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Membrane proteins account for approximately 30% of the human proteome, are the thera-
peutic target of nearly 60% of current pharmacological agents, yet account for <1% of all solved
structures. This lack of information on membrane proteins extends from the difficulty in study-
ing transmembrane domains due to their inherent insolubility and instability outside of membrane
mimetics. New methods to study these domains are critical for advancing the understanding of
membrane protein signal transduction.

The Toll-like receptor (TLR) family of membrane proteins serve as critical sensors of infection
for the innate immune system. As mounting evidence suggests that the transmembrane domain is
a critical region in several protein families, we hypothesized that this was also the case for TLRs.
Using a biochemical and biophysical approach in membrane mimetic systems, we were the first to
report the role of isolated transmembrane domain interactions in TLR oligomerization. We showed
that all TLR transmembrane domains were capable of homotypic interactions. We also demon-
strated that the TLR2 transmembrane domain preferentially interacted with the transmembrane
domains of its heterotypic signaling partners, TLR1 and TLR6.

To better understand the role of transmembrane domain interactions in biologically rele-
vant membranes, we utilized acceptor photobleaching Forster resonant energy transfer to image
the involvement of individual domains in TLR assembly in live cells. This technique is a simple,
rapid approach to screen for both homotypic and heterotypic interactions in native protein environ-
ments. Results suggest that TLR2-TLR1 and TLR2-TLR6 transmembrane domains are interacting
heterotypically in native cell membranes.

To better screen TLR signaling pathways for novel therapeutic intervention, we established

a genetic reporter in native immune cells, monocytes and T-cells, for monitoring TLR signaling



iv
activity. Monocytes specifically responded to TLR2 agonists and T-cells were specific for TLR5
agonists. Utilization of these cell lines allowed for screening of transmembrane domain libraries to
investigate the potential of regulating TLR2 and TLRb5 signaling through transmembrane domain

interactions. Furthermore, they allowed for validation of small molecule therapies to treat TLR

related diseases.
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Chapter 1

Introduction

Portions of this chapter have been published as M. W. Lluis, J. I. Godfroy III, and H. Yin
“Protein engineering methods applied to membrane protein targets” Protein Engineering, Design

& Selection 26:91-100 2013. [134]

1.1 Membrane Proteins

Membrane proteins are estimated to account for 15-40% of the proteins encoded by the human
genome based on hydropathy analysis [195, 1]. These membrane proteins are vital to cellular reg-
ulation, metabolism, and homeostasis by actions through various signaling receptors, transporters,
ion channels, and enzymes. Involved in so many critical cellular processes membrane proteins are a
high-priority target for drug design, currently accounting for nearly 60% of current pharmaceutical
targets [228]. A specific subset of membrane proteins, transmembrane proteins, have some portion
of their polypeptide chain that traverses the cellular membrane. Transmembrane proteins are con-
sidered critical gatekeepers for directly or indirectly inducing a biochemical response making them
particularly interesting drug targets [215]. A specific signaling receptor class of transmembrane
proteins, G-protein coupled receptors, currently account for nearly 30% of the membrane protein
drug targets [163]. Even though these transmembrane proteins are considered such high-priority
drug targets, there is a dearth of structural and biochemical information for them. This lack of
information stems from the inherent insolubility and instability of transmembrane domains making

for extremely difficult expression and purification of these open reading frames using recombinant



systems [98, 144]. The inherent difficulty in generating crystals for membrane proteins means that
there are very few solved structures, less than 1% of known protein structures, preventing structure-
function relationships from being obtained [220]. This lack of structural information means other
methods for studying structure-function relationships are needed to understand membrane protein
interactions.

In this thesis, we have advanced methods to investigate transmembrane protein-protein in-
teractions, with the first proof of concept for studying heterotypic interactions in native membrane
environments rather than traditional membrane mimetics (Chapter 3). During these studies, we
expanded the understanding of transmembrane domain interactions, by investigating a family of
proteins, Toll-like receptors, in which the role of the transmembrane domain had previously not
been studied, and proving that they interact (Chapter 2). This chapter will provide an overview of
the current field of transmembrane domain interactions and an overview of the Toll-like receptor
family interactions and signaling as well as the clinical importance of developing new therapies to

target Toll-like receptor interactions.

1.2 Transmembrane Domain Protein Interactions

Not only is there a lack of structural information on membrane proteins, but there is still a
major question about what role the transmembrane domain itself has in protein function. It was
long thought that transmembrane domains did not mediate specific protein-protein interactions,
rather these domains served simply as a passive anchor to the lipid bilayer [151]. This thought has
undergone a paradigm shift as it has recently been demonstrated that the transmembrane domain
itself can specifically promote protein-protein interactions [151, 110]. These transmembrane domain
interactions are often highly specific, arising from structural motifs that allow for noncovalent
interactions to stabilize the helix-helix contacts. Typical driving forces include van der Waals
packing interfaces, polar residues for ionic interactions, and hydroxylated amino acids for hydrogen
bonding [151, 110]. Various methods have been used to elucidate the types of motifs that might

contribute to the specificity of transmembrane domain interactions [224].



Transmembrane domain interactions can be classified in two broad categories [151]:

(1) static contacts between transmembrane helices involved in assembly of protein complexes;

and

(2) regulated transmembrane interactions in signal transduction that can switch oligomeric

state or conformation in response to stimuli.

These two types of interactions are demonstrated by multiple classes of transmembrane proteins.
A brief overview of some receptor classes that utilize these different mechanisms will be outlined
to highlight the important role transmembrane domains play in the assembly of active signaling

complexes.

1.2.1 Static Transmembrane Domain Interactions
1.2.1.1 Glycophorin A

The most extensively studied transmembrane domain has been that of the glycophorin A
(GpA) membrane protein from erythrocyte cells. It was originally found that fusions of the GpA
transmembrane domain with the monomeric nuclease A protein from S. aureus were predominantly
dimeric in the presence of sodium dodecyl sulfate detergent [120]. It was further found that the
GpA transmembrane domain could dimerize in bacterial membranes [111], and that this interaction
is strongly driven by a consensus motif, LIxxGVxxGVxxT [17]. An examination of membrane
proteins found that an overrepresented sequence motif is a pattern of small residues (Gly, Ala,
or Ser) spaced at the i and i+/ positions of an a-helix (Small-xxx-Small) with a preference for
B-branched residues (Val, Ile) at the neighboring positions i+1, i+2 [190], as is seen in that for
the GpA transmembrane domain motif. Point mutations in the GpA interaction motif identified
the glycine residues as being critical for oligomerization [178, 44]. This lead to the proposal that
the Small-xxx-Small motif generates a groove on one face of the transmembrane helix for van der
Waals packing of the much larger S-branched residues. More recent studies have shown that in

mammalian mimetic systems the GpA transmembrane domain can dimerize [22, 186].



1.2.1.2 Immune Receptor Complexes

The T-cell receptor complex consists of seven single-pass transmembrane proteins, that form
an important complex for adaptive immune responses [4]. Early reports showed the presence of polar
residues in the transmembrane domains were critical for proper trafficking and assembly of the T-cell
receptor complex [136, 179]. These transmembrane domain interactions led to the development of a
transmembrane core peptide containing the two critical charged residues, GLRILLLKYV. This core
peptide was capable of inhibiting T-cell receptor activation as well as B-cell and NK-cell function
[137, 83]. Utilizing a fluorescently labeled core peptide and fluorescent monoclonal antibodies
against proteins in the T-cell receptor complex, it was shown by confocal microscopy that this core
peptide localized at the plasma membrane with clustered T-cell receptors [217]. It is likely this
peptide changes the ability of transmembrane domains to interact for proper receptor assembly.
Transmembrane peptides derived from NK cell activating receptors carrying similar charged residues
were also shown to inhibit NK cell cytotoxicity in wvitro at comparable levels to the core peptide
[212]. It is not surprising that the core peptide is capable of altering these interactions, as many
receptors involved in immune responses contain buried polar residues [151, 141], indicating the
importance of electrostatic interactions in transmembrane domains for proper receptor assembly in

immune cells.

1.2.1.3 Epstein-Barr Virus

Epstein-Barr virus is a ubiquitis herpes virus involved in mononucleosis infection, Burkitt’s
lymphoma, and Hodgkin’s disease. A multipass transmembrane protein, latent membrane protein
1 (LMP-1), is an essential component of the viral process that immortalizes B-cells so the virus
can propagate. LMP-1 activates the same pathway as CD40 for cell survival and proliferation,
but unlike CD40, LMP-1 does so in a ligand independent trimeric complex. Initial studies on the
individual transmembrane domains showed propensity for oligomerization in SDS-PAGE gels, with

transmembrane domain 5 being most likely to oligomerize in a trimeric complex [184]. Analysis



of transmembrane domain 5 indicated the presence of a buried polar residue, aspartic acid. This
aspartic acid was shown to be critical for the trimerization of LMP-1 with mutations of this residue

greatly reducing oligomerization potential and potentiating signaling capability in live cells [184].

1.2.2 Switchable Transmembrane Domain Interactions
1.2.2.1 Integrin Receptors

The integrin family of receptors are eukaryotic cell-surface proteins that are activated by
heterotypic interactions between « and 5 subunits. There are multiple heterotypic interactions that
occur between the 18 « subunits and 8 8 subunits that mediate several cell regulation processes
[188, 151]. Analysis of all human integrin subunits indicated that every receptor except for one of
the 8 subunits contained a Small-xxx-Small motif at a similar depth in the membrane [188]. Using
bacterial reporter assays for the various subunit transmembrane domains, it has been shown that
a preference exists for homotypic over heterotypic interactions [188, 239]. This suggests that while
the TMDs have interaction potential, the extracellular domain plays a critical role in forming the
active heterodimeric complex. It is possible that the TMDs are in a homotypic state preventing
activation and driving apart this interaction results in the active complexes. Another possibility is
that the weak heterotypic interactions of the transmembrane domains are stabilized by extracellular
domain interactions, and homotypic transmembrane domain interactions switch the complex to an
active state.

The computational design of synthetic integrin peptides suggest that the heterocomplex is
holding the receptors inactive, and homotypic interactions lead to the active state. The computa-
tional design of peptides that have optimized the packing interface of integrin a;j, and «, showed
specific interactions with the native integrin against which they were designed [230]. Furthermore,
it was shown that the addition of these designed peptides led to specific activation of the expected
heterodimeric complexes, ajpf3 or 33, at comparable levels to the known agonists [230, 19].

These results suggest that switching from heterotypic to homotypic interactions at the transmem-



brane domain is important for integrin activation. This switch can be accomplished through ligands
binding the extracellular domain or through synthetic peptides targeting transmembrane domains

[229, 230, 19].

1.2.2.2 Receptor Tyrosine Kinases

Receptor tyrosine kinases (RTKs) are a large family of proteins composed of a single trans-
membrane domain, an extracellular ligand binding domain, and an intracellular kinase domain.
Binding of ligand causes a conformation change that leads to phosphorylation of the kinase do-
mains [73]. The RTKs consist of several subfamilies including epidermal growth factor receptors
(EGFRs), fibroblast growth factor receptors (FGFRs), platelet-derived growth factor receptors
(PDGFR), and insulin or insulin-like growth factor receptors [124]. Bacterial reporter systems
show that the transmembrane domains of RTKs encode for self interactions of varying propensity
[51]. Many of the RTK interactions are significantly weaker than that seen for GpA (section 1.2.1.1)
in the same system. However, RTKs exist in a monomer-dimer equilibrium at physiological condi-
tions and likely require weaker dimerization for tightly controlled regulations [124]. It is thought
that the transmembrane domains contribute rather significantly to this equilibrium [73] as multiple
mutations in the transmembrane domains of these receptors are linked to disease [151].

The EGFR subfamily consists of four members that are important for cell growth and dif-
ferentiation. Multiple studies have looked at the ability of the receptor transmembrane domains
to oligomerize in bacterial membranes [148, 51]. The results show varying levels of interaction
potential depending on the reporter used. Clustering of the full-length EGFR on the cell surface
showed a small portion of the receptor was already dimeric prior to ligand addition, upon ligand
addition the EGFR receptors clustered at a much higher percentage [54]. The EGFR receptor
ErbB2 has a known oncogenic mutation in its transmembrane domain, Val664Glu, that introduces
a polar residue in the center of the membrane. It has been shown in plasma membrane derived
vesicles that this mutation leads to a higher propensity for dimerization [171], thus stabilizing the

active complex. Furthermore, peptides derived from the transmembrane domain of ErbB2 could



specifically inhibit signaling if they were expressed endogenously or synthesized chemically [11]. In
combination, these results show the importance of the transmembrane domains in EGFR activation
and disease states.

The FGFR subfamily also consists of four members, that recognize over 20 different fibroblast
growth factor ligands. These receptors are involved in cell proliferation and survival, and skeletal
development making them an attractive area of therapeutic targeting [97, 124]. Several pathogenic
mutations exist in FGFRs and have been traced to mutations in the transmembrane domain [97,
151]. Initial studies of these receptor transmembrane domains in bacterial membranes showed a very
weak propensity for interactions compared to other RTKs [51]. Biophysical assays confirmed the
weak interaction for FGFR3 transmembrane domains in the absence of extracellular domains and
ligands [127]. However, FRET studies in plasma membrane vesicles suggest that the transmembrane
domain oligomerizes and that the extracellular domain partially inhibits this interaction to prevent
activation [23]. Further studies on FGFR3 by FRET found that one of the oncogenic mutations
in the transmembrane domain, Gly380Arg, leads to a small increase in the stability of the dimeric
complex [172]. The majority of the FGFR family oncogenic mutations occur in the transmembrane
domain and introduce a charged polar residue or a cysteine residue [151]. As charged residues play
a key role in transmembrane assembly, it is likely that these mutations act by stabilizing the active
dimeric complex.

The PDGFR subfamily consists of five members, that control cell growth, differentiation, and
development. The two main receptors, PDGFaR and PDGF SR, recognize specific growth factors
depending on if they exist as a homodimer or heterodimer. The homodimer has been shown to
be rather strongly formed by isolated transmembrane domains in bacterial membranes [51]. The
PDGF SR interacts not only with itself, but it is also the target of oncogenic proteins that transform
cells for survival. One oncoprotein that does this is the bovine papillomavirus E5 protein, a 44
amino acid transmembrane protein, that directly binds the transmembrane domain of PDGF SR
[202].

The insulin subfamily has only two receptors, but they play a critical role in glucose transport



and glycogen synthesis, with defective function being a key cause of diabetes [124]. Unlike other
RTKs, insulin receptors are known to be constitutively dimeric with a heterotetrameric receptor
composed of dimers of the o and f subunits [119]. The insulin receptor transmembrane domains
were shown to interact in bacterial membranes [51], and peptides derived from the insulin receptor
transmembrane domain could specifically activate endogenous insulin receptors in the absence of
insulin [119]. This transmembrane peptide could also activate an insulin receptor with a mutation
that prevents it from binding insulin, indicating that it acts through a different mechanism, likely
at the transmembrane domain [119].

Taken together, all these interactions show the importance of the transmembrane domains
in oligomeric association and transmission of signals from the extracellular milieu to the inside of
the cell. The importance of transmembrane domain interactions in proper assembly of immune
receptor complexes (see section 1.2.1.2) provided much interest in investigating transmembrane

domain interactions in the innate immune receptors, specifically, Toll-like receptors.

1.3 Toll-like Receptors

Toll-like receptors (TLRs) are a major class of proteins involved in the innate immune re-
sponse, first identified in 1997 as a homolog to the Drosophilia protein, Toll, which was involved
in fungal infections. TLRs act as a first line of defense against invading pathogens and provide
a critical link to the adaptive immune system [146]. Unlike the adaptive immune system, which
can take weeks to refine antibodies for pathogen clearance, TLRs recognize conserved patterns in
bacterial pathogens to mount an immediate immune response. However, evidence has indicated
that improper regulation of TLR signaling is associated with various diseases [161]. The link of
TLRs to progression in cancer, infectious disease, autoimmune disorders, and allergies have made
them an area of active research.

In humans there are ten known functional TLRs expressed in a variety of tissues and cell types,
with highest expression seen in leukocytes [235]. TLRs are expressed in two different subcellular

locations, the plasma membrane and endosomal compartments. These locations are critical for



pathogen recognition and accessibility, signal transduction, and avoidance of self recognition. The
cell surface receptors (TLRs 1, 2, 4, 5, 6, and 10) recognize components of bacterial cell walls and

endosomal receptors (TLRs 3, 7, 8, and 9) recognize bacterial and viral nucleic acids [101].

1.3.1 Toll-like Receptor Signaling
Every TLR shares a common structural motif,

(1) multiple, 19-25, extracellular Leucine rich repeats involved in ligand recognition,
(2) a single-pass transmembrane domain, and

(3) a Toll-Interleukin 1 receptor (TIR) intracellular signaling domain,

which all play critical roles in assembly and propagation of the TLR signaling complex. For
pathogen recognition by TLRs it is known they must form a homodimer or heterodimer, as evident
by the solved crystal structures for TLR extracellular domains with their PAMPs. Crystal struc-
tures have been solved of the ligand bound state for TLR2/TLR1 [91], TLR2/TLR6 [91], TLR3
[133], TLR4 [167], TLR5 [85], TLRS8 [205], and TLR9 [157]. While the crystal structure of dimers
all share a similar M-shaped structure with closely approaching C-termini, it is important to note
that each ligand binds a distinctive interface [50]. It is also important to note that the binding of
ligand brings the C-termini of the extracellular domains closer together, as evidenced by the TLR8
apo crystal structure [205]. It is proposed that through the juxtaposition of the C-termini the TLR
TIR domains are also able to undergo homotypic interactions, forming a nucleation site to recruit
adaptor proteins [50].

Intracellularly, there are five TIR domain containing adaptor proteins used by TLRs, MyD88,
MAL, TRIF, TRAM, and SARM [160]. MyD88 and the adaptor MAL is used by all TLRs, except
for TLR3, which uses TRIF and the adaptor TRAM [57]. The MyD88 adaptor protein is composed
of the C-terminal TIR domain and an N-terminal death domain (DD) which are linked by a flexible
intermediate domain [57]. Conserved DD homotypic interactions are critical for signal propagation

as MyD88 DDs are able to associate with DDs of the Ser/Thr kinase IRAK family [50]. A structure
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of the death domain interactions between MyD88 and IRAKSs was solved and showed assembly of
a large left-handed helical complex held together by three different, yet conserved, DD interactions
[130]. This helical assembly Myddosome is composed of four distinct layers. The top layer is
composed of two MyD88 DDs, followed immediatelly by four more MyD88 DDs, which interact
with four IRAK4 DDs, and finally four IRAK2 DDs [130]. The initial ligand binding by TLRs is
thought to recruit MyD88 to the membrane where it can reach a high enough concentration to
oligomerize its DDs and act as a nucleation site for the assembly of IRAK4 [50]. It is believed that
the assembly of the Myddosome presents an oligomeric complex for IRAK kinase activity through
autophosphorylation of IRAK4 which can then phosphorylate IRAK2 [130, 50].

The phosphorylation of IRAK1/2 domains leads to recruitment of TRAF6 to the membrane
[50]. TRAF6 is recruited through TRAF6 interaction motifs that are present in the MAL and
TRIF TIR domain containing proteins [160]. TRAF6 oligomerization lends itself to E3 ubiquiti-
nation ligase activity with K63-linked polyubiquitin chains being added to IRAK1/2 and TRAF6
itself [50]. Interactions with polyubiquitin chains recruit other downstream signaling components,
like TAK1, which upon activation autophosphorylates and can then in turn activate IKK complexes
through phosphorylation [50]. The activation of IKK complexes allows for phosphorylation of the
inhibitory subunit of IxB [152]. This phosphorylation event targets 1B for degradation by the
proteasome, allowing release of NF-xB from this complex [152]. NF-£B is then free to translocate
into the nucleus, where it binds target sequences for activation of gene transcription [152]. This
gene transcription leads to the hallmark signals of TLR activation - proinflammatory cytokines,
including TNF-a and various interleukins [100]. These chemokines and cytokines upregulate cos-
timulatory molecules on specific antigen-presenting cells, providing a direct link between the innate

and adaptive immune systems [100].

1.3.2 Toll-like Receptors in Disease and Therapeutic Interventions

The direct link between the innate and adaptive immune systems makes TLRs an interesting

therapeutic target, with active research occurring in both academia and industry. The role of TLRs
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in disease initiation and progression are still not fully understood, but they have been experimentally
linked to various conditions. For example, TLR4 activation has been linked to septic shock [161],
while TLR2 activation has been implicated in lupus [161], rheumatoid arthritis [64, 198], and
diabetes [36, 129]. Other TLRs have also been suggested to be involved in several disease states
[30, 213]. Mice that are deficient in particular TLRs have demonstrated the importance of their
regulation in inflammatory diseases such as arthritis, multiple sclerosis, and inflammatory bowel
disease [77]. The critical importance of TLRs in various diseases has created an area of focus for
new and emerging therapeutic strategies [161, 30, 107, 96].

As TLRs are central to the innate immune response pathway, there is much interest in new
antagonist and agonist therapies. Antagonists are desirable due to TLR activation occurring early
in the inflammation cascade [77]. Only a few compounds have been developed as antagonists, since
they usually suffer from specificity problems. Those that have been specific, such as TAK-242
and Eritoran for TLR4 induced septic shock treatment, have failed in Phase III clinical trials [96].
Agonist therapies are much more common due to the known ligands for activating TLRs. There is
also more interest in agonists as they can be used in a wider range of treatment options, including as
vaccine adjuvants, cancer therapies, allergic diseases, and infectious diseases. The vaccine adjuvant
market is the most studied with one compound for TLR4 being clinically approved [96]. A small
molecule agonist for TLR7 and TLRS, imiquimod, has also been approved for the treatment of

genital warts and non-melanoma skin cancers [77].

