel
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using Hoescht 33342-stained nuclei as primary seed objects. Atypically bright green clusters
frequently observed on the green channel were excluded from quantification, as were the
Golgi-associated TIpA clusters on the red channel. Colocalization was calculated for the ROI
defined between the outer cell membrane and the nucleus. The nucleus was excluded because
it acts as a diffusion barrier to TIpA-RFP but not to free mScarlet-1. For the free mScarlet-1
cell line in Fig. 4-4f, a modified pipeline using the CellBrite Fix 488 stain for cell boundary
determination was used to improve the detection of cell edges (Supplementary File 4-F2).
For the Direct Membrane Fusion data set in Fig. 4-4f, the 44 °C point was acquired in a
separate experiment using the same cell line and is consistent with the 43 °C and 45 °C data

points of the original data set (Supplementary Fig. 4-S15).
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4.8: Supplementary Figures
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Supplementary Figure 4-S1: Circular dichroism melting curves of engineered TIpA variants.
Coiled-coil fragments corresponding to residues 69-359 of TIpA were purified from E. coli and
assayed via CD spectroscopy. Monitoring the ellipticity at 222 nm, corresponding the prototypical
peak of the a-helical spectrum, enables tracking the conformation of TIpA as it transitions from the
dimeric coiled-coil state to a monomeric random coil configuration.



129

149 0-G,AIG,A
129 oGBIGB
£ 10{ -OG,AGB
<
3 ]
% 91
2
& 47
o
8 2]
5 0_ T T T
L 31 33 35 37 39 41 43 45

Temperature (°C)

Supplementary Figure 4-S2: Thermal RFP expression profiles of the constructs shown in Fig. 4-2b
(n =3). Error bars represent + s.e.m.



130

10 -
-0-G,A/G,B

—_ 8
2 -0-G,B/G,A
Z 6
(]
o
® 41
o
c
o
_8 0 H T Q T - T T T
L 31 33 35 37 39 41 43 45

Temperature (°C)

25 -
0-G,A/G,B
~ 20 -
) -0-G,B/G;A
Z 15 -
()]
e
o 10 -
(]
c
8 5 -
o
_g 0 -_O'-Q_—C T —Q T T T T
o 31 33 35 37 39 41 43 45

Temperature (°C)
Supplementary Figure 4-S3: Positional independence of the TIpA co-expression construct. The
positions of TIpA-G1A and TIpA-G:B within the heterodimer co-expression construct in Fig. 4-2b
were exchanged and the thermal GFP (top) and RFP (bottom) expression profile was determined (n
= 4). No significant differences were observed in the gene expression profile, thereby excluding
position-dependent effects on TIpA behavior within the circuit. Error bars represent £ s.e.m.
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Supplementary Figure 4-S4: Screening of rationally designed mutant panel via bacterial thermal
gene expression assay. Four positions in the TIpA coiled-coil were selected for mutagenesis based on
the predicted similarity of their ionic interaction pattern to the G1A/G:B mutant pair according to the
heptad repeat register prediction of Koski et al. The following mutations were examined: a) E151R
and R152E b) E229R and R230E, c) E250R and R251E, and d) E331K/E335K and K336E. The
predicted interaction pattern of the wild type protein is depicted (top), and the thermal GFP expression
profile is reported (bottom). N = 3. The E229R/R230E and E250R/R251E pairs were selected for
introduction into the TIpA-G:A and G1B variants. Error bars represent £ s.e.m.
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Supplementary Figure 4-S5: Thermal RFP expression profiles of the first and second-generation
heterodimers shown in Fig. 4-2c (n = 3). Only the construct containing one copy of each
heterodimeric strands are depicted because the X,A/X,B homodimeric construct were unable to
propagate without accumulating deletion mutations in the TIpA promoters or fluorescent protein open
reading frames. Error bars represent + s.e.m.
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Supplementary Figure 4-S6: Western blot band mtensity profiles of co-expressed full and truncated
TIpA strands in Fig. 4-3c. Note that samples lacking a distinct band corresponding to the truncated
homodimer (3), such as TIpA-Gi, nevertheless display higher band intensity for the truncated
uncrosslinked strand (5) relative to the full-length uncrosslinked species (4), confirming that the lack
of a low molecular weight homodimer at position 3 results from reduced homodimer affinity rather
than full depletion of the light TIpA strand by heterodimer pairing. This is consistent with cationic