1.3.3 TLR Transmembrane Domain Involvement in Trafficking and Signaling

The structures of every component in the TLR signaling pathway have been solved in varying
detail [50, 152], except for the transmembrane domain region of Toll-like receptors. A better
understanding of TLR transmembrane domain interactions is needed to aide in the understanding
of how the ligand binding induces the necessary changes in TIR domain conformation to recruit
the remaining signaling adaptor proteins. Evidence suggests that the transmembrane domains are

a contributing factor in the trafficking and signaling of TLRs. For example, TLR4 is a known cell
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surface protein, but by expressing chimeric constructs of TLR4 utilizing the transmembrane and
TIR domains of the other TLRs, the TLR4 extracellular domain localized and responded to LPS in
cellular compartments according to the expected localization of the TLR transmembrane and TIR
domains used [156]. Later evidence suggested this localization may be specifically dependent on
the transmembrane domain interactions, as the TLR3, TLR7, TLR8, and TLR9 transmembrane
domains regulate trafficking through interactions with the UNC93B1 chaperone in the ER [197, 16,
117]. Another ER chaperone, PRAT4A, has been found to regulate trafficking of the cell surface
TLRs [216, 199], with a point mutant near the C-terminus of the TLR1 transmembrane domain
(I602S) greatly affecting proper localization of the receptor [69].

Transmembrane domains are likely not only important for trafficking, but also signaling. CD4
and integrin nucleated TLR transmembrane and TIR domains showed that even in forced dimers
only specific homotypic and heterotypic pairs of TLRs could activate NF-xB signaling [164, 237].
Additionally, chimeric constructs of TLR4 could only respond to LPS if cooperative transmembrane
and TIR domains were expressed, i.e. TLR2 and TLR1 together, not just TLR2 or TLR1 [156].
Furthermore, the TLR4 extracellular domain was shown to be a negative regulator for signaling
as TLR4 was constitutively active if only the transmembrane and TIR domains were expressed
in cells [166]. This evidence suggests that the transmembrane domain plays a role in the TLR
signaling pathway, but experimental evidence to specifically determine what function they play
is lacking. Herein, we report several methods that have advanced the understanding of Toll-like
receptor transmembrane domain interactions.

First, we used common membrane mimetic systems to study TLR transmembrane domain
interactions. In these experiments, it was shown that the TLR transmembrane domains are capable
of specific interactions (Chapter 2). After discovering these interactions we wanted to study if
these isolated transmembrane domain interactions still occurred in a native membrane context and
played a role in TLR signaling through conformational changes. To probe these questions, we
adopted a live-cell Forster resonance energy transfer imaging technique to look at the interactions

of various synthetic TLR constructs (Chapter 3). Preliminary evidence suggests that the TLR2
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heterotypic interactions occur in the native membrane environment, but further work is needed
to strengthen this conclusion. Lastly, as TLRs are important therapeutic targets, several reporter
cell lines to investigate TLR signaling were developed. Using these new reporter cells, various
transmembrane domain libraries and small molecules were studied to determine the effect they
had on TLR signaling (Chapter 4). Taken together we have advanced the field on understanding
TLR interactions, specifically related to the previously understudied transmembrane domains, and

added to the toolbox for studying membrane protein-protein interactions.



Chapter 2

Isolated Toll-like receptor transmembrane domains are capable of

oligomerization

This chapter has been published as J. I. Godfroy III, M. Roostan, Y. S. Moroz, I. V. Koren-
dovych, and H. Yin. “Isolated Toll-like receptor transmembrane domains are capable of oligomer-

ization” PLoS ONE. T:e48875, 2012. [84]

2.1 Abstract

Toll-like receptors (TLRs) act as the first line of defense against bacterial and viral pathogens
by initiating critical defense signals upon dimer activation. The contribution of the transmembrane
domain in the dimerization and signaling process has heretofore been overlooked in favor of the
extracellular and intracellular domains. As mounting evidence suggests that the transmembrane
domain is a critical region in several protein families, we hypothesized that this was also the case for
Toll-like receptors. Using a combined biochemical and biophysical approach, we investigated the
ability of isolated Toll-like receptor transmembrane domains to interact independently of extracellu-
lar domain dimerization. Our results showed that the transmembrane domains had a preference for
the native dimer partners in bacterial membranes for the entire receptor family. All TLR transmem-
brane domains showed strong homotypic interaction potential. The TLR2 transmembrane domain
demonstrated strong heterotypic interactions in bacterial membranes with its known interaction
partners, TLR1 and TLR6, as well as with a proposed interaction partner, TLR10, but not with

TLR4, TLR5, or unrelated transmembrane receptors providing evidence for the specificity of TLR2
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transmembrane domain interactions. Peptides for the transmembrane domains of TLR1, TLR2,
and TLR6 were synthesized to further study this subfamily of receptors. These peptides validated
the heterotypic interactions seen in bacterial membranes and demonstrated that the TLR2 trans-
membrane domain had moderately strong interactions with both TLR1 and TLR6. Combined,
these results suggest a role for the transmembrane domain in Toll-like receptor oligomerization and
as such, may be a novel target for further investigation of new therapeutic treatments of Toll-like

receptor mediated diseases.

2.2 Introduction

Toll-like receptors (TLRs) are an important class of proteins involved in the innate immune
response, providing the first line of defense against microbes by recognizing pathogen-associated
molecular patterns (PAMPs) [146]. These receptors also play a significant role in priming adaptive
immune responses [146]. TLRs are type I transmembrane proteins that consist of three domains: (1)
an extracellular domain made of Leucine-rich repeats that recognizes specific PAMPs, (2) a single
transmembrane domain (TMD), and (3) an intracellular Toll-interleukin 1 receptor (TIR) domain
that is required for downstream signal transduction [146]. These receptors are widely conserved
across species, with humans having ten known functional TLRs [101]. TLRs can be generally
divided into two subgroups based on their cellular location and PAMP recognition (Figure 2.1).
The first subgroup is the cell surface receptors composed of TLR1, TLR2, TLR4, TLR5, TLR6, and
TLR10, which recognize components of bacterial cell walls [101]. The second subgroup consists of
TLR3, TLR7, TLRS, and TLR9, which are expressed in intracellular compartments like endosomes,
and recognize bacterial and viral nucleic acids [101].

Over the past decade, extensive work has been done to understand TLR structure, ligand
recognition, signaling, and role in diseases. It is known that active TLRs function as either a ho-
modimer or heterodimer, as evident by the crystal structures for TLR extracellular domains with
their PAMPs for TLR2/TLRI1 [91], TLR2/TLR6 [91], TLR3 [133], TLR4 [167], TLR5 [85], TLR&

[205], and TLR9 [157]. It is also known that the dimerization of TIR domains is required for the
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Figure 2.1: Toll-like receptors.

A schematic representation of the human Toll-like receptors. TLRs consist of three domains, an
extracellular Leucine-rich repeat domain that recognizes the ligand, a single-pass transmembrane
domain, and an intracellular TIR domain for signaling. Signaling is activated by the formation of
either homodimers or heterodimers as depicted. TLRs are typically broken down into two classes,
cell-surface receptors that recognize bacterial cell wall components, and endosomal receptors that
recognize bacterial and viral nucleic acids.
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recruitment of various adapter proteins to initiate a signaling pathway [100]. All TLRs, except for
TLRS3, signal through a MyD88-dependent pathway that activates NF-xB and produces proinflam-
matory cytokines [100]. TLR3 signals through the TRIF pathway that produces type I interferons
as well as proinflammatory cytokines [100]. Due to the outcome of their signaling pathway, the
TLRs are a double-edged sword because they provide important protection from bacterial and viral
pathogens, but dysregulation can lead to several disease states [161]. For example, TLR4 activation
has been linked to septic shock [161], while TLR2 activation has been implicated in lupus [161],
rheumatoid arthritis [64, 198], and diabetes [36, 129]. Other TLRs have also been suggested to be
involved in several disease states [30, 213]. The critical importance of TLRs in various diseases has
created an area of focus for new and emerging therapeutic strategies [161, 30, 107, 96].

Our interest in TLRs is to study and understand the roles of the TMDs in TLR activation.
Recent research has suggested that the TMDs of proteins not only function to anchor the protein
to the membrane, but that they can also play a pivotal role in membrane protein oligomerization
[110]. The important role of the TMD has been demonstrated on the integrin family of proteins
[239, 128, 19, 230, 188], receptor tyrosine kinases [127, 149, 51|, receptor-like protein tyrosine
phosphatases [25], G-protein coupled receptors [153, 7], and other receptors [184, 47, 27, 183].
These reports indicate that TMD association can either be (a) the driving force for the required
oligomeric state, or (b) the location of a conformational change that relates ligand binding to signal
transduction.

Recent findings have demonstrated a possible role of the TMD in TLR activation [133, 166,
209, 113, 71, 237]. First, it has been shown that by forcing the TMD and TIR domains of TLRs to
be in a dimeric complex using constitutively dimeric extracellular domains, it is possible to activate
the NF-xB pathway as well as other known TLR gene promoters in the absence of ligands [71, 237].
Second, FRET studies demonstrated that TLR9 existed as preformed dimers in the cell membrane
and underwent small conformational changes upon ligand addition [113]. Third, structural modeling
using the TLR3 extracellular domain and TLR10 TIR domain suggested a close proximity between

TMD domains in the dimeric complex that could allow for the TMD region to associate [133]. Last,
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recent studies on TLR4 have demonstrated the importance of the tight coupling of the extracellular
domain and TIR domain to the TMD as a requirement for signaling [209], and that the TLR4
extracellular domain prevents constitutive dimeric activation of TLR4 in the absence of ligand
[166]. Based on these findings and the fact that the TLRs are single pass membrane proteins that
are known to form functional homo- and heterodimers we asked whether TLR TMDs are capable
of oligomerization in a manner analogous to the native TLRs. Interestingly, such a hypothesis
is also supported by the fact that for the two pairs of heterodimeric TLRs (TLR2/1, TLR2/6),
the transmembrane domain sequences of TLR1 and TLR6 are almost identical (Table 2.1) due to
recent evolutionary divergence [108, 94|, suggesting that their TMD regions possibly contribute
to their association with TLR2. Our results demonstrate that isolated TLR TMDs are indeed
capable of oligomerizing and have higher propensity for TLR interactions previously identified
[133, 167, 91, 95, 113, 71, 67, 164]. Studies of whether such findings apply to the full length TLRs
are currently ongoing. Nonetheless, a good correlation with existing structural and functional data
has been observed, implying that interactions between TLR TMDs may be biologically relevant. As
such, our findings may provide new targets for the development of chemotherapeutics for diseases

wherein dysregulated TLR signaling is implicated.

2.3 Materials and Methods

2.3.1 Toll-like Receptor Transmembrane Domain Construction

As the transmembrane domain sequence is not known from crystal structures or experi-
ment, we used hydrophobic analysis to determine the most likely consensus sequence for use in our
studies. Briefly, the 10 human TLR protein sequences were accessed in FASTA format using the
UniProt database (accession codes Q15399, 060603, 015455, 000206, 060602, Q9Y2C9, QINYKI,
QINRI7, QINRI6, QIBXR5) and analyzed to find the potential transmembrane domains. The
programs used for predicting transmembrane domains were TMHMM, TMPred, SOSUI, DAS, and

Mobyle, which were all accessed from the ExPasy topology prediction section (ca.expasay.org/tools).
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Table 2.1: ToxR transmembrane domain sequences

TMD Sequence

GpA gnrasLITF GVMA GVIGTILgslin

TLR1 gnrasI TLLIVTIVATMLVLAVTVTSLCSY Lgslin
TLR2 gnrasALVS GMCCALFLLILLTGVLCgslin

TLR3 gnrasLFFMINTSILLIFIFIVLLIHFgslin

TLRA4 gnrasTIIGVSVLVVSVVAVLVYKFYFgslin
TLR5 gnrasFSLEFIVCTVTLTLFLMTILTV Tgslin

TLR6 gnrasI TLLIVTIGATMLVLAVTVTSLCIY Lgslin
TLR7 gnrasLILF SLSLSV SLFLMVMMTASHLgslin
TLR8 gnrasVTAVILFFFTFFITTMVMLA ALAgslin
TLR9 gnrasFALSLLAV ALGLGVPMLHHLgslin

TLR10 gnrasALLIVTIVVIMLVLGLAV AFCCLgslin
TMD5 gnrasWQLLAFFLAFFL DLILLITALY Lgslin

Integrin oy, gnrasW VLV GVLG GLLLLTILVLAM Wgslin

Lowercase residues are encoded by the reading frame of the plasmid constructs, capitalized bold
residues are the transmembrane domain sequences studied. GpA is the glycophorin A transmem-
brane domain previously studied and known to have strong homotypic interactions [111, 17, 131].
TLR1-TLR10 are the transmembrane domains of the specified Toll-like receptor as identified by
hydrophobic analysis. Sequences of GpA, TLR2, TLR7, and TLR9 all contain potential Small-
XXX-Small motifs that have been indicated as bold italicized letters. TMD5 and Integrin ajjp are
unrelated TMD receptors used for studying TLR specificity.
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Residues that were identified by more than 60% of the software programs as part of the TMD were

chosen as the consensus transmembrane sequences for all further studies.

2.3.2 ToxR Assay Plasmid Construction

Plasmids for this assay, pTox7 and pTox6 [78], and the competent E. coli strain, FHK12 [45],
were kindly provided by D. Langosh, Technische Universit Mnchen, Germany. The pTox7 plasmid
was modified by insertion of a single base (t) after the BamH1 site to keep the proper reading frame
for the designed transmembrane sequences. Oligonucleotides from Integrated DNA Technologies
encoding the designed TLR1-10 TMD constructs were ligated into the Nhel /BamH]1 restriction sites
of both plasmids. Mutant constructs for TLR2 were generated using site-directed mutagenesis kits
(Stratagene). DNA sequencing (Genewiz, Inc., NJ) validated proper TMD insertion and reading

frame.

2.3.3 Homotypic ToxR Interactions

Briefly, the ToxR plasmids containing the TMD of interest (200 ng) were transformed into
chemically competent FHK12 E. coli (200 pL) by incubating on ice for 30 min, heat shock at 42°C
for 90 s, incubation on ice for 2 min, and addition of SOC media (800 pL) followed by incubation
with shaking for 1 h at 37°C. This transformation mixture (50 puL) was then spread on LB agar
plates containing cholaramphenicol (30 pg/mL) and ampicillin (100 pg/mL) and grown overnight
at 37°C. Single colonies were selected from the plates in triplicate and added to 5 mL of LB media
containing cholaramphenicol (30 pg/mL), ampicillin (100 pg/mL), and arabinose (0.0025%). These
cultures were incubated overnight (16-20 h) with shaking at 37°C. The [-galactosidase activity
was monitored using a Beckman Coulter DTX 880 plate-reader. First 5 ul. of each culture was
plated > 6 times in a clear 96-well flat bottom culture plate (Sarstedt) containing 100 puL of Z-
buffer /chloroform (1% S-mercaptoethanol, 10% chloroform, 89% Z buffer: 1 M sodium phosphate,
10 mM potassium chloride, 1 mM magnesium sulfate, pH 7.0). The cell densities of each well were

recorded by measuring the OD595. Bacteria were lysed by the addition of 50 uL Z-buffer/SDS (1.6%
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sodium dodecyl sulfate w/v in Z-buffer) and shaking at 28°C for 10 min. Enzymatic activity was
measured by adding 50 uL of Z-buffer/ortho-Nitrophenyl-3-galactosidase (ONPG) (0.4% ONPG
w/v in Z-buffer) and monitoring the reaction at 405 nm for a period of 20 min at 30 s intervals.
Miller units were calculated using the equation:

ODyo5

MillerUnits = —2m¢ 1000 2.1
ODsg5 21)

Western blotting was performed with antiserum recognizing the maltose-binding protein moi-
ety of the constructs (Abcam). Data were normalized to GpA Miller Units and protein expression

levels using ImageJ (NIH) as reported previously [44].

2.34 Heterotypic ToxR Interactions

For heterotypic interactions one plasmid containing a functional ToxR domain (200 ng) and
a second plasmid containing a non-functional ToxR* domain (200 ng) were co-transformed into
chemically competent FHK12 E. coli (400 pL) by incubating on ice for 30 min, heat shock at 42°C
for 90 s, incubation on ice for 2 min, and addition of SOC media (1600 pL) followed by incubation
with shaking for 1 h at 37°C. This transformation mixture (50 L) was then used to spread LB-
agar plates containing cholaramphenicol (30 pg/mL), kanamycin (33 pug/mL), and ampicillin (100
pug/mL) and grown overnight at 37°C. Single colonies were selected from the plates and grown in
5 mL LB media containing cholaramphenicol (30 pg/mL), kanamycin (33 pg/mL), ampicillin (100
ug/mL), and arabinose (0.0025%) overnight (16-20 h) with shaking at 37°C. Analysis of activity
was monitored as described in homotypic ToxR assays. Western blotting was done in the same
manner as the homotypic ToxR assay with one band appearing for the functional ToxR construct
and a second band for the nonfunctional ToxR* construct. Data were normalized to poly-Leu*
Miller Units and corrected for varying protein expression levels using ImageJ (NIH) as previously

reported [44].
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2.3.5 Peptide Synthesis

All peptides were synthesized at a 0.1 mmol scale on a Rink Amide resin with a loading capac-
ity of 0.36 mmol/g using a CEM Liberty automated synthesizer with a Discovery microwave module.
To increase the solubility of these highly hydrophobic peptides in polar solvents a KK sequence motif
was added to both the N- and C-termini of the peptides. For all fluorophore labeling, a 6-atom flexi-
ble spacer was added to the N-terminus. The TLR2 peptide was labeled with FITC using aminohex-
anoic acid as the spacer using previously reported conditions [230]. The TLR1 and TLR6 peptides
were labeled with coumarin using two glycines as the spacer following previously reported coupling
methods [19]. For all peptides, side chain deprotection and cleavage from the resin was done us-
ing a mixture of trifluoroacetic acid/water/1,2-ethanedithiol/thioanisole/phenol/triisopropylsilane
(81.5:5:5:2.5:1 v/v) at room temperature under a Ny blanket for 2 h. The crude peptides were
collected by precipitation with cold (-20°C) diethyl ether. The peptides were then purified on an
Agilent 1200 series semi-preparative reverse phase high-performance liquid chromatography system
with a Vydac Protein C4 column using a linear gradient of solvent A (Millipore water with 0.1% tri-
fluoracetic acid) and solvent B (6:3:1 isopropanol /acetonitrile/water containing 0.1% trifluoroacetic
acid). The identities of the purified peptides were confirmed by MALDI-TOF mass spectrometry
on a Voyager-DE-STR Biospectrometry Workstation (Perseptive Biosystems). All peptides were
lyophilized using a Labconoco FreeZone 4.5 freeze drier to yield the purified peptides as their TFA

salts.

2.3.6 Circular Dichroism

CD measurements were performed on a ChirascanPlus spectrometer (Applied Photophysics)
using a quartz cuvette with a 1.0 mm path length. C14-Betaine (3-(N,N-Dimethylmyristylammonio)-
propanesulfonate, Sigma) and peptides were co-dissolved in 2,2,2-trifluoroethanol. The organic
solvent was removed by drying to a thin film using No and further dried overnight under reduced

pressure to remove all traces of TFE. Samples were resusupended in a 20 mM HEPES buffer, pH
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7.4, yielding a final C14-Betaine concentration of 10 mM. Peptide concentrations were determined
using the Beer-Lambert law with coumarin absorbance at 400 nm using €400 of 39,300 M~! cm™!
[192] and FITC absorbance at 495 nm using e495 of 68,000 M~! cm™! (Invitrogen). Peptides were
prepared such that final concentrations were in the 5-10 pM range. All CD spectra were measured
at 25°C with a step size of 1 nm and are reported as the average of 9 scans. Data were not collected

below 200 nm due to the high voltage and background noise from the C14-Betaine buffer. Helical

content was determined using CDNN [14].

2.3.7 Self-Quenching Assay

Fluorescence self-quenching was used to directly probe the homotypic interactions of the
synthetic peptides. Fluorescently labeled peptides and C14-Betaine were co-dissolved in 2,2,2-
trifluoroethanol. The organic solvent was removed using a N9 stream to generate a thin film of the
peptide/detergent mixture and then dried over night under reduced pressure to remove all traces
of organic solvent. The samples were resuspended in a 100mM HEPES buffer, pH 7.4. Four stock
solutions were prepared with final C14-Betaine concentrations of 0.15 mM, 1 mM, 5 mM, and 10
mM. Peptide concentrations of these samples were determined by UV-VIS and adjusted with the
corresponding C14-Betaine only buffers such that all peptide concentrations were 1 pM. These
samples were mixed in a black 96-well plate to obtain a range of peptide:detergent ratios at a fixed
peptide concentration and varied detergent concentrations. Samples were allowed to equilibrate
in the 96-well plate at room temperature for 2 h before measurement using a Beckman-Coulter
DTX 880 Multimode Detector plate reader. The samples labeled with coumarin were excited at
360 nm and the emission filter set at 460 nm. The sample labeled with FITC was excited at 485
nm and the emission filter set at 535 nm. Each data point is blank corrected for the corresponding
C14-Betaine only signal and are the average of 3 different readings. To scale the data from 0 to
1, the initial data point was averaged and set to be zero by subtracting from all further readings,
and the data points that are in the plateau region were averaged and then all values were divided

by this average to get a maximum of 1. The untransformed data were fit using the Hill equation
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using OriginPro 8.6 to get a Ky with the first reading being fixed as the initial signal.

2.3.8 Forster Resonance Energy Transfer

FRET was used to directly probe the heterotypic association of the synthetic peptides. FRET
experiments were performed on a Horiba Fluorolog-3 using a 0.3 cm path length cuvette. Peptides
and C14-Betaine (1 mM) were co-dissolved in 2,2,2 -trifluoroethanol and dried under Ny to generate
a thin film of peptide/detergent. Samples were resuspended in 100 mM HEPES, pH 7.4. Samples
were titrated such that the coumarin TLR1 or TLR6 peptide concentration was fixed at 20 nM
and the fluorescein TLR2 peptide concentration varied. Data were collected with an excitation
wavelength of 415 nm and emission spectra were collected from 440-600 nm, with slit widths of 3
nm for both excitation and emission. Reference samples containing only fluorescein tagged TLR2
were used for calculating net FRET signals that were used in the data analysis. Data were fit using

the Hill equation in OriginPro 8.6.

2.4 Results

2.4.1 TLR Transmembrane Domain Interactions in E. coli Membranes

To demonstrate proof of concept for TLR TMD interactions in both a homotypic and het-
erotypic manner, we used the established ToxR reporter assay [111, 131] to qualitatively assess
TLR TMD interactions. The fusion proteins used in this assay consist of an extracellular mal-
tose binding protein, which properly orients the construct to the periplasm, the TMD of interest,
and a cytoplasmic cholera toxin transcriptional activation domain, ToxR. Driven by TMD-TMD
interactions, dimeric ToxR domains bind the cholera toxin promoter, which induces expression of
a reporter enzyme, -galactosidase. Various plasmid constructs for this assay make it possible to
monitor both homotypic [111] and heterotypic [131] interactions that are driven by TMD-TMD
association (Supplementary Figure A.1).

We first investigated homotypic interactions because the majority of the TLR family members
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function as homodimers. All TLR TMDs demonstrated high propensity for homotypic interactions
(Figure 2.2) showing 45%-85% of the activity of the positive control, glycophorin A (GpA).

The TMD of GpA was used as a positive control since it has been previously demonstrated to
have a very strong homotypic interaction [111, 17, 44]. A construct that does not encode a TMD and
is not capable of any TMD association (ATM) was used as the negative control to demonstrate
the background signals [78]. This ATM construct consists of the same maltose binding protein
and ToxR domain, but lacks a TMD for proper membrane insertion (Supplementary Figure A.2)
[76]. Statistical analysis using the Tukey-Kramer test was performed to analyze any significant
differences between all possible pairs of average interaction potentials (Supplementary Table A.2).
All TLR TMDs were statistically different from the negative control (p < 0.0001), indicating that
the TMD-TMD interactions observed were unlikely due to systemic errors or artifacts. Among the
TLRs, no discernible differences in grouping based on statistical analysis at p=0.05 were indicated
as all receptors belonged to multiple groups, except for TLR1, which with the lowest interaction
potential among the family of receptors only existed in one group (Supplementary Table A.1).

Next, we investigated heterotypic interactions of the TLRs. We specifically studied TLR2,
TLR1, and TLR6 because they are cell surface expressed receptors known to form functional
heterodimers. To determine the ability of these three cell surface TLRs to have specific heterotypic
interactions, we studied the ability of the TLR1, TLR2, and TLR6 TMDs to interact with the TLR
receptors also expressed at the cell surface; namely, TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10.
We monitored these interactions using a dominant-negative ToxR assay (Supplementary Figure A.1)
which works by having a second TMD expressed with a non-functional ToxR* intracellular domain.
This ToxR* domain is incapable of binding the ctx promoter making any interactions with this
second expressed TMD unable to produce the reporter enzyme. As such, any interaction between
the functional ToxR and non-functional ToxR* TMDs will result in a reduction in signal output.

We saw a similar trend for all three TLR TMDs in the heterotypic interactions, as TLR2,
TLR1 and TLR6, all showed that they had a strong propensity to interact with TLR1, TLR2,

TLR6, and TLR10, but not with TLR4 or TLR5 (Figure 2.3). Furthermore, these TMDs did not
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Figure 2.2: Toll-like receptor transmembrane domain interactions.
(A) The ToxR assay was used to study homotypic interactions of the TLR TMDs. A chimeric pro-
tein expressing the TMD of interest was monitored through S-galactosidase activity. In all cases,
we saw that the TLRs have interaction potential solely from TMD-TMD interactions. Each TLR
TMD interaction measurement analysis was performed on 3 technical replicates with >6 measure-
ments for each replicate. Error bars depict the standard error of the mean (n - Supplementary
Table A.1). Western blots staining for MBP were performed to monitor expression levels of the
constructs (B) chimeric maltose binding protein expression, 70 kDa, (C) endogenous maltose bind-
ing protein expression, 45 kDa. All samples were normalized to the GpA signal and expression

levels. Significant differences were determined by use of the Tukey-Kramer test with all TLRs
being significantly different than the negative control.
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Figure 2.3: Plasma membrane Toll-like receptor heterotypic interactions.

(A) A dominant-negative ToxR assay was used to study heterotypic interactions of the plasma
membrane TLRs. Two TMDs were encoded in the FHK12 E. coli reporter strain, one with a
functional ToxR domain and one with a nonfunctional ToxR* domain. Interaction between the two
different TMDs leads to a reduction in signal from that seen for homotypic interactions. The TMDs
for GpA, TLR1, TLR2, and TLR6 were used with the functional ToxR domain while TMDs for
poly-Leucine, TMDS5, integrin o, TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10 were used with
the nonfunctional ToxR* domain. Interactions were most prominent for the TLRs known to have
heterotypic interactions - TLR2-TLR1 and TLR2-TLR6. TLR10 also showed strong interactions
with TLR2. We also saw interaction with the same TMD further validating the homotypic inter-
actions. Moderate interaction was seen with other TMDs that could be attributed to non-specific
interactions from similar TMD motifs as completely unrelated receptors showed similar levels of
knockdown. Each dominant phenotype was done in 3 technical replicates with each negative phe-
notype and >6 measurements made for each replicate. Error bars depict the standard error of the
mean (n - Supplementary Tables A.3, A.5, A.7, and A.9). Western blots staining for MBP were
performed to monitor expression levels of the constructs with the upper band being functional ToxR,
chimeras, 70 kDa, and the lower band being nonfunctional ToxR* chimeras, 65 kDa (B) GpA, (C)
TLR1, (D) TLR2, and (E) TLR6. Significant differences for the same dominant phenotype were
determined by use of the Tukey-Kramer test.
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show high interaction propensity with TMDs from completely unrelated receptors, TMD5 from
latent membrane protein 1 and integrin ajjp, or with the negative control TMD of poly-Leu. Co-
expression of poly-Leu as the negative ToxR* construct with a functional ToxR construct resulted
in the same signal as that seen when the functional ToxR domain was expressed alone (data not
shown). Therefore, poly-Leu was used as the normalization standard of 1. The strongest interac-
tions belonged to the heterotypic interactions among TLR1, TLR2, TLR6, and TLR10, with all
combinations showing >60% reduction in signal from the homotypic interaction. The same high
level of knockdown was seen for the same receptor, i.e. TLR1-TLR1*, validating the homotypic
signal we had seen. Interestingly these sequences, TLR1, TLR6, and TLR10, demonstrated the
highest sequence similarity (Table 2.1) and belong to the same TLR subfamily as TLR2 [94], im-
plying biological relevance of such an observation. Statistical analysis using the Tukey-Kramer test
demonstrated TLR1, TLR2, TLR6, and TLR10 always belonged to the same grouping classification,
and that classification was statistically different from all other interactions seen (Supplementary
Tables A.5-A.10). To further verify that the interaction we saw was specific, we looked at the ability
of the TLR TMDs to form heterotypic interactions with unrelated transmembrane receptors and
with the GpA TMD expressed as the dominant phenotype. With GpA as the dominant phenotype,
we saw no significant reduction for any TMD based on statistical groupings (Supplementary Tables
A.3-A.4) except TLR2, which showed a weak knockdown of 30%. The TLR1, TLR2, and TLR6
TMDs all showed a weak interaction, 30-40% knockdown, with both the integrin ajy, and TLR5

TMDs, but no interaction with TMD5 or TLR4 (Supplementary Tables A.5-A.10).

2.4.2 Synthetic Transmembrane Peptide Homotypic Interactions

To quantify the interaction propensity demonstrated by the ToxR assay, we synthesized
peptides for the TLR1, TLR2, and TLR6 TMDs. Synthetic TMD truncations have been widely
used to study protein interactions in membrane mimetic systems (e.g. micelles) and may provide
useful information on protein assembly in membrane bilayers [193, 41, 53]. These TLR TMD

peptides were monitored by circular dichroism in the presence of detergent micelles and found to
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adopt a helical conformation (Figure 2.4). The helical content of the peptides was determined to
be >99% for all three synthetic peptides (Supplementary Table A.11), indicating the micelles are
a suitable mimetic system for further studies.

These transmembrane peptides were fluorescently labeled with either fluorescein or 7-hydroxycoumarin,
which have been previously demonstrated to exhibit fluorescence self-quenching upon interaction
and do not contribute to the peptide interactions [37]. An apparent dissociation constant (K;) can
be determined from self-quenching interactions by varying the amount of detergent present for a
fixed peptide concentration. At low detergent:peptide ratios, the TMD peptides are driven to inter-
act; however, gradually increasing the amount of detergent present at a fixed peptide concentration
will cause the TMDs to dissociate. Then, at some critical detergent:peptide ratio, the interaction
is completely disrupted and the fluorescence plateaus. For the TLR peptides we saw that TLR1
and TLR6 showed relatively weak interactions, and TLR2 showed a moderate interaction (Figure
2.5). Fitting the data results in apparent dissociation constants, Ky, in terms of a dimensionless
detergent:peptide ratio (molar fraction) as this ratio, instead of the bulk concentration, is more
relevant to TMD peptide association. For TLR1 the K; was determined to be 645.63 + 49.08, for
TLR6 the K ; was determined to be 883.57 4 86.92 and for TLR2 the K, ; was determined to be
4475.5 £+ 637.9. These molar fraction values fall within the known ranges of TMD interactions [47]
and classify the TLR1 and TLR6 homotypic interactions as weak, and the TLR2 homotypic inter-
action as moderately strong. Further experiments were performed using sedimentation equilibrium
analytical ultracentrifugation (SE-AUC) to determine oligomeric states of the TLR2 and TLR6
peptides. The TLR2 peptide was well modeled by a monomer-dimer-tetramer equilibrium (Sup-
plementary Figure A.3) and the TLR6 peptide was well modeled by a monomer-dimer equilibrium
(Supplementary Figure A.4) which indicated that these peptides formed oligomers in a micellar

environment.
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Figure 2.4: Circular dichroism spectra of TLR1, TLR2, and TLR6 synthetic TMD peptides.

Far-UV spectra of the synthetic TMD peptides at concentrations ranging from 5-10 pM in the
presence of 10 mM C14-betaine detergent micelles. Spectra were collected at 25 °C with a step size
of 1 nm and are the average of 9 scans. All peptides had helical content >99% (Supplementary

Table A.11) as determined using CDNN [14]
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Figure 2.5: TLR1, TLR2, and TLR6 homotypic interactions by fluorescence self-quenching.
Synthetic TMD peptides were fluorescently tagged with fluorescein (TLR2) or coumarin (TLRI,
TLR6). Homotypic interaction affinity was studied by changes of fluorescence intensity at different
molar ratios of detergent to peptide. All samples were fixed at a peptide concentration of 1 uM,
while the detergent concentration was varied. Increasing detergent competes off the TMD-TMD
interactions and leads to an increase in fluorescence signal. TLR1 and TLR6 exhibit similar behavior
characteristic of weak interactions as indicated by rapid release of quenched fluorescence with Ky
of 645.63 + 49.08 and 883.57 4+ 86.92 respectively. TLR2 exhibits a different behavior indicative of
a moderate interaction as it gradually releases quenched fluorescence with Ky of 4475.49 + 637.86.
Fach data point is a minimum of 3 measurements from 3 different sample preparations. Error bars
are standard deviations of the measurements. K, were determined using the Hill Equation [194].
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2.4.3 Synthetic Transmembrane Peptide Heterotypic Interactions

Using the same TLR1, TLR2, and TLR6 peptides, as described above, we were able to moni-
tor the heterotypic interactions between TLR2-TLR1 and TLR2-TLR6 using a previously reported
Forster resonance energy transfer (FRET) assay [230]. The titration of a fluorescein-labeled TLR2,
FRET acceptor, into a 7-hydroxycoumarin labeled TLR1 or TLR6, FRET donor, resulted in the
reduction of the donor emission and an appearance of the acceptor emissions, demonstrating that
these transmembrane peptides have heterotypic interactions (Figure 2.6). Fitting these data as
described previously [127, 149, 194], it is possible to get dissociation constants. The dissociation
constant for the TLR2-TLR1 interaction was 230.8 4+ 20.0 nM of acceptor labeled peptide and for
TLR2-TLR6 it was 286.5 + 14.8 nM of acceptor labeled peptide (Figure 2.6C). To make these disso-
ciation constants comparable to the apparent dissociation constants determined by self-quenching
we divided these values by the fixed detergent concentration of 1 mM to yield 4332.0 + 410.7
and 3490.4 £ 190.1 for the TLR2-TLR1 and TLR2-TLR6 interactions, respectively. SE-AUC was
also used to investigate the oligomeric state of the TLR2-TLR6 heterotypic interaction. Analysis
showed that the molecular weight of the species decreased for TLR2 when in the presence of TLRE,

suggesting that these peptides are also interacting (Supplementary Figure A.5).

2.4.4 TLR2 Mutational Analysis for Interface Determination

After demonstrating that the TLR2 TMD is capable of both homotypic and heterotypic
interactions, we investigated residues that might be responsible for these interactions. As previous
works have identified structural motifs that can be involved in TMD-TMD interactions [151, 110],
we examined the TLR2 TMD sequence and found that it contained an extended Small-XXX-Small
motif (Table 2.1, where Small can be Ala, Gly, or Ser) that has been reported to facilitate TMD
dimerization [151]. Further analysis also revealed that the TMDs of TLR2, TLR1, TLR6, and
TLR10 contained luminal Cys residues (Table 2.1). To investigate if these residues were involved in

the homotypic or heterotypic interactions we performed site-directed mutagenesis at key positions
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Figure 2.6: TLR2-TLR1 and TLR2-TLRG6 heterotypic interactions measured by Forster resonance
energy transfer

Synthetic TMD peptides were co-incubated in micelles with the FRET donor concentration fixed
to be 20 nM and the FRET acceptor concentration varied from 0-1500 nM. The donor was ex-
cited at 415 nm and emission was monitored from 440-600 nm. Only donor emission is shown as
the excitation-emission separation led to a high background signal seen in the acceptor channel.
(A) TLR2-TLR1 donor channel. (B) TLR2-TLR6 donor channel. (C) FRET efficiency based on
decrease in donor signal at increasing acceptor concentrations. Fitting these curves yields a TLR2-
TLR1 interaction of K; = 4332.0 £ 410.7 (in molar fraction unit) and a TLR2-TLR6 interaction
of K4y = 3490.4 + 190.1.
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in the TLR2 TMD Gly593Val, Ala597Val, and Cys609Ile and tested these mutants in both
homotypic and heterotypic ToxR assays. The results suggest that these mutations were not critical
for TLR2 homotypic interactions since no mutation demonstrated significant difference from the
wild type TLR2 TMD (Figure 2.7A). As a control for the effect of a point mutation on TMD
interactions, we used TMD5 of latent-membrane protein 1, which has been previously studied in
our laboratory and demonstrated that the Asp150 was critical for interaction [184]. For heterotypic
interactions, the Ala597Val and Cys609Ile mutations played a role in heterotypic interactions since
both mutations were capable of reducing the ToxR inhibition demonstrated by the native TLR2

TMD (Figure 2.7B).

2.5 Discussion

Membrane proteins account for nearly 30% of all proteins encoded in the genome and are
involved in many diverse cell processes [110, 151, 62]. Previous work with TLRs has investigated the
potential of the TLR TMDs and TIR domains to activate signaling pathways or gene promoters
when a chimeric protein contains an extracellular domain forcing these domains into a dimeric
state [71, 237]. While these data suggest that the TLRs are activated when in a dimeric state,
and it has been proposed that the dimerization of the TIR domains is required for recruitment
of adapter proteins in signal transduction [165], it provides no information about the role of the
TMD in this dimeric interaction. Our data shows, for the first time, that isolated TLR TMDs are
capable of oligomerizing both homotypically and heterotypically, showing preference for the known
interaction partners of each TLR in the absence of the extracellular domain and TIR domain.
These results provide critical evidence on the role of TMD interactions for the TLR family of the
innate immune system and suggest that this short region of the protein likely plays an important
role in the assembly and function of the receptors.

In terms of native interactions, the isolated TMDs were sufficient to recapture the known
behaviors of the full-length proteins as well as provide evidence for others that are still unclassified.

All TLR TMDs were capable of forming homotypic interactions (Figure 2.2). These results are
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Figure 2.7: Toll-like Receptor 2 interaction interface studied by mutagenesis

TLR2 residues were mutated to study effects on homotypic and heterotypic interactions using
the ToxR assay. These mutations were at positions identified in the sequence as likely interaction
locations. (A) Homotypic interactions of point mutations show no difference in interaction potential
from wild-type TLR2 TMD. (B) Heterotypic interactions of point mutations show the potential
importance of both the Ala597 and Cys609 positions for heterotypic interactions. Western blots
staining for MBP were performed to monitor expression levels of the constructs with the upper band
being functional ToxR chimeras, 70kDa, and the lower band being nonfunctional ToxR* chimeras,
65 kDa, (C) TLR2, (D) TLR2 G593V, (E) TLR2 A597V, and (F) TLR2 C609I. All signals were
normalized to the expression levels of GpA.
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promising as crystal structures exist showing the extracellular domain of TLR3 [133] and of TLR4
[167] as a homodimer with their respective ligands. Additionally, a computer model based on
homology modeling of the TLR3 extracellular domain and TLR10 TIR domain proposed that the
TMDs could be in close proximity to interact [133]. We saw agreement with this model as the
TLR3 TMD showed a very high homotypic interaction potential. It has also been shown using
fluorescence lifetime FRET of CFP tagged TLR9 that TLRY exists as a preformed dimer in cell
membranes and undergoes conformational changes upon binding of its ligand [113] suggesting that
the TMD may be in close proximity prior to ligand activation. The ToxR assay result demonstrated
that the TLR9 TMD has a very high propensity for homotypic interactions, indicating it could be
a contributing factor to the pre-formed TLR9 dimers found in cells. The TLR1, TLR6, and TLR10
receptors are not known to have functional homodimers; however, TLR1 and TLR6 are known
to form functional heterodimers with TLR2 [91, 95, 164] and while TLR10 pathogen recognition
is still unknown, it has recently been proposed to also form a heterodimer with TLR2 [70, 67].
These known and proposed heterotypic interactions of TLR1, TLR6, and TLR10 with TLR2 were
verified using our heterotypic ToxR assay (Figure 2.3). The strongest heterotypic interactions were
seen for the known heterotypic pairs of TLR2-TLR1 and TLR2-TLR6, as well as for the proposed
TLR2-TLR10 interaction. The heterotypic interaction of TLR1, TLR2, and TLR6 with its own
TMD provides further evidence for the ability of these receptors to also interact homotypically.
We also saw a strong heterotypic interaction with TLR1-TLR6, TLR1-TLR10, and TLR6-TLR10
combinations, which is likely due to the high sequence similarity among these TMDs (Table 2.1)
making these interactions analogous to the homotypic interactions. Alignments of the TLR TMD
sequences showed that no TMD pairs had >25% sequence identity except for TLR1-TLR6 which
has 92% sequence identity with only 2 residues different between the sequences, TLR1-TLR10
which had 50% sequence identity, and TLR6-TLR10 had 46% sequence identity. This homology is
not surprising as TLR1, TLR6, and TLR10 are all on the same gene locus in humans and are the
most recently diverged in phylogenetic trees [94, 108].