and anionic TIpA variants having different homodimerization affinities at 37 °C.
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Supplementary Figure 4-S7: Thermal stability of a panel of blue (a), green (b), and red (c)
fluorescent proteins. Proteins were prepared in equimolar concentrations and their fluorescence was
measured in an rtPCR thermocycler upon a thermal ramp from 25 °C to 50 °C and subsequent re-
annealing to 25 °C, with readings taken continuously over 1 minute intervals. Signal intensity is
normalized to the maximum for each given experiment. Because different filter sets were used for the
three classes of proteins, relative brightness does not correlate between the red, green, and blue
channels. While some proteins such as FF-GFP demonstrated more stable signal over the temperature
range tested, the overall brightness was maximal in mScarlet-l and TGP. However, TGP
demonstrated significant aggregation when expressed as an untagged cytosolic protein in mammalian
cells so mScarlet-1 was chosen as the reporter for subsequent experiments.
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Supplementary Figure 4-S8: Additional replicates for TIpA membrane localization experiment in
Figure 4-4b. Pixel intensity was normalized to the maximal per-image value.
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Supplementary Figure 4-S9: K562 cells transfected with the construct shown in Fig. 4-4a were
stained with BODIPY-C5-Ceramide to label the Golgi transport pathway. Staining morphology was

similar to the localization of the mScarlet-l1 TIpA cargo protein. Four representative cells are shown.
Pixel intensity was normalized to the maximal per-image value.
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Supplementary Figure 4-S10: Additional replicates of K562 cells transfected with a construct
bearing directly palmitoylated mScarlet-1, as in Fig. 4-4d. Robust membrane localization was
observed up to 45 °C in most cells. Data presented are representative of two separate experiments.
Pixel intensity was normalized to the maximal per-image value.
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Supplementary Figure 4-S11: Top: Lentiviral construct for membrane-localized RFP delivery
containing nonhomologous TlIpAsge-G2As. Bottom: Fluorescence images at different temperatures of
K562 cells lentivirally transduced with the nonhomologous TIpA-mediated membrane localization
system. Pixel intensity was normalized to the maximal per-image value.
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Supplementary Figure 4-S12: Replicates of the membrane delocalization reversibility assay shown
in Fig. 4-4g. Pixel intensity was normalized to the maximal per-image value.
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Supplementary Figure 4-S13: Reversibility of TIpA association in mammalian cells. K562 cells
transduced with the lentiviral construct carrying the TlpA-mediated RFP membrane associated
construct were assayed by confocal microscopy. Cells were imaged at 37 °C, elevated to 42 °C for 5
minutes, and returned to 37 °C, at which point they were imaged every 15 minutes. Error bars
represent + s.e.m.
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Supplementary Figure 4-S14: Confocal imaging of K562 cell line transduced with the lentiviral
construct depicted in Supplementary Figure 4-S11. Cells were pelleted, deposited on a glass slide,
sealed with a cover slip, and imaged on an LSM880 with a Plan-Apochromat 63x/1.4 Qil DIC M27
objective with oil immersion. Note that all cells, regardless of local cytoplasmic or membrane
brightness, display visible RFP accumulation along the plasma membrane.
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Supplementary Figure 4-S15: CellProfiler quantification of the two data sets contributing to the
Direct Membrane Fusion curve in Fig. 4-4f. The data point acquired separately at 44 °C is
highlighted in red.
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Supplementary Table 4-T1: Second-generation TIpA mutants utilized in this study.
GoA1 E180R + E229R

G2B:1 R179E + R230E
GoA; E180R + R230E
G2B R179E + E229R
G2As E180R + E250R
G2Bs R179E + R251E
GoA4 E180R + R251E
G2Bs4 R179E + E250R
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