As a comparison, we observed weak heterotypic interactions with GpA-TLR2, TLR1-Integrin
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agrp, TLR2-Integrin agrp, TLR6-Integrin oy, TLR1-TLR5, and TLR6-TLR5 (Figure 2.3). The
GpA-TLR2 and all TLR-Integrin «a;j, interactions can likely be explained by the presence of a
similar Small-xxx-Small motif in the TMD sequences of GpA, TLR2, and Integrin oy, (Table 2.1).
This motif and neighboring residues have been shown to be critical for GpA TMD interactions [44],
so it is highly probable that this motif is the cause for these weak interactions. The TLR1 and TLR6
interactions with TLR5 do not appear to share any structural motifs, but as we are only looking
at the isolated TMDs of these receptors, one possible explanation could be that other regions of
the protein might prevent such an interaction from occurring in the context of full-length proteins.
Our reasoning is based on the evidence that the extracellular domain serves as a negative regulator
for interactions in other transmembrane proteins [166, 23]. One example is for a receptor-tyrosine
kinase, fibroblast grown factor receptor 3 (FGFR3), whose transmembrane domain has been shown
to interact independently of ligand and extracellular domains using both ToxR and biophysical
assays [127, 51]. It was recently shown that the FGFR3 extracellular domain has a repulsive
contribution to the overall dimerization energetics and prevents ligand-independent activation [23].
In addition to this, recent evidence reveals a similar trend for TLR4 [166]. It was shown that
TLR4 without an extracellular domain, or with a small monomeric extracellular domain, was
constitutively active. However, if the extracellular domain was bulky and monomeric, TLR4 was
not constitutively active or responsive to LPS. Only with the presence of the TLR4 extracellular
domain was the receptor not constitutively active and responsive to LPS [166]. These findings
suggest that although some TLR TMDs demonstrate a weak heterotypic interaction potential with
unexpected partners, other factors might prevent this interaction in a native context. Further
studies would be needed to elucidate what are these factors contributing to the weak interactions
seen.

The use of synthetic transmembrane peptides provided an alternative means to probe the
interactions of TLR TMDs. We chose to focus on the TLR2, TLR1, and TLR6 TMD family as
these receptors provided a method to validate both homotypic and heterotypic interactions that

we saw in the ToxR assays. Additionally, the TLR2 heterodimeric receptors have been associated
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with a myriad of diseases that still have unmet clinical needs [161] making this a highly interesting
subfamily of TLRs. Using self-quenching and FRET studies, it was possible to determine the affinity
of the various TLR2, TLR1, and TLR6 interactions. For homotypic interactions, the increase in
fluorescence for TLR1 and TLR6 at low peptide to detergent ratios suggested the interaction was
easily driven apart while the increase in TLR2 fluorescence at higher peptide to detergent ratios
suggested a stronger interaction (Figure 2.5). The differing interaction strengths were validated
by data fitting as the Ky were 645.63 + 49.08, 883.57 + 86.92, and 4475.5 + 637.9 in terms
of molar fractions for TLR1, TLR6, and TLR2 respectively. These molar fraction values are in
a good agreement with previously reported TMD interactions [230, 47, 44, 5]. For heterotypic
interactions we saw a FRET signal for both TLR2-TLR1 and TLR2-TLR6 (Figure 2.6) are also
moderately strong from the respective Ky of 4332.0 £+ 410.7 and 3490.4 4+ 190.1. In addition to
these assays, sedimentation equilibrium analytical ultracentrifugation was performed on the TLR2
and TLR6 peptides to determine oligomeric states. The TLR2 peptide showed a high molecular
weight species when fit (Supplementary Figure A.3) that was well modeled by a monomer-dimer-
tetramer equilibrium. The TLR6 peptide also showed a high molecular weight species when fit
(Supplementary Figure A.4) that was well modeled by a monomer-dimer equilibrium. Also when
TLR2-TLR6 were in the same sample cell, we again saw a high molecular weight species, but this
species was smaller than that for TLR2 alone (Supplementary Figure A.5) that suggests TLR2 and
TLR6 were interacting. The results from synthetic peptide studies of TLR1, TLR2, and TLR6
validated the interactions observed in our ToxR assays and lends further support to the ability of
the TLR TMDs to associate and potentially drive receptor assembly.

To further understand the TLR TMD interactions, we examined their sequences (Table 2.1)
for any structural motifs that could provide further insight into the homotypic and heterotypic
behavior as it has been demonstrated that certain structural motifs and residues are over represented
in transmembrane segments and can play a pivotal role in protein-protein interactions [151, 110].
The first interesting results of this analysis was that of the strongly homotypic interactors, TLR2,

TLR7, and TLR9 all contained a Small-xxx-Small motif, where small residues are considered to



39

be Gly, Ala, or Ser. This motif occurs in over 66% of known membrane helical pairs [151] and is
known to be a critical interface for the GpA dimerization and other high-affinity TMD interactions
[111, 78, 44]. While this motif is commonly found in interacting transmembrane domains, it does not
guarantee high interaction propensity by itself. The residues around this motif are also important
in terms of stabilizing the packing interface [110]. As TLR2 showed both strong homotypic and
heterotypic interactions (Figures 2.2, 2.3, 2.5, 2.6, and Supplementary Figures A.3, A.5), mutating
residues in this interface for TLR2 would determine any role of the Small-xxx-Small motif in
these interactions. Mutational analysis of potential interface residues, demonstrated that this
Small-xxx-Small motif was only important for the heterotypic interactions, and was not critical for
homotypic interactions (Figure 2.7), suggesting that TLR2 potentially has multiple interfaces for
oligomerization. Further investigations to identify and characterize the entire TLR2 TMD interface
would be needed before determining the Janus interface that is critical for the previously unseen
homotypic capability of TLR2.

In conclusion, we demonstrated that the TLR TMDs possess a wide range of interaction
potentials and are able to recapture the known behavior of the native proteins. This work indicates
a pivotal role of the TMDs in TLR dimerization, a region of this family of proteins that had
previously not been studied in the same depth as the extracellular domain and TIR domain. Given
the importance of TLRs in the innate immune response and its relationship to several chronic
disease states, understanding the roles of TLR TMDs can provide critical insights into assembly
and function of these receptor complexes and provide potential ways to regulate TLR interactions

that may lead to the discovery of novel therapeutics.



Chapter 3

Studying interactions of Toll-like receptor transmembrane domains in

mammalian membranes

3.1 Introduction

Toll-like receptors (TLRs) are a critical component of innate immunity, acting as the first
responders to viral and bacterial infections [146]. These receptors are evolutionary conserved germ-
line encoded proteins, that exist in multiple species, with humans having 10 known functional
receptors. Each Toll-like receptor is a type I transmembrane protein composed of three unique

domains:

(1) an extracellular domain composed of multiple Leucine rich repeats involved in pathogen

recognition;
(2) a single transmembrane domain; and

(3) an intracellular Toll-Interleukin-1 receptor (TIR) domain involved in downstream signal

transduction.
Toll-like receptors are broken down into two classes based on cellular localization [101]:

(1) cell-surface expressing receptors including TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10,

that are involved in the recognition of bacterial cell wall components, and

(2) receptors expressed on intracellular compartments, like endosomes, including TLR3, TLR7,

TLRS, and TLRY, that are involved in the recognition of bacterial and viral nucleic acids.
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Structural studies have long focused on the extracellular domain, the intracellular domain, and
downstream signaling complexes involved in the Toll-like receptor signaling pathway [231]. Crys-
tal structures have been solved for the extracellular domains of TLR2/TLR1 [91], TLR2/TLR6
[91], TLR3 [133] TLR4 [167], TLR5 [85], TLR8 [205], and TLR9 [157] in complex with ligands,
demonstrating the active signaling complexes for TLRs are homodimeric or heterodimeric. Only
the TLRS extracellular domain has been solved in an apo conformation, without ligand, which
demonstrated the existence of a preformed dimer that underwent a conformational change upon
ligand binding [205]. For transmembrane proteins, it is thought that ligands can induce a signal by
either changing the oligomeric state of the protein, or by inducing conformational changes in the
protein [151]. In regards to TLRs, it has been proposed that the cell surface receptors undergo a
change in oligomeric state upon ligand addition, but the endosomal receptors are preformed dimers
that undergo conformational changes upon ligand addition [57]. We propose that the Toll-like
receptors at the cell surface also exist as preformed dimers and undergo conformational changes
upon ligand addition to initiate signaling events.

Evidence for the potential of all Toll-like receptors to exist as preformed dimers is supported
by the fact that isolated transmembrane domains of TLRs were capable of oligomerizing in bacterial
membranes without any contribution from extracellular domain driven interactions [84]. In order to
study TLR transmembrane domain interactions in native membrane environments, it is important
that the transmembrane domains are properly localized. It has been shown that transmembrane
domains for TLRs are indeed critical for trafficking. First, It was shown that the extracellular do-
main of TLR4, when coupled to other TLR transmembrane and TIR domains, only localized to the
plasma membrane if it was fused with another plasma membrane expressing TLR transmembrane
and TIR domain [156]. Additional evidence for the importance of this region in trafficking is that
the TLR3, TLR7, TLR8, and TLR9 transmembrane domains only traffic correctly to endosomes
through transmembrane domain interactions with the UNC93B1 chaperone in the ER [197, 16, 117].
Another ER chaperone, PRAT4A, has been found to regulate trafficking of the cell surface TLRs

[216, 199], with a point mutant near the C-terminus of the TLR1 transmembrane domain (1602S)
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greatly affecting proper localization of the receptor [69]. Evidence also supports the importance of
the TLR transmembrane domains in signal initiation. First, the TLR4 extracellular domains only
responded to LPS if the transmembrane and TIR domain chimeras were expressed in complimen-
tary signaling pairs, indicating that the transmembrane and TIR domains are critical for signal
propagation [156]. Secondly, it has been shown that the TLR4 extracellular domains acts as an
inhibitor of signaling, as expression of just the TLR4 transmembrane and TIR domains leads to
constitutive signaling [166]. These results suggest that the various domains play important roles in
oligomerization, trafficking, and signaling.

To elucidate the contribution of the various domains (extracellular, transmembrane, and
intracellular) to Toll-like receptor oligomerization, trafficking, and signaling, suitable mammalian
membrane systems for studying these interactions needed to be developed. Current methods to
study membrane protein interactions in native environments are severely limited. The earliest
methods use Forster resonance energy transfer (FRET) with fluorescently conjugated antibodies
or ligands against the protein of interest. For example, early studies on epidermal growth factor
receptor using donor photobleaching FRET with a fluorescent ligand showed that the ligand induces
some dimerization of the receptor, but predominantly causes a change in conformation for activation
[54]. Initial studies on the Interleukin-2 (IL-2) receptor used fluorescent antibodies and flourescent
activated cell sorting (FACS) to show that the three subunits of the IL-2 receptor are a preformed
heteromer that undergoes subtle conformation changes in the presence of various cytokines [33].
While useful, these methods do not allow one to study contributions of individual domains. Also,
highly specific molecular probes, like antibodies, are required for the protein of interest, which for
the study of integral transmembrane domain interactions, do not exist.

With the advance in fluorescent proteins, genetically encoded fluorescent tags have become a
common alternative to fluorescently labeled dyes and antibodies [132]. Fusing a fluorescent protein
to proteins of interest allows them to be studied in native environments without exogenous agents.
Interactions can be measured by attaching a suitable FRET pair to two proteins that are thought

to interact, and monitoring energy transfer.
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There are several ways to measure FRET [88]. The most common method is sensitized
emission because of its ease of setup; however, it also has the drawback of being the least sensitive
measure of FRET and requires the most controls [170]. Another common method is photobleaching
FRET [170], in which high intensity laser is used to completely bleach the acceptor fluorescent
protein and the change in emission intensity of the donor fluorescent protein is monitored. The
advantage of photobleaching is that it provides a definitive measure of FRET, but a major downside
is the irreversible change in the sample [170].

Herein, we report on the use and development of FRET reporter systems for imaging trans-
membrane domain interactions in mammalian membranes. One suitable mimetic for studying mem-
brane proteins is the use of plasma membrane derived vesicles [191], a method that has been used
extensively to study homotypic interactions among membrane protein receptors [126, 22, 23, 186].
We utilized these plasma membrane derived vesicles to measure heterotypic interactions of trans-
membrane domains for the first time. As a faster approach to screen for heterotypic interactions,

we adopted a photobleaching FRET method for use in live-cell imaging experiments.

3.2 Materials and Methods

3.2.1 Plasmid Constructs

All constructs were cloned into pcDNA3.1(+) (Invitrogen), kindly provided by Dr. Amy
Palmer (University of Colorado, Boulder), using the Nhel and Xbal restriction sites in the multi-
ple cloning site. Assembly was performed using standard restriction enzyme digestion or Gibson
Assembly methods [63]. Control plasmids for expressing FGFR3 extracellular and transmembrane
domains were provided by Dr. Kalina Hristova (Johns Hopkins) with both EYFP and mCherry flu-
orescent proteins. TLR constructs were PCR amplified from genomic DNA (Qiagen DNeasy Blood
& Tissue Kit) extracted from U-937 monocytes (ATCC CRL 1593.2). All assembled constructs

were sequence verified (Genewiz).
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3.2.2 Confocal Microscopy

For all imaging experiments, transfections were carried out in HEK 293T cells (ATCC CRL-
3216) maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 mg/mL streptomycin. Cells were seeded at a density of 20%
confluency in the dish or well being used for the experiment. The next day wells were transfected
with equivalent amounts of EYFP and mCherry expressing plasmids using TransIT-2020 according

to the manufacturer’s specifications (Mirus).

3.2.2.1 Sensitized Emission FRET in Plasma Membrane Derived Vesicles

Vesiculation of cells was carried out to isolate plasma membrane fractions using previously
reported methods [126, 191]. Briefly, 24 hours post-transfection cells were washed three times
with PBS containing 0.75 mM CaCly and 0.5 mM MgCl, (CM-PBS). Cells were then incubated in
vesiculation buffer, CM-PBS containing 25 mM formaldehyde and 0.5 mM 1,4-dithiothreitol, for 2
hours at 37 °C. Glycine solution in PBS was added to a final concentration of 0.125 M to quench
the formaldehyde. Supernatant was transferred to a 4-well Nunc Lab-Tek II chambered coverslip
(Fisher) for imaging.

Images were collected on a Nikon A1R confocal microscope using a dual laser, 3-filter cube
set. The EYFP donor and sensitized FRET channels were imaged using a 488 nm laser line with
the EYFP donor channel collecting emission from a 525/50 filter and the FRET channel emission
using a 600/50 filter. The mCherry acceptor channel was imaged using a 561 nm laser line with a

650 LP filter. All images were collected using a 1.30 numerical aperture 40X oil objective lens.

3.2.2.2 Acceptor Photobleaching FRET in Live Cells

Live cell photobleaching was performed by washing cells 24 hours post transfection three
times with PBS. Cells were then placed in live-cell imaging solution (20mM HEPES, 140 mM
NaCl, 2.5 mM KCl, 1.8 mM CaCs, 1.0 mM MgCly, pH 7.4) to maintain cell-viability at ambient

conditions for up to four hours. Cells were analyzed on a Nikon A1R confocal using an EYFP filter
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cube (488 nm laser, 525/50 filter) and an mCherry filter cube (561 nm laser, 600/50 filter) with
a 1.30 numerical aperture 40X oil objective lens. Laser power was maintained below 2% to avoid
photobleaching of samples while finding cells in the focal plane. Individual cells were zoomed on

to limit the focal area being photobleached. The photobleaching scan consisted of:
(1) five scans using the EYFP filter cube at low power (Donorp.),
(2) one scan using the mCherry filter cube at low power (Acceptorye),
(3) 10 scans using the mCherry filter cube at full power to bleach the acceptor,
(4) one scan using the mCherry filter cube at low power (Acceptorpost), and
(5) five scans using the EYFP filter cube at low power (Donorpest).

If FRET occurred, donor intensity would increase after the bleaching of acceptor allowing FRET

efficiency to be calculated according to the equation:

Donor
E =1-—7" 3.1
FRET Donorpest (3.1)
See Figure B.6 for a representative scan profile.
3.2.3 Fluorescent Protein Expression and Purification

To calibrate protein concentration to microscope intensity values, the EYFP and mCherry
proteins needed to be expressed and purified. The EYFP and mCherry sequences were PCR
amplified out of the FGFR3 plasmid constructs and cloned into the pET-15b Ndel and BamHI
restriction sites. BL21(DE3) chemically competent cells were transformed with the plasmid of
interest and plated on LB + Ampicillin (100 pg/mL) agar plates. Single colonies were inoculated
in a 5 mL starter culture of LB media containing 100 pug/mL of ampicillin, and grown overnight
at 37 °C and 250 rpm. These cultures were then transferred to flasks containing 250 mL of LB
without antibiotic and allowed to grow at 37 °C and 250 rpm until the ODgyg was between 0.4

and 0.6. Protein expression was induced with 1.0 mM isopropyl S-D-thiogalactopyranoside at this
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time and the cells were allowed to grow for 4 hours before cell pellets were obtained by spinning
down the cultures at 4500 rpm and 4 °C for 15 min. The bacterial pellets were lysed by sonication
(MiSonix) and spun down at 15,000 rpm and 4 °C for 30 min. The soluble protein was isolated
from the supernatant using Talon metal affinity resins (Clontech) following the manufacturer’s
protocol. The fluorescent proteins were concentrated using 10kDa MWCO centrifugal filters (EMD
Millipore). Concentrated protein was verified using Coomassie stain and His-tag Western blots
on 10% SDS-PAGE gels. Protein concentration was determined by absorption using a UV-Vis
spectrophotometer (Beckman Coulter) with EYFP, €513 of 83,400 M~! cm™!, and mCherry, esg7 of

72,000 M~! cm ™!,

3.24 Localization Studies
3.2.4.1 Flow Cytometry Antibody Staining

To compare localization between the transiently expressed constructs and endogenous TLR
expression, primary monoclonal antibodies against the extracellular domains of TLR1, TLR2, and
TLR6 were purchased from Cell Signaling Technologies. The target cells are spun down, super-
natant aspirated, and pellet resuspended in freshly made fixation buffer (4% paraformaldehyde,
Fisher, heated at 60 °C to dissolve and dissociate in PBS). The cells are fixed at 37 °C for 15 min.
Cells are then chilled on ice for 1 min before being spun down, resuspended in PBS and counted.
1210° cells are aliqouted into microcentrifuge tubes and washed three times with 1 mL incubation
buffer (0.5% BSA, Fisher, in PBS), spinning down at 2000xg for 3 min after each wash. After
the third wash, the cells are incubated with 100 uL. of primary antibodies at a 1:100 dilution in
incubation buffer. Primary antibodies are left to incubate for 1 hour at room temperature. Again
cells are washed three times with incubation buffer. A fluorescent secondary antibody, 100 L
anti-rabbit IgG conjugated to phycoerythrin, PE, (Cell Signaling Technologies) diluted 1:200 in
incubation buffer, was added to the cells and incubated for 30 min at room temperature. Cells

were again washed three times with 1 mL incubation buffer before being suspended in 500 uL. PBS
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prior to analysis on a MoFlo Cytomation fluorescence activated cell sorter (Beckman Coulter).
Primary monoclonal antibodies against the GFP protein (Cell Signaling Technologies) were
also used to verify EYFP transfected constructs. The EYFP reporter is fused to the C-terminus of
all constructs, and as such is expected to be intracellular. To probe for intracellular localization, the
cells being monitored were permeabilized after fixation with 90% ice cold methanol and incubated
on ice for 30 minutes before continuing the protocol with primary antibody incubation as described

above.

3.2.4.2 Confocal Microscopy Membrane Markers

A monoclonal antibody against wheat-germ agglutinin conjugated to AlexaFluor 647 (Invit-
rogen) was used to stain the plasma membrane. The antibody was incubated with cells in PBS
for 15 min at 37 °C prior to suspension in live cell imaging solution. The WGA-AlexaFluor 647
antibody was imaged using a Cyb5 filter cube (640 nm laser, 650 LP filter).

The endoplasmic reticulum was marked using a genetically encoded fluorescent protein with
an ER retention tag. The construct contained the signal peptide from the ER protein BiP, fused
to a KDEL-mCherry marker. This plasmid was kindly provided by Dr. Gia Voeltz (University of
Colorado, Boulder). The plasmid was cotransfected in equal amounts with the protein of interest

fused to an EYFP tag 24 hours prior to imaging.

3.3 Results and Discussion

3.3.1 Construct Assembly

To investigate TLR2 heterotypic assembly with TLR1 or TLR6, we generated a series of con-
structs with and without the extracellular and intracellular domains, fused to fluorescent proteins.
The fluorescent proteins utilized were EYFP and mCherry, a system suitable for FRET measure-
ments [126, 22, 23, 186]. The EYFP-mCherry FRET pair has a Forster radius of 5.6 nm [2], a

suitable distance for studying TLR domains based on crystallographic distances. Each TLR con-
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struct was cloned into the pcDNA 3.1(+) mammalian expression system for transient transfection
of mammalian cells. The N-terminal domain of all constructs consisted of the endogenous signal
peptide for TLR1, TLR2, or TLR6 to assist in recognition by the translocon for membrane protein
folding and trafficking [223]. The remaining domains were chosen based on sequence annotations
from the UniProt database (TLR2 - 060603, TLR1- Q15399, TLR6 - Q9Y2C9) shown in Table 3.1.
Domains were extended in the case of the signal peptides, which were identified to include only
the first 30 amino acids, for easier handling by PCR. Transmembrane domains were extended on
both sides of the membrane to include flexible juxtamembrane regions in order to ensure complete
spanning of the membrane bilayer. Each of the final constructs (Figure 3.1) could be co-transfected
in mammalian cells to study the contribution of individual domains in the assembly of active TLR2
signaling heterodimers with TLR1 and TLR6. These constructs would also allow detection of con-
formational changes that may be induced upon ligand addition as is seen in other receptor families
[49], as any changes in FRET efficiency of the EC+TM constructs in the presence versus absence

of ligand would suggest conformational changes.

Table 3.1: TLR domain boundaries

Domain TLR2 TLR1 | TLRG6
Signal Peptide 1-53 1-53 1-53

Extracellular Domain 54-580 | 54-579 | 54-575
Transmembrane Domain | 581-638 | 580-634 | 576-639
TIR Domain 639-784 | 635-779 | 640-784

The domain boundaries are the amino acids over which the construct was PCR amplified for
construct assembly. The signal peptide is typically shorter, but for ease of PCR handling it was
extended to the junction that begins the first Leucine-rich repeat. The membrane spanning region
of the transmembrane domain is shorter than that cloned here. Transmembrane domain segments
were PCR, amplified to include N-terminal and the C-terminal juxtamembrane regions to ensure
the membrane was spanned in its entirety.
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Figure 3.1: Plasmid constructs for studying domain contributions to TLR2 assembly.

Constructs were designed to investigate the role of each domain, extracellular (ECD), transmem-
brane (TMD), and intracellular (TIR) in TLR2 heterotypic assembly with TLR1 and TLR6. Each
construct was tagged with a genetically encoded fluorescent protein, FP, that could act as a FRET
donor (EYFP) or FRET acceptor (mCherry). The signal peptide (SP) at the native N-terminus of
each TLR was used to direct localization to the plasma membrane. A) WT, B) EC+TM, C) TM,
D) TM+TIR, E) FP-TM+TIR
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3.3.2 Sensitized Emission FRET Interactions

Following previously reported FRET methodologies, we used plasma membrane derived vesi-
cles to study the heterotypic interactions of the TLR constructs in native membrane environments.
A sensitized emission FRET method using plasma membrane derived vesicles was previously re-
ported for the studies of homotypic membrane protein interactions utilizing the GpA transmem-
brane domain [22], and the FGFR3 receptor [23]. Additionally, this method was able to discern the
role of disease causing point mutations in the FGFR3 transmembrane domain as these mutations
stabilized the association of the receptor [172, 171]. The advantage of using this system is that the
transmembrane domains are in a native cellular environment that includes other proteins instead
of an isolated transmembrane domain in detergent micelles or synthetic liposomes.

To utilize sensitized emission FRET in plasma membrane derived vesicles, appropriate con-
trols must first be performed [170]. These controls include calculation of bleed-through coefficients
for the donor, EYFP, and acceptor, mChery, in the FRET imaging channel. To quantify the FRET
signal, calibration curves for accurately determining the concentration of protein expressed in each
vesicle is critical. A correction factor must also be determined that relates the sensitized emission

to donor quenching when acceptor is present.

3.3.2.1 Donor and Acceptor Bleed-Through Coefficient Determination

For any given FRET scan using sensitized emission, three contributions can appear in the

FRET channel:
(1) direct donor emission (donor bleed-through, Gp),
(2) acceptor emission due to direct excitation (acceptor bleed-through, 84), and

(3) sensitized acceptor emission due to FRET (Isep).
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The sensitized emission intensity can be directly calculated using bleed-through coefficient correc-

tions according to the equation:

[sen = IFRET - /BD * IDonor - BA * IAcceptor (32)

where IrreT, IDonor, and Iacceptor are the intensities measured in the respective channel for each
vesicle.

The donor bleed-through coefficient, Sp, is determined by expressing the donor only in vesicles
and measuring the intensity recorded using the donor and FRET filter cube sets. The bleed-through

value can then be calculated according to Equation 3.3.

IrreT
Bp =
IDonor

(3.3)

In a similar manner, the acceptor bleed-through coefficient, 54, can be determined by ex-
pressing the acceptor only in vesicles and measuring the intensity recorded using the FRET and

acceptor filter cubes. The bleed-through value can then be calculated according to Equation 3.4.

1
BA _ 7 FRET (34)
Acceptor

Through expression of just EYFP in vesicles, Figure B.3, we determined Sp = 0.24 £ 0.07, for
this microscope system. Through expression of just mCherry in vesicles, Figure B.4, we determined
Ba was 0.25 4+ 0.06. These values were determined from measurements collected on three inde-
pendent transfections and vesicle formations. The bleed-through values determined for our setup
are in good agreement with values previously reported for this FRET pair on a similar microscope

with similar settings [22].

3.3.2.2 Calibration of Donor and Acceptor Intensity

To accurately measure the protein concentration present in each vesicle, calibration curves
were generated for donor and acceptor. The EYFP and mCherry proteins were expressed and pu-
rified from bacterial cells. Solutions of purified EYFP protein in vesiculation buffer were measured

over a concentration range of 0-45 uM (Figure B.1) using the donor scan settings. Solutions of
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purified mCherry protein in vesiculation buffer were measured over a concentration range of 0-90
uM (Figure B.2) using the acceptor scan settings. Several curves were collected at fixed laser power,
but various gains, to cover a broader range of potential settings for imaging of the TLR constructs.
The slopes of the respective lines provided calibration constants, ip and 74, for determining the

apparent concentration of the donor,

1
CD,app = D'OnOT‘ (35)
ip
and the actual concentration of the acceptor,
Cy = IAC(':eptor (36)
1A

that are present in each vesicle. The donor concentration is apparent because in any system
expressing both donor and acceptor, some of the donor fluorescence energy will be used to generate

acceptor flourescence [170].

3.3.2.3 Correction of Donor Concentration due to Acceptor Quenching

The measured sensitized emission, Ig.,, is proportional to the donor quenching, Alponor,
due to FRET according to Equation 3.7. The proportionality constant, G, is the gauge factor
which is specific for each microscope depending on the wavelengths of recorded emission for donor
and acceptor, the ratio of quantum yields, and environment [126]. The utilization of plasma mem-
brane vesicles eliminates the heterogenous environment and allows this value to be determined for

quantification of the sensitized emission.

AID = IDonor,corT - IDonor = GF * Isen (37)

where Iponor,corr is the corresponding donor intensity in the absence of FRET, which is related to
the actual donor concentration by Iponor.corr = Cp * ip.

To determine the G g value, a plasmid encoding the fluorescent donor directly linked to the
fluorescent acceptor is necessary, as the fixed donor-to-acceptor ratio is necessary for concentration

calculations. Cells transfected with the linked EYFP-mCherry plasmid were vesiculated, and each
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vesicle was scanned in the three channels to determine the sensitized emission (Equation 3.2). From
the calibration curve values, the apparent donor concentration and acceptor concentration can be
calculated from Equations 3.5 and 3.6. As acceptor is present, the actual donor concentration is
being decreased by FRET, so Cp 4pp < Cp. However, it is known for the EYFP-mCherry construct
that Cp = C4 by design. Taking this into account, one can solve for G by relating Equations 3.7
and 3.2 with Iponor,corr to get:

Cp —Cpapp ID

Gpr = 3.8
F CD,app Isen ( )

where Cp is fixed to be Cy4 in this experimental design.

Measurements of the EYFP-mCherry fusion protein in vesicles on our microscope using the
values we determined above for 8p, 4, ip, and i4 yielded Gp = -3.57 £+ 1.11 (Figure B.5). This
value indicates a non-physical process is occurring in the vesicles, namely Cp ,pp, > Cp. For this
negative value to be true the donor would have to be receiving energy from the acceptor, an impos-
sible photophysical process. With the determined G value it is not possible to get quantitative
values of sensitized emission using previously reported methods [126, 22]. While such quantitative
values would be ideal, sensitized emission values can still be measured in the plasma membrane
derived vesicles, they just can’t be directly correlated to a FRET efficiency. Compared to reported
values for Bp, B4, ip, and 74, only the slopes of the lines for fluorescent protein concentration
are significantly different [126], suggesting that something may be wrong with the standard curves
generated for purified EYFP and mCherry proteins, or the concentrations determined by UV-vis

spectroscopy.

3.3.2.4 Vesicle Production for TLR1, TLR2, and TLR6

The ability of the TLR1, TLR2, and TLR6 transmembrane domains to form both homotypic
and heterotypic associations in bacterial membranes [84], suggests vesicles for both interactions
should be studied. Therefore co-transfections with constructs for TLR2-TLR2, TLR1-TLR1, TLR6-
TLR6, TLR2-TLR1, and TLR2-TLR6 were performed to make vesicles. This would allow the

calculation of equilibrium constants for each interaction to be determined. As the heterotypic
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system has three interactions in equilibrium, the homotypic interactions must be accounted for to
determine the heterotypic association constant through coupled equilibrium relationships [73].
Expression of the TLR TM constructs in plasma membrane derived vesicles (Figure 3.2 A, C,
and E) yielded vesicles similar to those seen for the fluorescent protein only constructs (Figure B.3,
B.4, and B.5), namely, vesicles of uniform size and fluorescent intensity across the entire vesicle.
These vesicles did not appear to demonstrate a membrane bilayer environment as reported elsewhere
for plasma membrane proteins studied in plasma membrane derived vesicles [22, 186, 171] or for
vesicles used to study lipid raft properties [123, 122]. Occasionally, a uniform vesicle would appear in
the vesiculated solution for these TM only constructs, Figure 3.2 E, but they were very rare. These
images suggest that the synthetic constructs are not trafficking properly to the plasma membrane
and are instead localized in intracellular compartments. Indeed, if the live cells from which the
vesicles were formed were first analyzed on the microscope, it was apparent that the proteins were
partially localized to a membrane bilayer environment (Figure 3.2 B, D, and F). Early studies of
plasma membrane derived vesicles by electron microscopy determined that vesicles produced via
these chemical methods were not contaminated with intracellular organelles [189]. This suggests
that the vesiculation process was creating artifacts in TLR localization, or that the constructs
were stuck in the ER and not trafficked to the plasma membrane. This is not unfounded, as the
vesiculation procedure uses high amounts of reducing agents and cross-linking reagents compared
to those in a normal experiment [236]. To further investigate the TLR domain interactions in
mammalian membranes, we modified our experimental setup to investigate interactions on live

cells.

3.3.3 Acceptor Photobleaching FRET Interactions

Instead of using sensitized emission FRET in live cells, another common imaging method
that can directly measure FRET efficiency without correction factors, acceptor photobleaching, was
utilized [170]. The acceptor photobleaching concept arises as some donor fluorescence is quenched

by FRET in the presence of an acceptor. By bleaching the acceptor fluorophore, the method by
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Figure 3.2: Comparison of fluorescence images of plasma membrane derived vesicles and live cells.
A B) Cells were transfected with pcDNA-TLR2-TM-FP plasmids and A) imaged after vesiculation,
or B) imaged as live cells. C,D) Cells were transfected with pcDNA-TLR6-TM-FP plasmids and
C) imaged after vesiculation or D) imaged as live cells. E,F) Cells were cotransfected with pcDNA-
TLR2-TM-EYFP and pcDNA-TLR6-TM-mCherry and E) imaged after vesiculation or F) imaged
as live cells. Vesiculated cells were predominantly uniform vesicles of fluorescence, but occasionally
membrane only labeled vesicles were found (E). While vesicles appeared to be uniformly fluorescent,
live cells showed distinct membrane localization. This could be due to artifacts of the vesiculation
process, or improper localization of the synthetic constructs.



56

which donor energy is transferred to FRET emission is removed, and the donor flourescence emission
energy must increase in proportion to the strength of the energy transferred during FRET. This
donor dequenching can be measured as a FRET efficiency by relating the donor intensity before
and after the bleaching process as shown in Equation 3.1.

The controls necessary in photobleaching experiments are to ensure that the photobleaching
process does not also degrade the donor, and that the acceptor is bleached to <10% of its initial
value [170]. For our system, we validated that the photobleaching scan conditions did not degrade
the donor by expressing a donor only sample of our TLR constructs. In these experiments we
typically saw <2% reduction in the donor channel signal over the time course of the bleaching
experiment, which was comparable to that if we did not bleach and just continuously scanned the
sample on the donor channel. We also optimized the time for photobleaching to ensure >90% of
the acceptor intensity was bleached. The optimal bleaching time was found to be 10 scans with
the 561 nm laser (Figure 3.3 A and B.6), as additional scans had minimal change in the acceptor
intensity.

Cells were co-transfected with plasmids encoding the TLR2-TLR1 or TLR2-TLR6 transmem-
brane domains with both constructs being expressed as the donor and acceptor. These transfections
yielded cells of uniform membrane intensity with the donor channel showing increases in fluorescent
intensity after bleaching of the acceptor (Figure 3.3 A). For each interaction, >250 individual cells
were analyzed to calculate FRET efficiencies (Figure 3.3 B, C). The FRET efficiencies from acceptor
photobleaching assays ranged from 7-47%. The increase in signal with acceptor concentration sug-
gests that interactions are occurring between transmembrane domains of TLR2-TLR1 (Figure 3.3
B) and of TLR2-TLR6 (Figure 3.3 C). However, it is important to note that FRET signals can arise
from random interactions, especially in systems of overexpressed proteins similar to those shown
here [87]. People have tried to assess the random contribution using simulations, but this requires
accurate determination of the concentrations for each expressed construct in the membrane, and
knowledge of the exact oligomeric state formed [103]. Neither of those parameters are known for

this system as TLR transmembrane domains were previously shown to have higher order oligomeric
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states present in membrane mimetics, Figures A.3-A.5 [84]. Therefore, alternative controls using
a known transmembrane domain associating protein, like GpA or T-cell receptor, that does not
have any heterotypic interactions with the TLRs, should be constructed and tested to determine
the boundaries of interacting versus noninteracting species in this system. Only with these exper-
iments can definitive claims be made about the association of TLR2 heterotypic transmembrane

domain associations in mammalian membranes.

3.3.4 TLR1, TLR2, and TLR6 Membrane Trafficking and Localization

The difference in the appearance of the constructs in plasma membrane derived vesicles and
live cells (Figure 3.2) led us to investigate the localization of the TLR2, TLR1, and TLR6 con-
structs. From the images analyzed, it was possible that the proteins were at the plasma membrane,
or that they were retained by the translocon in the endoplasmic reticulum. By utilizing two com-
mon methods, flow cytometry and fluorescence microscopy, we could determine the distribution of

receptors in each location.

3.3.4.1 Flow Cytometry Localization

The standard method for TLR localization in literature has been to use flow cytometry with
antibodies against the extracellular domain [114, 115, 156]. In this regard, we used antibodies on
cells transfected with TLR2 EC4+TM-EYFP constructs to see if the receptors were trafficking to
the surface or were maintained in intracellular compartments. Antibodies against the extracellular
domain of TLR2 and the fluorescent protein, EYFP, were incubated with intact cells (Figure 3.4)
to detect cell surface receptors, or with permeabilized cells (Figure 3.5) to detect all receptors,
through use of a phycoerythin-conjugated secondary antibody. For both sets of experiments the
untransfected cells incubated with the TLR2 primary antibody (Figure 3.4 A) or the EYFP pri-
mary antibody (Figure 3.5 A) and PE-secondary antibody were gated to indicate negative cells for
threshold of interactions and transfection efficiency.

The TLR2 antibody was used identify positively transfected cells. Based on untreated cells,
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Figure 3.3: Acceptor photobleaching of TLR2-TLR1 and TLR2-TLR6 transfected cells.

Cells were transfected with TLR2 and TLR1 or TLR2 and TLR6. A) A representative image of
a cell expressing both donor and acceptor constructs. The cell was bleached and an increase in
the donor fluorescence signal was seen as the acceptor was completely bleached. B) TLR2-TLR1
TM only cells. C) TLR2-TLR6 TM only cells. All constructs were measured when expressed
as the donor and the acceptor in three biological replicates with >250 individual cells analyzed.
The increase in signal indicates the possibility of transmembrane domains undergoing heterotypic
interactions in the cell. Red points correspond to transfections with TLR2 TM as the donor. Blue
points correspond to transfections with TLR2 TM as the acceptor.
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the right two quadrants, R3 and Rb5, indicate expression of the transfected plasmid, and anything
in the upper right quadrant, R3, indicates binding of secondary antibody to the primary. For both
cell treatments, the transfection efficiency was approximately 30% of the cell population. Based on
intact cells for the TLR2 EC+TM construct, 55% of the transfected cells show trafficking to the
membrane (Figure 3.4 B). For permeabilized cells, all transfected cells were not positively identified,
but there was an increase to 70% of transfected cells stained for TLR2 (Figure 3.5 B). This increase
in the percentage of all cells that were stained by the TLR2 primary for permeabilized (20.6%)
compared to intact (16.5%) suggests that there is receptor distributed between both subcellular
locations. Given that these antibodies had not previously been validated for flow cytometry, a
standard 1:100 dilution was used. As not all transfected cells were identified by permeabilization
perhaps more antibody is required to detect the amount of protein that is being over expressed.
The GFP antibody, which binds a conserved region in both GFP and EYFP, was used to
stain for expression of the intracellular FP tag in transfected cells. This primary antibody showed
unexpected binding as it had high signal for intact cells, which, based on the construct design,
should always be found inside the cell, not at the surface. In both intact and permeabilized cells
the entire population of transfected cells show binding by this antibody, with a large population
of cells that weren’t positive for transfection also showing increased secondary antibody binding
signal (Figure 3.4 C and 3.5 C). Taken together it is unclear if the GFP antibody used is suitable

for flow cytometry experiments.

3.3.4.2 Fluorescence Microscopy Localization

As flow cytometry experiments did not provide definitive evidence for the localization, confo-
cal microscopy utilizing organelle specific reporters was tested. Common methods include the use
of fluorescently conjugated antibodies or genetically encoded fluorescent proteins. TLR2, TLRI,
and TLR6 are expected to traffic from the endoplasmic reticulum to the plasma membrane, so
markers for these two organelles were used. Several commercial antibodies exist to target the

plasma membrane. To visualize the plasma membrane, wheat germ agglutinin fluorescent antibody
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a TLR2-EC+TM-EYFP construct. Profile is broken down into quadrants: R2 - top left, R3 - top
right, R4 - bottom left, R5 - bottom right. The upper half indicates binding of secondary antibody,
PE signal. The right half indicates positively transfected cells, EYFP signal. A) Untransfected
cells treated with isotype control primary and PE-conjugated secondary. B, C) Cells transfected
with the pcDNA-TLR2-EC+TM-EYFP expression construct incubated with TLR2 (B) or GFP

(C) primary antibody and PE-conjugated secondary.
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that binds to N-acetyl-D-glucosamine and sialic acid residues on the cell surface was used. Several
groups have developed genetically encoded fluorescent protein sensors that are targeted to specific
organelles [174]. To visualize the endoplasmic reticulum, a KDEL-mCherry fusion protein was used.
Three TLR2-EYFP constructs, WT, EC+TM, and TM, (Figure 3.6) were co-transfected with the
KDEL-mCherry endoplasmic reticulum marker in HEK 293T cells. Prior to imaging, these cells
were stained with the fluorescent wheat germ agglutinin antibody to mark the plasma membrane.
Visual inspection of these images clearly shows that the constructs are predominantly located in the
ER with co-localization analysis using Imaris imaging sofware indicating that <10% of all EYFP
intensity was found to be at the plasma membrane. From these results we concluded that the TLR
constructs were not trafficking correctly in the over expression system.

Several alternative constructs were tested in an attempt to direct the trafficking to the plasma
membrane. First, the signal peptide was changed to a stronger membrane localization tag, the IgG
k-chain leader sequence, used in commercial membrane display vectors. WT and TM constructs
with the new signal peptide showed no difference in construct localization compared to the en-
dogenous leader sequence. Second, the 3’'UTR of membrane proteins has been reported to alter
trafficking via a Racl dependent mechanism [12], and Racl has previously been shown to be impor-
tant in TLR2 signaling [6]. Generation of constructs that included the endogenous 3’'UTR of TLRs,
WT-FP-3'UTR and FP-TM+TIR-3’'UTR (modification of Figure 3.1 A and E), also did not show
a change in localization by confocal microscopy. Additionally, in native immune cells, TLR2 was
initially present at the cell surface but TLR1 and TLR6 were not; only after treatment with ligands
were TLR1 and TLR6 present at the cell surface (Figure 4.4). We tried treating cells transfected
with WT and EC+TM constructs in a heterotypic manner to determine if cell surface localization
was somehow dependent on ligand recognition. Unfortunately, these constructs did not show any

increase in the amount of construct localized that the plasma membrane by confocal microscopy.
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Plasma Membrane Endoplasmic Reticulum TLR Construct
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Figure 3.6: Microscopy analysis of TLR localization in transfected cells.

HEK 293T cells were transfected overnight with plasmids encoding a TLR construct of interest
fused to EYFP and a plasmid encoding an ER-mCherry marker. After transfection, cells were
incubated with a wheat germ agglutinin AlexaFluor 647 primary antibody for 15 min prior to
imaging. Images were captured using specific laser lines and filter sets for each fluorophore. A)
WT, B) EC+TM, and C) TM only constructs of TLR2.
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3.4 Conclusions and Future Directions

Due to incomplete trafficking of TLRs to the plasma membrane we were unable to answer
the question of whether the TLRs exist as preformed dimers in the cell membrane and undergo
conformational changes upon ligand addition. However, we were able to look at the ability of TLR2
transmembrane domains to have heterotypic interactions in a native membrane environment. A pre-
viously reported method for quantitative sensitized FRET measurements was initially attempted,
but the vesicles did not show proper uniform membrane intensity. We also calculated a nonphysical
value for one of the key parameters, G, that relates the sensitized emission to a FRET efficiency.
For those two reasons, we looked at transmembrane domain interactions in live-cell imaging ex-
periments using acceptor photobleaching methods. Using acceptor photobleaching FRET we have
preliminary evidence that the TLR2-TLR1 and TLR2-TLR6 transmembrane domains are interact-
ing in native membrane environments. To make these claims stronger, proper controls for FRET
and no FRET systems need to be established to determine if the signal intensity is a real FRET
signal and not an artifact of overcrowding due to the over expression system. Such controls should
include positive and negative interacting proteins for both homotypic and heterotypic scenarios.
For positive interactions the well studied GpA and T-cell receptor domains would be ideal choices.
It is also possible that by using the acceptor photobleaching method, a direct measure of FRET
efficiency, the need to know G is eliminated so one could theoretically use the calculations for
the plasma membrane derived vesicles to determine dissociation constants. Utilizing the equations
derived for the sensitized emission quantification in plasma membrane derived vesicles, acceptor
photobleaching FRET could provide a quicker way to determine these measurements. If one can
accurately determine a calibration linking the fluorescence intensity in a membrane to absolute con-
centration of fluorescent proteins, for example [56], one would have accurate measurements of the
total acceptor, Acceptory,. and donor, Donory.s:, concentrations required to calculate dissociation
constants.

Additionally, to address trafficking, one could use the CRISPR system to tag an endogenous



65

TLR with a fluorescent protein in immune cells and monitor trafficking in the presence and absence
of agonists. It may be that additional chaperone proteins for TLR2, TLR1 and TLR6 are necessary
to shuttle the constructs from the ER to the plasma membrane, as is seen for the endosomal TLRs

[117], that are not expressed in the HEK cell line used for construct expression.



Chapter 4

Directed evolution of transmembrane peptides as regulators of Toll-like

receptor signaling

4.1 Introduction

Membrane proteins account for approximately 30% of the genome, and are the target of
nearly 60% of current pharmacological agents [195, 1, 228]. Transmembrane domains have come to
be an important region for membrane protein interactions [151]. With a better understanding of
these transmembrane interactions, the idea of transmembrane domains as therapeutic targets for
signal regulation has expanded in recent years. The three commonly employed methods for using

transmembrane peptides as targets of signaling include [193]:

(1) endogenous transmembrane regions, or truncations thereof;
(2) directed evolution of transmembrane domain libraries or native sequences, and

(3) computationally designed anti-membrane proteins.

In all of these methods the first requirement is the establishment that the transmembrane domain
is involved in receptor assembly. In this regard, we have previously shown the ability of Toll-like
receptor transmembrane domains to oligomerize [84].

The first method, utilizing endogenous transmembrane domains, is the simplest method as
these regions can be built using solid-phase peptide synthesis [193]. Early studies on the [32-
adrenergic G-protein coupled receptors demonstrated the ability of peptides based on transmem-

brane domain VI to control oligomeric states, indicating the critical role of this domain in protein
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assembly [74]. Related studies on the D1 dopamine G-protein coupled receptor also showed that
transmembrane peptides derived from the sequence of transmembrane domain VI could alter recep-
tor function without altering oligomeric states [59]. Single pass membrane proteins, such as ErbB2
from the EGFR family, have shown that the transmembrane domain can be specifically regulated
using endogenous transmembrane peptides as well [11, 10]. Additionally, studies on T-cell receptor
oligomerization noted the importance of charged residues in the transmembrane domains for proper
receptor assembly [136]. A short peptide derived from the T-cell receptor v chain containing these
residues has been shown to inhibit cytotoxicity through T-cell receptor activation [137], as well as
cytotoxicity of other immune receptors, such as NK cells and B-cells [83]. Transmembrane peptides
of other immune complexes have also been shown to inhibit signaling [212]. The T-cell receptor
transmembrane peptide has been modified in attempts to make it more therapeutic like [3], as there
are multiple applications for regulating immune cell activation [140].

The second method, utilizing directed evolution, can either be used to modify a native struc-
ture for better interfacial contacts or start from a completely randomized library. Such methods
were pioneered with the discovery that the oncogenic E5 protein of the bovine papillomavirus in-
teracted specifically with the PDGFSR transmembrane domain through two critical hydrophobic
residues [173, 202]. Using a directed evolution approach on this E5 backbone template several novel
transmembrane peptide activators and inhibitors were developed. The E5 transmembrane domain
was changed from an activator to an inhibitor of the PDGFSR by single amino acid mutations
[169]. Randomized transmembrane peptides based on the E5 backbone could specifically activate
the human erythropoietin receptor, but not the murine receptor [18, 26]. Transmembrane peptides
inhibiting surface expression of a multipass membrane protein, the C-C chemokine receptor type 5
(CCRA5), used in HIV infections, provide an alternative treatment option for HIV [187].

The third method, utilizing computational design algorithms, can be used to more rationally
optimize packing interfaces of transmembrane peptide interactions. It has been well documented
that transmembrane domains are involved in the assembly of integrin family homodimers and

heterodimers [188, 239]. Using a computed helical anti membrane protein (CHAMP) method,
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small transmembrane peptides against the a;j, and ay subunits were designed [230]. Design was
performed by taking unrelated solved transmembrane crystal structures and threading the desired
integrin sequence onto one chain of the structure and then optimization of all other amino acids
for complementary packing in the target backbone was then performed on the remaining chain
[230]. These computationally designed peptides resulted in high specificity for the desired receptor
[230, 19].

Having shown previously the involvement of TLR transmembrane domains in oligomeriza-
tion [84], we proposed that the transmembrane domains can be targeted to regulate the signaling
pathway. Using both native transmembrane peptides and directed evolution approaches, we inves-
tigated the ability to regulate Toll-like receptor signaling via transmembrane domain interactions.
We found that immune cells were unable to express the directed evolution libraries at the cell
surface, preventing selection of any transmembrane activators or inhibitors. The establishment of
reporter cells to screen these libraries however, have been beneficial for small molecule validation

pursuits.

4.2 Materials and Methods

4.2.1 Reporter Cell-line Construction

U-937 monocytes (ATCC CRL-1593.2) and Jurkat T-cells (ATCC TIB-152) were virally
transduced using the pGreenFire reporter vector with NF-xB transcription response elements (Sys-
tem Biosciences) to investigate Toll-like receptor responses. Both cell lines were maintained in
RPMI-1640 medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100
mg/mL streptomycin. The pGreenFire plasmid is a third generation HIV-based lentiviral vector
that requires the coexpression of the HIV gag, pol, and rev genes for production of viral particles
as well as a suitable pseudotyping envelope plasmid. The rev gene was encoded on the pREV
plasmid (Addgene plasmid #12253). The gag and pol genes were encoded by the pMDL vector

(Addgene plasmid #12251). The viral particles were pseudotyped using the vesicular stomatitis
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virus envelope glycoprotein encoded by the pVSV-G plasmid (Addgene plasmid #8454).

The viral packaging cell line HEK 293T (ATCC CRL-3216) was grown and maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 100 U/mL peni-
cillin, and 100 mg/mL streptomycin. For virus production of the NF-xB reporter, HEK 293T
cells were transfected in a 10 cm dish using a 6:1 polyethylenimine:plasmid DNA ratio. The viral
vectors were combined in 1 mL OptiMEM (Invitrogen) using pGreenFire (4.33 ug), pREV (4.33
ug), pMDL (4.33 ug), and pVSV-G (2 pg). Viral particles were harvested 48-72 hours after trans-
fection, filtered through a 0.22 pm filter, and concentrated overnight at 4 °C in a 8.5% PEG-8000
(polyethylene glycol, molecular weight 8000, Sigma) and 10 mM NaCl solution. Concentrated virus
was spun down at 4 °C and 2000xg for 30 min before aspirating off the supernatant and suspending
the viral pellet in 500 L OptiMEM. The concentrated virus and polybrene (8 ug/mL) were added
to target cells (0.5 10° cells in 500 uL complete growth media) for 48 hours, passaging target cells
as necessary. After 48 hours, the growth media on the target cells was changed and the cells were
allowed to grow until sorting for GFP expression using a MoFlo Cytomation fluorescence-activated
cell sorter (Beckman Coulter). Cells were sorted for GFP expression using gates that excluded any
cells with same GFP signal as non-transduced cells. GFP positive cells were then treated with
TLR agonists (Invivogen) to determine if they expressed high enough levels of the receptor to turn
on the NF-kB reporter. If the reporter was activated, further sorting was performed to select the

highest expressing cells by collecting only the top 10% of responsive cells.

4.2.2 Flow Cytometry Cell Surface Staining

Primary monoclonal antibodies against the extracellular domains of TLR1, TLR2, and TLR6
were purchased from Cell Signaling Technologies to verify expression levels. The target cells are
spun down, supernatant aspirated, and pellet resuspended in freshly made fixation buffer (4%
paraformaldehyde, Fisher, heated at 60 °C to dissolve and dissociate in PBS). The cells are fixed
at 37 °C for 15 min. Cells are then chilled on ice for 1 min before being spun down, resuspended

in PBS and counted. 1 10 cells are aliquoted into microcentrifuge tubes and washed three times
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with 1 mL incubation buffer (0.5% BSA, Fisher, in PBS), spinning down at 2000xg for 3 min after
each wash. After the third wash, the cells are incubated with 100 pL of primary antibodies at
a 1:100 dilution in incubation buffer. Primary antibodies are left to incubate for 1 hour at room
temperature. Again cells are washed three times with incubation buffer. A fluorescent secondary
antibody, 100 L anti-rabbit IgG conjugated to phycoerythrin (Cell Signaling Technologies) diluted
1:200 in incubation buffer, was added to the cells and incubated for 30 min at room temperature.
Cells were again washed three times with 1 mL incubation buffer before being suspended in 500 yL

PBS before analysis on a MoFlo Cytomation fluorescence activated cell sorter (Beckman Coulter).

4.2.3 Directed Evolution Library Sorting

An overview of the library screening is shown in Figure 4.1. For library transduction, on day
1 HEK 293T cells are plated at 5 % 105 cells per 10 cm dish and immediately transfected with viral
plasmids following the protocol as above except the viral plasmids are combined in a 5:3:2 ratio of
pMSCVpuro:pCL-ECO:pVSV-G, where pMSCVpuro contains the library of interest (Table 4.1),
pCL-ECO (Addgene#12371) expresses gag/pol/env genes, and pVSV-G is for pseudotyping. After
48 hr incubation with viral particles, target cells are selected for puromycin resistance (1 pg/mL).
After complete selection (2-3 days), cells are plated in fresh media and allowed to recover for 2
days. Cells are treated with ligand on the third day post-selection and sorted on the fourth day.
After sorting cells by collecting 10% of the desired population, the cells are grown to recover until
2 % 10° cells are viable for genomic DNA recovery (Qiagen DNeasy Blood & Tissue kit). Inserts
for the next library round are PCR amplified out of the gDNA using invariant regions of the
library construct. UDv2 FWD: 5> TGCCTGGCCTCTCGAGGAACATAGCGTTAAC and UDv2
REV: 5 CGTGCACCTTGAATTCGCCGATCGCGGATCC. Library inserts were gel extracted
after PCR (Omega Gel Extraction kit), digested with EcoRI and Xhol restriction enzymes and
cloned into digested pMSCVpuro vector. To generate new library vectors, the ligated products
were transformed in DH10/ electrocompetent cells (Invitrogen), grown on ampicillin (100 pug/mL)

plates, and all colonies were purified by midi-prep kits (Qiagen).



71

Library for PUROR

Peptide Library %%
; : ;:;\/l § TLR Expressing Cells

OO Recombinant Retrovi 2. Transduce Target
OO jl, Transfect ecombinant Retrovirus Cells and Select

HEK 293T Cells

+ Agonist
4. Amplify Peptide 3. Sort Cells by GFP
Sequences by PCR and . N
Reinsert into Retroviral ExPress.lon And Purify FACS
Genomic DNA

—— Vector —_—
N 4

N
N
N
NG

GFP

Figure 4.1: Directed evolution schematic overview.

The directed evolution process is composed of iterative rounds of library generation, selection, and
diversification. First the library is constructed in a virus and transduced into a suitable cell line on
which phenotypic selection is performed. After phenotypic selection, the genetic library is excised
out of the cells and constructed to form the library for the next round.
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4.3 Results and Discussion

4.3.1 Directed Evolution Library Screening

The directed evolution process is an iterative process of library diversification, phenotypic
selection, and genotypic enrichment [134]. An overview of this process is highlighted in Figure 4.1.
To utilize a directed evolution screen for Toll-like receptor transmembrane targeting, a reporter cell

line needed to be constructed, and an initial library needed to be chosen.

4.3.2 Reporter Cell Construction

In order to screen for peptide and library activity, an adequate reporter cell line needed to
be constructed that expressed only a single TLR signaling complex. As it has been established
previously that TLR2 family expression is much higher in leukocyte cell lineages than other cell
types [235], we selected a human monocytic cell line, U-937, for generation of reporter cells. T-
cell receptors are also known to be strongly affected by a TLR5 agonist [31, 20], so a Jurkat
T-cell line was established as another reporter cell line. Since TLR signaling culminates in NF-
kB translocation to the nucleus [100], a NF-xB response element upstream of a green flourescent
protein (GFP) was retrovirally inserted into U-937 cells or Jurkat cells.

Jurkat cells were tested for response to flagellin as several reports have indicated the impor-
tance of TLR5 in shaping the T-cell response [31, 20, 154, 58]. It has also been shown previously
that the Jurkat cell line we have does not respond to TLR2 or TLR4 agonists, but they are acti-
vated in the presence of TLR5 agonist [207]. Initial insertion and sorting of the TLR5 response in
Jurkat cells showed activation of the GFP reporter, agreeing with published reports, but minimal
signal separation was seen (Figure C.1). Over the course of treating and sorting cells to enhance
signal separation, the untreated cells developed two distinct fluorescent populations (Figure 4.2 A).
The untreated cells were sorted based on the two fluorescent populations, low and high, yielding
GFP reporter Jurkat cells with a strong response to the flagellin agonist (Figure 4.2 B, C). As

multiple subclasses of T-cell receptors exist it is possible these two different responsive subsets are
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different classes of CD4" /CD8" T-cells that are responding to the agonist [31, 154]. While both
populations show strong activation, the higher fold change between treated and untreated cells in
the low fluorescent population as well as sharper peak distributions made them ideal for the library
screen.

The TLR2, TLR1, and TLR6 receptors have all been shown previously to have high levels of
mRNA in peripheral blood leukocytes, similar to U-937 monocytes, relative to spleen tissue [235].
In agreement with this, the reporter response was strongly activated by TLR2 agonists (Figure 4.3
A, B). To improve peak separation, activated cells were sorted multiple times with the top 10% of
cells collected each round for further growth. After three rounds of sorting an approximate 2.5 fold
change in signal was seen, with minimal peak overlap, and additional sorting did not improve this
separation.

Leukocytes were also shown to have higher mRNA levels for TLR4, TLR5, and TLR8 [235].
A very minor change in signal was seen for TLR4 and TLR5 (Figure 4.3 C, D), but sorting out the
top 1% of these activated cells did not lead to better signal after two rounds of sorting. No response
was seen in the reporter cells when incubated with agonists for TLR3, TLR7/8, and TLR9 (Figure
43 E, F, G).

Differentiation of monocytes into macrophages using phorbol esters, such as phorbol myristate
acetate, has been shown to improve responsiveness to the TLR4 agonist LPS [200]. We showed this
TLRA4 response was possible in U-937 differentiated macrophages, but the process of differentiation
is terminal to the monocytic lineage and they cannot be propagated in culture. Thus, while we
can see an improved TLR4 response in the macrophage lineage, they are unable to be applied to a
library screen process.

Next, cell surface expression of the TLR2, TLR1, and TLR6 proteins on the sorted U-937 cells
was validated by flow cytometry using antibodies against the respective extracellular domains. It
was found that TLR2 was initially present on the cell surface, but TLR1 and TLR6 were not (Figure
4.4). After activation with a TLR2 ligand the TLR1 and TLR6 receptors expression levels were

significantly upregulated, while TLR2 levels remained the same (Figure 4.4). These results suggest
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Figure 4.2: Jurkat response to TLR5 agonist flagellin after sorting.

Jurkat cells were stably transfected with a NF-xB reporter. A) Initial cell populations after sorting
for GFP and three rounds of treatment with the TLR5 agonist flagellin (100 ng/mL). After the
third treatment with flagellin and sorting for GFP activation, two populations of GFP fluorescent
cells were detected. B, C) The third flagellin treatment of untreated cells were sorted by the initial
GFP signal, low or high. These cells were then treated with agonist to determine response for the
given population B) low fluorescence population and C) high fluorescent population. The better
peak separation in the low fluorescence population made them ideal for library screening.
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Figure 4.3: U-937 Toll-like receptor agonist response profile.

Ligands for every TLR were incubated with the U-937 GFP reporter cell line overnight. A. TLR2-
TLR1 agonist, Pam3CSK4 (100 ng/mL), B. TLR2-TLR6 agonist, Pam2CSK4 (100 ng/mL), C.
TLRA4 agonsit, LPS (20 ng/mL), D. TLR5 agonist, flagellin (100 ng/mL), E. TLR3 agonist, poly-
I:C (10 pg/mL), F. TLR7/8 agonist, R848, (5 ug/mL), and G. TLR9 agonist, ssDNA (5 pug/mL).
Non-transduced cells were used as a baseline negative control for insertion of the NF-xB:GFP
reporter.
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that upon stimulation TLR1 and TLR6 expression is somehow upregulated to mount the necessary
immune response. It has been demonstrated that some known trafficking proteins are upregulated
upon TLR2 stimulation [6, 12]. It is possible that only a small portion of receptor complexes are
initially at the cell surface and that upon activation receptor expression is upregulated to form

higher-order assemblies that might be required for signal transduction [225].

4.3.3 Transmembrane Library Construction

Two libraries were initially chosen for screening. One based on the native TLR transmem-
brane domain sequences. The other library is based on the bovine papillomavirus E5 protein that
is oncogenic through specific transmembrane domain interaction as previously reported [18, 202].
The use of the native transmembrane domain would allow for determination if this domain was
critically involved in TLR signal propagation. As we had established a reporter cell line that would
allow screening of TLR2 heterotypic interactions we chose the native sequence for the TLR2 trans-
membrane domain (Table 4.1). This library consisted of the predicted transmembrane residues,
A589 - C608, of the TLR2 protein. We modified this sequence to include a Kozak consensus se-
quence upstream of a start codon with a hemagluttin (HA) tag on the N-terminus. Residues were
also added to each termini to improve recognition and insertion into the membrane bilayer by the
translocon [79, 80, 90].

The UDv2 library was based on the initial backbone of the bovine papilomavirus E5 onco-
protein that is known to interact with the transmembrane domain of PDGFAR [18, 202]. Using
similar libraries generated from this backbone it was possible to specifically target receptors unre-
lated to the native receptor, usually within six rounds of directed evolutionary screening. It was
shown that this library was able to activate the erythropoietin receptor [18, 26] and inhibit sur-
face expression of CCR5, an HIV co-receptor for viral entry [187]. Deep sequencing of E5 library
derivatives has shown them to contain nearly 300,000 unique sequences [142], a very small portion
of the sequence space potentially covered by this library (10%®). The UDv2 library differed from

those published in that the N-terminus of the E5 oncoprotein was replaced with a HA tag after
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Figure 4.4: Cell surface expression of TLR1, TLR2, and TLR6 on U-937 cells.

To verify the expression of the receptors at the cell surface, primary antibodies for TLR1, TLR2,
and TLR6 were incubated with the reporter cells in the presence and absence of a TLR2 agonist and
detected using a PE-conjugated secondary. In the absence of agonist, only TLR2 was detectable
at the cell surface. In the presence of agonist, all three receptors were highly expressed at the cell
surface. A, C, and E) show the NF-xB reporter intensity for untreated and treated cells. B, D,
and F) show the intensity of secondary antibody labeling. WT cells, black lines, were U-937 cells
not sorted for TLR2 expression.
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the start codon and every residue in the transmembrane domain was randomized, as well as the

C-terminal juxtamembrane interaction residues.

Table 4.1: Directed evolution library starting sequences

Library Name | Library Sequence

TLR2 MGYPYDVPDYAGGPGALVSGMCCALFLLILLTGVLCKPKK

UDv2 MAYPYDVPDYADLPNLWFXXXXXXXXXXXXXXXXXXXXXXXX
YWXXFECSCTGLPF

The TLR2 library is composed of an N-terminal HA-tag, shown in italics, and the TLR2 transmem-
brane domain, shown in bold. The GGPG and KKPK residues at the termini have been shown
to improve recognition by translocon elements for stable membrane insertion [90]. The UDv2 li-
brary is derived from the bovine papillomavirus E5 oncoprotein [18]. The N-terminus was modified
from E5 to contain an HA-tag, shown in italics. The transmembrane domain, bold Xs, was ran-
domized to encode hydrophobic residues 80% of the time using degenerate oligonuclueotides. Two
other residues were randomized to avoid bias for E5 interactions of a polar residue located at the
C-termus, bold and italicized Xs.

4.3.4 Transmembrane Library Screens

The two libraries, Table 4.1 were cloned into a retroviral expression vector, pMSCVpuro, that

allows for selection of genetic insertion in the target cells by using puromycin antibiotic selection.

4.3.4.1 Native TLR2 Transmembrane Domain Library

The initial screen with the TLR2 library did not show any inhibition, raising the question
as to if the transmembrane domain does play a role in TLR signaling. Previous reports have used
synthetic peptides from the TLR2 transmembrane domain as a way to regulate signaling in mouse
septic models [52]. First, we wanted to determine if the protein library was expressing. An antibody
against the HA-tag was used to test whole cell lysates transduced with the library by Western blot.
We saw the construct was expressing in the cells (Figure 4.5 A), but whole cell lysates do not
provide any details as to whether or not the library is being trafficked to the correct location.

To determine if the library was trafficking to the plasma membrane, from where TLR2 signals

[100], flow cytometry was performed using antibodies against the N-terminal HA-tag. The antibody
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did not show any binding of an HA-tag by flow in untreated transduced cells (Figure 4.5 B), which
suggests that the TLR2 transmembrane domain library is being expressed in the cells, but is not
properly trafficking. If the library is not present at the plasma membrane, it cannot inhibit the

TLR2 signal that is induced by agonist at that location.

4.3.4.2 UDv2 Directed Evolution Library Screen

The UDv2 library was screened in U-937 cells for potential inhibitors TLR2-TLR1 or TLR2-
TLR6 of signaling. The initial library went through selection as shown in Figure 4.1. After the
first round of library screening, four individual sublibraries were maintained as a way to detect
enrichment of similar sequences in separate libraries generated from the same starting point. Pre-
vious reports on the use of similar libraries have shown the enrichment of activating or inhibiting
sequences after 3-6 rounds of selection [18, 187]. After a similar number of directed evolution rounds
we had not seen any enrichment of inhibitory sequences for TLR2-TLR1 screening (Figure 4.6) nor
for TLR2-TLR6 screening (Figure 4.7).

To determine if the library was being maintained, each round of library was transformed
and plated for selection of single colonies. The initial and second round library were the only ones
that had sequencing results of the expected library construct form. This indicates that during
the process of library construction from genomic DNA amplification the library was lost after the
second round. This could be due to either nonspecific amplification from gDNA, or more likely
from incomplete digestion of the backbone, as future rounds were still able to survive puromycin

selection, and transformations yielded numerous colonies.

4.3.5 Small Molecule Inhibitors of TLR2-TLR1 Activation

While the reporter cells were generated to be utilized in directed evolution screens, the
response to only a specific subset of TLR, agonists makes them well suited for other uses. Our lab is
interested in general mechanisms for regulating TLR signaling, the most common method being the

use of small molecules. A small molecule screen previously identified activators of TLR2 signaling
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Figure 4.5: TLR2 transmembrane domain viral library expression.

A) Western blot against HA tag verifies the presence of the library. The Western is loaded as
ladder, untransfected cells, library infected cells, control protein 1, control protein 2. This analysis
is performed on whole cell lysate and does not tell location of library. B) Flow cytometry was
performed with an anti-HA PerCP-CY5.5 conjugated primary antibody to determine if library was
at the cell surface. Lack of signal in the Cy5.5 channel indicates that the library is not being
trafficked to the correct cellular membrane.
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250 —— TLR2-TLR1 3X
——TLR2-TLR1 3X + Pam3
——TLR2-TLR1 3X + Pam3 + Lib4-1
] —— TLR2-TLR1 3X + Pam3 + Lib4-2
—— TLR2-TLR1 3X + Pam3 + Lib4-3

200 —
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10° 10’ 10° 10° 10*
GFP Intensity

Figure 4.6: UDv2 fourth round directed evolution library against TLR2-TLRI1.

Libraries from the initial UDv2 design were propagated through four rounds of the directed evo-
lution process. As the library was screening for antagonists, the bottom 10% of activated cells
were isolated in each selection round and used to grow the next library. After the fourth round, no
change in signal was seen in cells containing the library when treated with the TLR2-TLR1 agonist
Pam3CSK4 (100 ng/mL).
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Figure 4.7: UDv?2 fifth round directed evolution library against TLR2-TLR6.

Libraries from the initial UDv2 design were propagated through five rounds of the directed evolution
process. As the library was screening for antagonists, the bottom 10% of activated cells were isolated
in each selection round and used to grow the next library. After the fifth round, no change in signal
was seen in cells containing the library when treated with TLR2-TLR6 agonist Pam2CSK4 (100
ng/mkL).



83

[66]. Through structure-activity-relationship studies, this compound was improved upon to yield
the most active compound CU-12-9 [24]. Using the U-937 reporter cells we were able to confirm
the potent activity of a small molecule, CU-12-9, for TLR2 activation [24]. The small molecule
showed activation of the receptor at as little as 1 pM CU-12-9. At 10 pM, this small molecule was
as potent as known synthetic lipoprotein agonists (Figure 4.8). This is the first well-characterized
small-molecule activator of TLR2, that is specific for the TLR2-TLR1 complex [24]. This small
molecule has great potential for biomedical applications, specifically as next generation vaccine

adjuvants.

4.4 Conclusions and Future Directions

The aim of discovering novel transmembrane peptides to regulate TLR signaling through di-
rected evolution means was unsuccessful due to poor library propagation and localization. However,
we did successfully construct TLR reporter cells in native immune cells. Current TLR reporter cells
are kidney cells that do not natively express TLRs. These kidney cells have been transfected to
stably express a single TLR construct of interest. The use of actual immune cells for studying TLR
signaling is less likely to have artifacts due to the expression of accessory proteins like CD14 and
CD36 and other adapter proteins [155, 234]. The goal of these cells was for testing transmembrane
domain libraries for altering TLR signaling, but they can also be successfully utilized to analyze
small molecule activators or inhibitors of TLR signaling. We were able to show a novel small
molecule compound could activate immune cells as strongly as the current synthetic lipopeptide
ligands, the first

There are several areas that need to be further addressed for this project. First, similar to the
problems seen for TLR localization in Chapter 3, the ability of TLR transmembrane constructs to
localize correctly is of critical importance to determining if the transmembrane domains are directly
involved in TLR signaling. Second, optimization of the directed evolution process for next round
generation is necessary to ensure stability of the library during screening. It is also important to

validate the replacement of the E5 N-terminus with an HA-tag does not alter the trafficking of this
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250 — —— U937 3X TLR2/1
—— U937 3X TLR2/1 + Pam2
—— U937 3X TLR2/1 + 1uM T12-9
L —— U937 3X TLR2/1 + 5uM T12-9
—— U937 3X TLR2/1 + 10uM T12-9
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Figure 4.8: Small molecules can activate the TLR2 receptor complex.

U937 cells were incubated with 0, 1, 5, and 10 uM of compound CU-T12-9 to determine activation
of the NF-kB:GFP reporter. The TLR2-TLR1 agonist, Pam3CSK4 (100 ng/mL, 66 nM) was used
as the positive control for cell activation. It is shown that this small molecule can potently activate
the TLR2-TLR1 complex using small molecules.
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library to the plasma membrane. The published libraries from this E5 domain do not have this

HA-tag.



Chapter 5

Conclusions

Toll-like receptor membrane proteins have been a major area of research in the field of
immunology since their discovery in 1997 as components of the human innate immune system.
Acting as sentinels of bacterial and viral infection, TLRs are critical in fighting off pathogens and
preparing the adaptive immune system to respond if necessary. The majority of studies have focused
on the extracellular domains and intracellular signaling proteins due to there ease of study. TLR
transmembrane domains were long thought to be passive anchors, and the lack of experimental
tools to study these regions left them unexplored.

In this thesis, we have studied the interaction potential of Toll-like receptor transmembrane
domains for the first time. To accomplish this we have expanded on methods in the toolbox for
transmembrane domain studies to more rapidly screen for transmembrane domain interactions in

membrane environments using fluorescence microscopy and reporter cell lines.

5.1 Toll-like receptor transmembrane domains interact with high specificity

In Chapter 2, we demonstrated for the first time that transmembrane domains of the Toll-
like receptor family could specifically interact. Using previously reported methods and techniques,
we showed that every Toll-like receptor was capable of homotypic interactions, in good agreement
with reported extracellular domain crystal structures. Prior to this work, people had only known
that TLR transmembrane and TIR domains could interact by forcing extracellular domains to be

dimeric [237, 71], or through ligand activation [156]. By isolating the TLR transmembrane domains,
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whose sequences lack many of the common overrepresented structural motifs for transmembrane
domain interactions [151, 110], we discovered that TLRs interact with high propensity through
their transmembrane domains. Such a discovery has led to structural studies on the transmembrane
domains in membrane mimetic systems. One such study solved the TLR3 transmembrane domain
structure in detergent micelles, using solution state NMR, and found dimeric and trimeric states
with two potential interfaces for these interactions [150]. This structure agrees with the data we
have demonstrating that the TLR3 transmembrane domain had very strong homotypic interaction
propensity. As methods of solution and solid state NMR advance in the upcoming years, it is likely
that we will see more structures solved of TLR transmembrane domains in agreement with the
transmembrane domain interactions we discovered.

Our studies were also the first report of TLR2 transmembrane domains having specific het-
erotypic interactions. It was long known that TLR2 was involved in heterotypic interactions with
TLR1 or TLR6 as a means to recognize a wide variety of pathogens [164]. Furthermore the trans-
membrane domain and TIR domains for these receptors had to be present in pairs for signaling
activation [156]. What we showed was that the transmembrane domains of these receptors had
specific heterotypic interactions, and included the orphan receptor TLR10 as another heterotypic
interaction potential. Other groups had proposed TLR10 to have roles in TLR2 interactions [70],
and we provided the first direct evidence for this interaction at the transmembrane level. Further
studies have lent credence to this interaction as TLR10 was found to potentiate proinflammatory

cytokine production from TLR2 agonists only [162].

5.2 Microscopy techniques for rapid analysis of transmembrane domain

interactions in mammalian membranes

In Chapter 3, we utilized two different microscopy techniques to measure the interaction po-
tential of TLR transmembrane domains in mammalian membranes. A quantitative imaging FRET
technique, using sensitized emission, to study transmembrane domain interactions in plasma mem-

brane derived vesicles that has been previously reported [126, 22]. One significant drawback to this
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method is that the production of vesicles requires the use of chemical crosslinking reagents, which
could artificially influence the proteins of interest interaction potential. However, this method has
been used to study the contributions of transmembrane and extracellular domains to dimerization
[23], and the contribution of oncogenic mutations in transmembrane domains to receptor stability
[171]. In all cases, this method had only been applied to homotypic interactions of transmembrane
proteins, our aim was to adopt this method for studying the heterotypic interactions of TLR2.
However, the microscope calibration required for this method resulted in a nonphysical value for
the G parameter, preventing correlation of sensitized emission to FRET efficiency. Furthermore,
the production of vesicles with TLR constructs did not yield uniform membrane intensity vesicles
as was expected, leading us to explore other methods.

We adopted acceptor photobleaching FRET as a method to directly measure FRET efficiency
as we were unable to determine this value using sensitized emission techniques. We also adopted
live-cell imaging methods to eliminate cross linking and other potential artifacts in plasma mem-
brane derived vesicles. Using this method we were able to preliminarily show that the TLR2-TLR1
and TLR2-TLR6 transmembrane domains undergo FRET in a mammalian membrane environment.
This technique is one that we think could allow for a rapid identification of membrane protein inter-
actions in native membrane environments, and would simplify the analysis required for heterotypic

interactions.

5.3 Toll-like receptor construct localization

Throughout the studies using FRET (Chapter 3) we noted differential localization of the TLR
expression constructs. We saw that these constructs were not localized at the plasma membrane
by confocal microscopy. Although there could be a very small percent at the surface based on
colocalization. Flow cytometry data for the same constructs did have detectable levels of plasma
membrane expression, suggesting that some receptor may be appropriately trafficked. Additional
constructs that used various signal peptides [75], or included endogenous 3'UTRs [12] did not alter

the distribution of the TLRs from the ER to the plasma membrane.
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It may be possible that additional trafficking proteins are required for TLR localization
[199, 216, 69, 197, 117]. In a native immune cell line, U-937 monocytes, only TLR2 is present at
the surface, with TLR1 and TLR6 being upregulated upon agonist treatment. This further suggests
that additional trafficking proteins are required in the proper localization of TLRs to the plasma
membrane, and that this process is controlled by exposure to agonists. Several known trafficking
proteins have been shown to be upregulated by TLR2 agonists previously [6]. However, ligand
treatment of the cells transfected with TLR2 WT or TLR2 EC+TM constructs did not lead to
changes in plasma membrane localization. Without having proper localizaiton of the constructs we
cannot determine if the receptors are preformed dimers that undergo conformational changes upon
ligand binding, as the ligand is only accessible to the potentially small subset of constructs being

trafficked to the membrane.

5.4 Reporter cell lines for studying Toll-like receptor signaling

In Chapter 4, we established new reporter cell-lines for utilization of studying Toll-like re-
ceptor signaling pathways. These cells were designed with the intention of screening a random,
transmembrane domain library for potential regulators of TLR signaling via transmembrane do-
main interactions. The library based on the E5 bovine papillomavirus oncoprotein have been used
previously in murine cells to activate or inhibit its known target, PDGFSR [202, 169], activate the
erythropoietin receptor [18], or inhibit CCR5 expression and HIV coreceptor function [187]. The
use of an unpublished library based on the E5 protein did not show any effect on TLR signaling in
these cells. However, sequencing revealed this library was not intact starting with the third round
library generation.

We also found that a library based on the native TLR2 transmembrane domain did not show
any inhibitory effect. This was in conflict with reports that synthetic peptides based on the TLR2
and TLR6 transmembrane domains could specifically reduce TLR signaling from TLR2 agonists
[52]. We discovered that the likely cause of this problem was the trafficking of the TLR2 library

to the cell surface. It is possible that the N-terminal HA-tag on both the E5 and TLR2 libraries is
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preventing proper trafficking of these libraries to the membrane where they would then be present

to alter TLR signaling pathways.



Chapter 6

Future Directions

6.1 FRET Microscopy Experiments

The first item that needs to be addressed is the localization of the TLR synthetic constructs.
Without trafficking to the plasma membrane, any interactions determined, will not provide an
accurate representation of the functional signaling complex. As over expression systems can be
a problem for causing proteins to be retained in the ER through stress. It may be possible to
use a CRISPR based system in native immune cells by tagging the endogenous protein with a
fluorescent protein. In a native immune cell, one would in theory eliminate the trafficking and over
expression problems, but would be limited to studies of the full-length protein, and elucidating
the contribution of individual domains would be impossible. This endogenous system could still
be used for acceptor photobleaching of heterotypic partners, and thus demonstrate if the TLR2
subfamily exists in the cell as a preformed dimer.

For the acceptor photobleaching system it is imperative that controls be determined for pos-
itive FRET and no FRET systems to ensure the values measure for TLR2 heterotypic interactions
are not an artifact of crowding in the membrane due to over expression. Such controls should
include positive and negative interacting proteins for both homotypic and heterotypic scenarios.
For positive interactions the well studied GpA and T-cell receptor domains would be ideal choices.

Another item that needs to be completed is the problem with the nonphysical Gauge factor
determined. Validating the EYFP and mCherry calibration curves for determining concentrations

could allow for sensitized emission to be used for quantitative analysis. However, the acceptor
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photobleaching system provides direct measurements of the FRET efficiency, which is the parameter
of sensitized emission we could not calculate. If an accurate determination for linking fluorescence
intensity in a membrane to absolute concentration of fluorescent proteins one would have accurate
measurements of the total acceptor, Acceptory,. and donor, Donorp,s, concentrations required to
calculate dissociation constants. A method for correlating fluorescence intensity in supported lipid
bilayers doped with a spectrally similar fluorophore to that of the membrane protein tagged with

fluorescent proteins has been reported [56].

6.2 Directed Evolution Library Experiments

As the TLR2 library did not express at the cell surface, modifications in this library to traffic
correctly are necessary. As transmembrane peptides for this domain have already been shown
to regulate signaling in murine systems, [52], we would likely see inhibition in the reporter cells
if it trafficked appropriately. We could then introduce diversity into this sequence using various
techniques to identify more potent regulators of TLR2 signaling [134].

The E5 library should be confirmed that it is trafficking to the plasma membrane, as the
published libraries do not utilize the HA-tag at the terminus, and a better methodology to ensure

next round libraries have been properly assembled are critical.
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Appendix A

Isolated Toll-like receptor transmembrane domains are capable of

oligomerization Supplementary Information

This appendix contains the supplementary text, figures, and tables that were published as
J. I. Godfroy III, M. Roostan, Y. S. Moroz, I. V. Korendovych, and H. Yin. “Isolated Toll-like

receptor transmembrane domains are capable of oligomerization” PLoS ONE. 7:e48875, 2012. [84]

Al Supplementary Material and Methods

A.l1.1 Proper membrane insertion of chimeric proteins

To verify that the TMD constructs for the Toll-like receptors were being properly integrated
in the bacterial membrane, a minimal media growth assay was performed. In this assay, a bacterial
strain that lacks the maltose protein, PD28 [45], were transformed with the plasmids encoding
the TMD of interest. The PD28 bacteria were grown in minimal media with maltose as the sole
carbon source. Cell density was monitored at ODsg5 and corresponds to the efficiency of membrane
integration. We saw that all designed TLR TMDs were able to properly insert into the bacterial
membranes as indicated by the increasing ODsgs5 (Figure A.2). The ATM construct was not capable

of inserting and showed no growth as was expected.

A.1.2 Analytical ultracentrifugation

Equilibrium sedimentation was used primarily to determine the association state of TLR2,

TLR6, and TLR2-TLR6. The experiments were performed in a Beckman XL-I analytical ultracen-
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trifuge (Beckman Coulter) using six-channel carbon-epoxy composite centerpieces at 25°C. Peptides
were co-dissolved in trifluoroethanol (TFE) and C14-betaine. The organic solvent was removed us-
ing dry nitrogen gas and the resulting thin film of peptide/detergent mixture was dried overnight.
The sample was then dissolved in buffer previously determined to match the density of the deter-
gent component (100 mM HEPES buffer, pH = 7.4, containing 25% D20). The final concentration
of Cl4-betaine is 10 mM in all of the samples. Peptide concentrations were determined by UV-Vis
on the Beckman Coulter XL-I and dilutions were carried out to get concentrations in the desired
absorbance ranges of the instrument (0.3-1) using the following extinction coefficients: 39,300 M1
cm™! at 400 nm for coumarin labeled peptides and 69,000 M~ cm™! at 495 nm for FITC labeled
peptides. Data at different measurement speeds (30, 35 krpm) and different peptide:detergent ra-
tios were analyzed by global curve-fitting of radial concentration gradients (measured using optical
absorption) to the sedimentation equilibrium equation. Absorbance at both 400 nm and 495 nm
was measured. Peptide partial specific volumes were calculated using previously described methods
[46] and residue molecular weights corrected for the 25% D2O exchange expected for the density-
matched buffer. The solvent density (1.031 g/ml) was calculated using the program Sednterp [116].
These coefficients were multiplied by the molar detergent ratio concentration units.

In order to estimate the association state of the peptides, the sedimentation equilibrium was
fitted to a single species model:

2

w 2 2
2*R*T*M*(T 75)] (A.1)

Abs = E + e * co x| % exp|

where E = baseline (zero concentration) absorbance, ¢, is the peptide:detergent ratio of the
peptide at r,, € is the molar extinction coefficient, 1 is the optical path length, w =27«xRPM, R=
8.3144%107 erg K~ mol™! |, T is temperature in K, M is the buoyant molecular weight of the
peptide.

Molecular weight was obtained from the buoyant molecular weight using:

M,y = M(1 -7+ p) (A.2)
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where M is the buoyant molecular weight, v is the partial specific volume, and p is the solution
density.

The results showed that TLR2 exists in a monomer-dimer-tetramer equilibrium and TLR6
exists in a monomer-dimer equilibrium. For the heterotypic interaction, when TLR2 and TLR6
were both present in the same sample cell, the apparent smaller average molecular weight of the
species monitored at 495 nm (where only TLR2 absorbs) indicates that TLR2 and TLR6 are also

interacting. The resulting fits are shown in Supplementary Figures A.3-A.5.

A.2 Supplementary Tables

Table A.1: Homotypic TLR interaction grouping information using Tukey-Kramer method and
95.0% confidence level (p = 0.05).

TMD N Mean Grouping
GpA 21 1.000 A

ATM 22 0.0922 F
TLR1 22 0.0922 E
TLR2 17 0.7829 A B C

TLR3 22 08032 A B C

TLR4 22 0.5620 C D E
TLR5 23 0.6087 B C D E
TLR6 21 0.5764 B C D E
TLR7 22 0.4947 D E
TLRS 19 0.7486 B C D
TLR9 23 0.7992 A B C

TLR10 19 08259 A B

Means that do not share a letter in grouping correspond to homotypic TMD interactions that are
not significantly different at 95% confidence (p<0.05).
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Table A.3: GpA heterotypic interaction grouping information using Tukey-Kramer Method and

95% confidence interval (p<0.05).

TMD*
Poly-Leu*
TMD5*
Integrin agrp ™
TLR1*
TLR2*
TLR4*
TLR5*
TLRG*
TLR10*

Mean
1.000
1.1703
1.0189
0.8934
0.7284
1.1905
0.8934
1.0451
1.1244

Grouping

A B

A

A B C
B C
C

A

B C

A B C

A B

Means that do not share a letter in grouping correspond to heterotypic GpA-TMD* interactions
that are not significantly different at 95% confidence (p<0.05).
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Table A.5: TLR2 heterotypic interaction grouping information using Tukey-Kramer Method and

95% confidence interval (p<0.05).

TMD*
Poly-Leu*
TMD5*
Integrin oy ™
TLR1*
TLR2*
TLR4*
TLR5*
TLR6*
TLR10*

Mean
1.0000
1.1904
0.7609
0.2198
0.1930
1.1386
0.9233
0.2588
0.3877

Grouping
A B

Means that do not share a letter in grouping correspond to heterotypic TLR2-TMD* interactions

that are not significantly different at 95% confidence (p<0.05).
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Table A.7: TLR1 heterotypic interaction grouping information using Tukey-Kramer Method and

95% confidence interval (p<0.05).

TMD*
Poly-Leu*
TMD5*
Integrin oy ™
TLR1*
TLR2*
TLR4*
TLR5*
TLR6*
TLR10*

Mean
1.0000
1.0921
0.7583
0.3722
0.3243
0.8709
0.6805
0.3349
0.3608

A
A

A
A

Grouping

B

B

B
B

C

C
C

D
D

D
D

Means that do not share a letter in grouping correspond to heterotypic TLR1-TMD* interactions

that are not significantly different at 95% confidence (p<0.05).
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Table A.9: TLR6 heterotypic interaction grouping information using Tukey-Kramer Method and

95% confidence interval (p<0.05).

TMD*
Poly-Leu*
TMD5*
Integrin agrp ™
TLR1*
TLR2*
TLR4*
TLR5*
TLRG*
TLR10*

Mean
1.0000
1.1235
0.6106
0.3316
0.2802
0.9610
0.6106
0.2564
0.3445

Grouping
A
A
B
C
C
A
B
C
C

Means that do not share a letter in grouping correspond to heterotypic TLR6-TMD* interactions

that are not significantly different at 95% confidence (p<0.05).
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Table A.11: Helical content analysis of synthetic TLR1, TLR2, and TLR6 TMD peptides

TLR1 200-260 nm  205-260 nm  210-260 nm
Helix 99.70% 99.90% 99.90%
Antiparallel 0.00% 0.00% 0.00%
Beta-Turn 2.60% 2.40% 2.20%
Random Coil 0.40% 0.20% 0.30%
Total Sum 102.80% 102.60% 102.50%
TLR2 200-260 nm  205-260 nm  210-260 nm
Helix 99.80% 99.90% 99.90%
Antiparallel 0.00% 0.00% 0.10%
Beta-Turn 2.50% 2.20% 2.00%
Random Coil 0.30% 0.20% 0.30%
Total Sum 102.60% 102.40% 102.30%
TLR6 200-260 nm  205-260 nm  210-260 nm
Helix 99.90% 100.00% 100.00%
Antiparallel 0.00% 0.00% 0.00%
Beta-Turn 2.00% 1.70% 1.60%
Random Coil 0.10% 0.10% 0.20%
Total Sum 102.10% 101.80% 101.80%
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A.3 Supplementary Figures
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Figure A.1: ToxR assay schematic.

(A) Homotypic interactions are studied using a plasmid that encodes a TMD of interest between
a functional ToxR transcriptional activator and a periplasmic directing maltose binding protein.
TMD-TMD interactions leads to binding of the cholera toxin promoter that controls lacZ expres-
sion in the FHK12 E. coli strain used [104]. Lysis of the cells and addition of the sugar ONPG
allows enzyme activity to be monitored by the production of a yellow colorimetric compound. (B)
Heterotypic interactions are studied using a knockdown reporter in which two plasmids are ex-
pressed, one with the functional ToxR domain, and one with a nonfunctional ToxR* domain that
contains a S87H mutation. TMD-TMD interactions involving the TMD encoded along with the
ToxR* domain prevent binding of the promoter and enzyme production leading to a reduced signal.
MBP maltose binding protein, ctx cholera toxin promoter, lacZ [S-galactosidase reporter gene.
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Figure A.2: Control for proper membrane insertion of chimeric TLR ToxR constructs.

Maltose deficient PD28 cells were transformed with plasmids and grown in minimal media. Growth
kinetics were monitored over 3 days to determine if constructs were inserting and allowing cells to
grown with maltose as the sole carbon source. Growth was observed for all TLR constructs, but
not for the TM construct, as expected.
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Figure A.3: TLR2 homotypic sedimentation equilibrium AUC.

Sedimentation equilibrium profile at 495 nm of FITC-labeled TLR2 in density matched C14-betaine
micelles (10 mM) in HEPES buffer (100 mM, pH 7.4). The partial specific volume and the solution
density were fixed at 0.78730 mL/g and 1.031 g/mL, respectively. The data was analyzed using
a global fitting routine. The average molecular weight obtained from the fit (14135 4+ 370 Da)
corresponds well with TLR2 in a monomer-dimer-tetramer equilibrium.
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Figure A.4: TLR6 homotypic sedimentation equilibrium AUC.
Sedimentation equilibrium profile at 400 nm of coumarin-labeled TLR6 in density matched C14-
betaine micelles (10 mM) in HEPES buffer (100 mM, pH 7.4). The partial specific volume and the
solution density were fixed at 0.78705 mL/g and 1.031 g/mL, respectively. The data was analyzed
using a global fitting routine. The average molecular weight obtained from the fit (7680 4+ 866 Da)
corresponds well with TLR6 in a monomer-dimer equilibrium.
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Figure A.5: TLR2-TLR6 heterotypic sedimentation equilibrium AUC.

Sedimentation equilibrium profile at 495 nm of of FITC-labeled TLR2 in density matched C14-
betaine micelles (10 mM) in HEPES buffer (100 mM, pH 7.4) in the presence of 2 equiv. of
coumarin-labeled TLR6 peptide. The partial specific volume and the solution density were fixed at
0.78730 mL/g and 1.031 g/mL, respectively. The data was analyzed using a global fitting routine.
The average molecular weight obtained from the fit (12330 4+ 506 Da) indicates that TLR6 shifts
the monomer-dimer equilibrium of TLR2.
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Figure B.1: Calibration curves for EYFP.

EYFP was expressed, purified, and suspended in vesiculation buffer. Protein concentrations were
determined by UV-VIS using 83,500 M~ cm ™! as the extinction coefficients. EYFP intensity was
measured using a 488 nm excitation and a 525/50 nm filter. The slopes from the fits are used
to determine the apparent concentration of EYFP inside each vesicle for a given microscope gain
setting.
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Figure B.2: Calibration curves for mCherry.
mCherry was expressed, purified, and suspended in vesiculation buffer. Protein concentrations were
determined by UV-VIS using 72,000 M~! cm™! as the extinction coefficients. mCherry intensity
was measured using a 561 nm excitation and a 650 nm LP filter. The slopes from the fits are used
to determine the actual concentration of mCherry inside each vesicle.
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Figure B.3: Donor bleedthrough vesicles.

A) A representative field of view for vesicles produced from cells transfected with pcDNA-EYFP.
Three scans were performed in channel series for data collection and analysis. B) Donor scan
for EYFP using 488 nm laser and 525/50 filter. C) Sensitized emission scan using the FRET
channel, 488 nm laser and 600/50 filter. D) Acceptor scan using a 561 nm laser and 650 LP filter.
To determine the bleedthrough the intensity in the Donor scan and FRET scan were compared
according to Equation 3.3.
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Figure B.4: Acceptor bleedthrough vesicles.

A) A representative field of view for vesicles produced from cells transfected with pcDNA-mCherry.
Three scans were performed in channel series for data collection and analysis. B) Donor scan
for EYFP using 488 nm laser and 525/50 filter. C) Sensitized emission scan using the FRET
channel, 488 nm laser and 600/50 filter. D) Acceptor scan using a 561 nm laser and 650 LP filter.
To determine the bleedthrough the intensity in the Donor scan and FRET scan were compared
according to Equation 3.4.
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Figure B.5: Gauge factor vesicles.

Vesicles were produced from cells that were transfected with a pcDNA-EYFP-mCherry fusion
construct. Three scans were performed in channel series for data collection and analysis. A) Donor
scan for EYFP using 488 nm laser and 525/50 filter. B) Acceptor scan using a 561 nm laser and
650 LP filter. C) Sensitized emission scan using the FRET channel, 488 nm laser and 600/50 filter.
The sensitized emission was calculated based on the intensity in each channel according to Equation
3.2. These calculated values were then used to determine the gauge factor according to Equation
3.8.
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Figure B.6: Photobleaching scan timecourse.

A representative image of a cell undergoing FRET as scanned according to the acceptor photo-
bleaching protocol. Donor fluorescence is not affected during normal scan periods, and the high
intensity bleach step rapidly decreases the intensity of acceptor present. After the bleach, a signif-
icant change in donor intensity is seen.
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Figure C.1: Jurkat initial response to TLR5 agonist, flagellin.
Jurkat cells were stably transfected with the pGreenFire reporter plasmid. Treatment with the

TLR5 agonist flagellin (100 ng/mL) showed a small activation of the reporter. Cells were sorted
by collecting the top 10% of activated cells.
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Figure C.2: Jurkat response to TLR5 agonist after one sort.

Jurkat cells sorted for response to TLR5 were grown up and treated again with TLR5 agonist,
flagellin (100 ng/mL), and the top 10% of activated cells were collected.
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Figure C.3: Jurkat response to TLR5 agonist after two sort.
Jurkat cells twice sorted for response to TLR5 were grown up and treated again with TLR5 agonist,
flagellin (100 ng/mL), and the top 10% of activated cells were collected.



Appendix D

Common Experimental Methods and Images

This appendix includes methods and representative images of Western blots, PCR gels, pu-

rification of proteins, and purification and characterization of synthetic transmembrane peptides.

D.1 Western Blots

All western blots were run on homemade SDS-PAGE gels. These gels were cast at a single
concentration of polyacrylamide, which ranges from 8-15% depending on the size of the protein of
interest being detected. All gels are run at a constant voltage,140 V, for 1 hr and 15 min in standard
Tris-Glycine-SDS running buffer, before transfer to nitrocellulose membranes (Invitrogen). Trans-
fers to membranes were carried out in a Tris-Glycine buffer containing 20% methanol for 1 hr at a
constant current, 100 mA. Membranes were stained with Ponceau red to verify the transfer, then
washed 3 times for 10 min with Tris-buffered saline containing Tween-20 (TBST). Membranes were
blocked in 5% nonfat milk in Tris-buffered saline for 2 hrs at room temperature with gentle rock-
ing. The membrane was washed 3 times for 10 minutes with TBST before incubation with primary
antibody. Primary antibody dilutions were done according to manufacturer recommendations and
allowed to incubate overnight at 4°C with gentle rocking. The next morning, the membrane was
washed 3 times for 10 minutes with TBST, prior to incubation with horseradish peroxidase conju-
gates secondary antibodies against the primary antibody host species. The secondary antibody is
diluted in 5% milk according to manufacturer recommendations, and allowed to incubate for 2 hr

at room temp with gentle rocking. The membrane is again washed 3 times for 10 min with TBST
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before addition of chemiluminescent substrates (Invitrogen). The membrane luminescence is then
detected using a LAS-4000 (GE Healthcare) CCD camera imager. A representative image of this

process from the ToxR assay is shown below (Figure D.1).

D.2 Agarose Gels

All DNA plasmids and PCR products are verified for size and concentration on a 1% agarose
gel using a GelRed stain (Phenix Research Products) and a Generuler 1 kb plus DNA ladder
(Thermo). For DNA to be used in cloning reactions, PCR reactions were carried out with primers
designed for the sequence of interest using a high-fidelity DNA polymerase, Phusion (Thermo),
a standard gel result is shown in (Figure D.2A). All PCR annealing and cycle times are varied
depending on primers and expected size of PCR product. These products are exchanged into
water using a PCR clean-up kit (Omega), and concentration determined using a Nanodrop-2000
(Invitrogen).

To verify proper insertion of DNA, primers for the plasmid backbone were used with a low-
fidelity polymerase, DreamTaq (Thermo), to confirm inserts were of the expected size in the cloning
site by colony PCR (Figure D.2B). A negative control for empty vector using the backbone primers
on the original plasmid should always be used for verification of no insert during standard colony
PCR protocols. Colony PCR is performed by picking a single colony from plates grown overnight
and smearing the bacteria in the bottom of a PCR tube. The remainder of the colony is grown
in media containing appropriate antibiotics overnight for plasmid purification. Colonies in PCR
tubes are combined with a master mix PCR reaction mixture, thermocycled, and then analyzed on
a gel to determine which colonies should be used for plasmid purification. After mini-prep plasmid

purification (Omega), DNA is sent for Sanger sequencing (Genewiz) to verify the plasmid construct.

D.3 Protein Purification

For protein expression and purification, DNA encoding the protein of interest was cloned

into the pET-15b expression vector (EMD Millipore) using the Ndel and BamHI restriction sites.
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Figure D.1: Maltose binding protein Western blot.

A representative image of the Western blots determined for the ToxR assay homotypic interactions.
In a gel there are two bands that express the Maltose binding protein (MBP). The band at approx-
imately 70 kDa is the chimeric transmembrane construct of interest, the band at approximately 45
kDa is endongenous MBP. One can normalize to expression levels and loading using the chimeric
and endogenous intensities as determined from ImageJ analysis.
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Figure D.2: Agarose gel analysis of PCR products.

A) A representative gel of PCR amplification of inserts for a Gibson assembly reaction using Phusion
polymerase. The gel is loaded as ladder, vector product, TLR2 signal peptide, EYFP, mCherry,
TLR2 TM+TIR. All samples show the most intense band at the expected product size of interest.
B) A representative gel of a colony PCR amplification using DreamTaq polymerase. This gel shows
a colony screen for a Gibson reaction to make a pcDNA-FP-TLR2-TM+TIR construct. The gel is
loaded as ladder, FP only control, empty vector control, colonies. Results show that only two picked
colonies show proper assembly of constructs of the expected size. These colonies were purified and
verified by sequencing.
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This plasmid was transformed in DH5« bacteria for production, purificitation, and verification
of the correct inserts. The correct constructs were then transformed in the BL21(DE3) bacterial
expression strain and plated at a 1:10 dilution on LB + Ampicillin plates. Single colonies were
selected for starter growths in 5 mL LB + Ampicillin growth media, and allowed to grow overnight
at 37°C, 225 rpm. The starter growths were transferred to 250 mL of LB media with no antibiotic
the next morning and allowed to grow until a density of ODgopg = 0.6 was reached at which point
the cells were induced with 1 mM IPTG. The induction was carried out for 4 hrs at 37 °C, 225
rpm before the cells were pelleted. The bacterial pellet was resuspended in 15 mL of loading buffer
(300 mM NaCl, 5 mM imidazole in PBS, pH 7.4) containing protease inhibitors (Roche). The
pellets were lysed by sonication (Misonix) using an amplitude of 90% for 6 cycles of 20 sec on,
10 sec off. The lysis was ultracentrifuged by spinning at 14,000 rpm for 30 min in a Sorvall RC
5C Plus centrifuge using the SA600 rotor. The clarified supernatant was used for purification on
Talon cobalt columns (Clontech) using an AKTA-10 FPLC (GE). Proteins were purified using a
gradient of binding buffer (300 mM NaCl, 5 mM imidazole in PBS, pH 7.4) and elution buffer (300
mM NaCl, 250 mM imidazole in PBS, pH 7.4). For the mCherry protein, Figure D.3A, the protein
was eluted using a 2.5% elution buffer mixture for washing (6 column volumes) followed by a 25%
elution buffer mixture to recover the protein, and a final wash with 100% elution buffer. For the
EYFP protein, Figure D.3B, a similar gradient was used, but to avoid the long tail once the UV
trace began to drop at 25% elution buffer, it was quickly ramped to 50% elution buffer until baseline
on UV was established, and then a final wash with 100% elution buffer was performed. Samples of
fractions from the flow through during column loading, the 2.5% washing step, and 25-50% elution
steps were analyzed by Coomassie staining. For Coomassie staining, 15 pL of collected fractions
were loaded on a 10% SDS-PAGE gel and ran at 180V for 40 min. Gels were then stained using
Coomassie G250, and destained (70% water, 20% methanol, 10% acetic acid) overnight. Images

were collected on a LAS-4000 imager (GE).
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Figure D.3: Fluorescent protein purification.

The mCherry (A) and EYFP (B) proteins were purified using FPLC. Fractions collected were
analyzed by Coomassie stain to verify purity and protein of interest. A) The mCherry samples
were loaded as ladder, lysate, supernatant, pellet, 3 lanes of column loading flowthrough, 2.5%
wash start, 2.5% wash end, 25% start, 25% end, 100% wash, ladder. mCherry is expected to be
approximately 30 kDa in size, of which an overexpressed band is seen for the lysate, supernatant,
and pellet. mCherry protein binds the column and isn’t seen in the flow through, a small amount
leaks of during the 2.5% wash, before all of the protein comes off during the 25% elution. B) The
EYFP samples were loaded as ladder, supernatant, 3 lanes of column loading flowthrough, 3 lanes
of 2.5% wash, 2 lanes of 25% elution, and 2 lanes of 50% elution. The EYFP protein is clearly
present as an overexpressed band in the supernatant and only shows up in the expected elution
fractions.
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D.4 Peptide Purification

Peptides were synthesized at a 0.1 mmol scale using Rink Amide resin 0.36 mmol / g loading
capacity using a CEM Liberty automated synthesizer with a Disocery microwave module. Solubility
of the peptides was enhanced by including a di-Lysine motif at both termini. For peptides labeled
with fluorescent dyes, a 6-atom flexible spacer was added to the N-terminus and dyes were conju-
gated as previously reported [230, 19]. Side chain deprotection and cleavage from the resin was done
using a mixture of trifluoroacetic acid/water/1,2-ethanedithiol /thioanisole/phenol/triisopropylsilane
(81.5:5:5:2.5:1 v/v) at room temperature under a Ny blanket for 2 h. The crude peptides were col-
lected by precipitation with cold (-20°C) diethyl ether. The peptides were then purified on an
Agilent 1200 series semi-preparative reverse phase high-performance liquid chromatography sys-
tem with a Vydac Protein C4 column. Peptides were purified using two different solvent sys-
tems. Peptides could be dissolved in a 6:3:1 isopropanol/acetonitrile/water containing 0.1% tri-
fluoroacetic acid solvent or in 100% dimethylsulfoxide. Peptides could then be purified using a
linear gradient of solvent A (Millipore water with 0.1% trifluoracetic acid) and solvent B (6:3:1
isopropanol/acetonitrile/water containing 0.1% trifluoroacetic acid), Figure D.4 and D.5, or using
a linear gradient of solvent A (Millipore water with 0.1% trifluoracetic acid) and solvent B (Ace-
tonitrile with 0.1% trifluoracetic acid), Figure ??. The identities of the purified peptides were
confirmed by MALDI-TOF mass spectrometry on a Voyager-DE-STR. Biospectrometry Worksta-
tion (Perseptive Biosystems). All peptides were lyophilized using a Labconoco FreeZone 4.5 freeze

drier to yield the purified peptides as their TFA salts.
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Figure D.4: TLR1 peptide purification.

The TLR1 peptide was synthesized by solid-phase synthesis. A coumarin fluorescent dye was added
to the N-terminus for monitoring. The TLR1-coumarin peptide was purified on a Vydac Protein
C4 column using a linear gradient of solvent A (Millipore water with 0.1% trifluoracetic acid) and
solvent B (6:3:1 isopropanol/acetonitrile/water containing 0.1% trifluoroacetic acid). MALDI was
used to verify the products in the chromatogram peaks with the desired peptide product being in
the approximately 25.7 min retention time peak.



Number of residues:

Molecular weight, MW: 23612

Net charge

Net charge at pH 7.0:5
Iso-elecine point, pl:10.6

32

Hydrophilicity
GGKKITLLIVTIGﬁ.THLVlAVTV'lSLC|YLKK

GIGIK Kb ITIC L ledwvir ol lalrimic ivicialv it ivivds fole bo v o e e
Average hydrophilicity -0.6

Rato hydrophiic residues / total number of residues: 16%

Hopp & Woods

148

DADY A, Sig=210.16 ReF=450.1 XCOUNARINTLRBCOUN_ BB 090) ™ — Rp- (O™ ol ks
DAD! D, Sg=350,16 Ref=450.100 [SAACITLRGCOUMARINTTLRECOUM, 616,050 [Lhe i ‘
a \
Nom. | = N1 3"1') 0
1 = [ i
4 e \"g w L 1
300 i I
| ] i
| w |
; |
%0 = | ~ = |
] = | = W |
- = |
1 '|| |
| E ! A~
P ¥ 1
| | = IRA
- | Ll 1] | L
w0 | g ‘ ‘
| | | |
| | 1 \ :
| =/ !
| o | " i
150 | =1 ‘
‘ ~
: _ -
{ | L :
1 | I !
100+ 11t 1l L
1 I \ M
i
1 - /
| | , e
E‘)]l | 0 Hiv4
| ) P Mizgnr
I /
0 'y M i “‘.
m w80 1604 2380 3002 38006 45010

Figure D.5: TLR6 peptide purification.

The TLR6 peptide was synthesized by solid-phase synthesis. A coumarin fluorescent dye was added
to the N-terminus for monitoring. The TLR6-coumarin peptide was purified on a Vydac Protein
C4 column using a linear gradient of solvent A (Millipore water with 0.1% trifluoracetic acid) and
solvent B (6:3:1 isopropanol/acetonitrile/water containing 0.1% trifluoroacetic acid). MALDI was
used to verify the products in the chromatogram peaks with the desired peptide product being in
the approximately 22.2 min retention time peak.



Number of residues: 25
Molecular welght, MW: 26855

Net charge Hydrophilicity
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Figure D.6: TLR2 peptide purification.
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The TLR2 peptide was synthesized by solid-phase synthesis. The TLR2 peptide was dissolved
in 10% DMSO and purified on a Vydac Protein C4 column using a linear gradient of solvent A
(Millipore water with 0.1% trifluoracetic acid) and solvent B (Acetonitrile with 0.1% trifluoracetic
acid). MALDI was used to verify the products in the chromatogram peaks with the desired peptide

product being in the approximately 30 min retention time peak.



