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Structural insights into mimicry of TGF-f3 signaling by the murine parasite H. polygyrus
Ananya Mukundan, PhD

University of Pittsburgh, 2023

TGF-B is a key regulator of the adaptive immune system, acting to convert naive CD4+ T-
cells into Foxp3+ Trg. The mouse intestinal hookworm Heligmosomoides polygyrus takes
advantage of this pathway, surviving in its host by using a five-domain secreted TGF- mimic
protein, TGM or TGM-1 to expand the population of Tiegs in the host. TGM-1 binds to the TGF-f
receptors directly and is part of a larger family of 10 secreted parasitic proteins (TGM-1:TGM-
10), all of which lack sequence and structural homology to TGF-f, and are instead composed of
five CCP domains (D1-D5). In this dissertation, biophysical methods were used to study TGM-1
and TGM-4, how they bind the TGF-3 receptors and how to leverage these structural details
towards the development of TGF-B-targeting therapeutics. SPR, ITC, and NMR showed that
binding of TGM-1 to the TGF-f receptors is modular, with D1 and D2 binding to TBRI and D3
binding to TRRIL. The domains of TGM-1 compete with TGF-f3 for binding to TBRI and TBRII,
showing that TGM-1 mimics TGF-f both functionally and structurally. The solution structure of
TGM-1 D3 and the TGM-1 D3:TBRII complex show that the TGM-1 D3 CCP domain is adapted
to allow for expansion of C-terminal segment, partially exposing several hydrophobic residues that
interact with the edged B-strand that TBRII also uses to bind TGF-f. Further studies revealed that
domains 4 and 5 of TGM-1 bind a co-receptor CD44 that potentiates TGM-1 signaling in vitro.
This co-receptor binds to TGM-1 and TGM-4 but not TGM-6, indicating that different TGM

isoforms bind to distinct co-receptors depending on the domain 4-5 composition. This led to the

v



hypothesis that cell-targeted TGF-B inhibitors could be developed by fusing known TGF-f3
inhibitors to domains 4 and 5 of TGM-1. Initial tests into these fused proteins indicate inhibition
of TGF-P signaling, with studies into cell-specific inhibition and potentiation to be performed in
the future. This dissertation demonstrates how H. polygyrus has adapted a family of proteins to

mimic TGF-f signaling and opens up unique avenues for inhibition of TGF-3 signaling.
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1.0 Introduction: TGF-p signaling in physiologic and pathologic contexts

1.1 Overview of TGF-§ family and signaling

1.1.1 Discovery of TGF-p family proteins

In 1980, Sporn and Todaro proposed “autocrine secretion”, which hypothesized that
malignant cells secrete polypeptides that act on the cells’ own external receptors to self-stimulate
growth!. Such polypeptides were designated as Transforming Growth Factors or TGFs, the first of
which, sarcoma growth factor (SGF), was isolated from murine fibroblasts infected with an RNA
virus'2. TGFs were noted to both transform non-malignant cells into the neoplastic phenotype,
thus allowing for growth in soft agar, and also to bind to epidermal growth factor (EGF)
receptors>>. The Sporn/Roberts lab in the late 1970s isolated TGFs from non-neoplastic adult
murine tissues; murine tissue was frozen and the protein was extracted using acetic acid/ethanol
and purified via a size-exclusion column in 1M acetic acid®. This purification led to the discovery
that TGFs could be divided into two distinct families based on their function, with TGF-a binding
to EGF receptors and TGF-P acting to induce phenotypic transformation of non-neoplastic cells.
At the same time, the Moses lab independently isolated TGF- from murine fibroblast cell lines,
using a combination of soft-agar growth assays and ion-exchange chromatography, the latter step
separating TGF-o from TGF-B2.

During the 1980s, a total of three isoforms of TGF-B were discovered, TGF-f1,TGF-2,
and TGF-B3. Rik Derynck was given large quantities of human platelet-produced TGF-3 from the

Sporn/Roberts lab. Using clostripain, an arginine-targeting protease, digestion he was able to
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identify a continuous 55 amino acid sequence, along with several smaller sequences®*. From this
sequence, two complementary 44 residue probes, along with 16 smaller 14 residue probes, were
generated and tested against a human genomic library®. Though extensive screening of multiple
cell types was required, eventually a cDNA sequence corresponding to the mRNA of the TGF-f3
precursor was generated revealing a 112 amino acid biologically active protein from a 390 amino
acid TGF-B precursor®. Following the discovery of TGF-B1, R&D systems attempted to purify
TGF-B1 from porcine platelets. The final step of purification up to that point involved a reverse-
phase chromatography step with a C18 column; however, when a C4 column was utilized, three
protein peaks were noted over an acetonitrile gradient of 24%-40%, all with the expected
molecular weight of biologically active TGF-P at ca. 25 kDa’. These three peaks corresponded to
the TGF-B1 homodimer, a TGF-B1:TGF-B2 heterodimer, and a TGF-B2 homodimer. The
discovery of TGF-B3 soon followed with cDNA cloning identifying the final TGF-B isoform,
TGF-B3%7. cDNA analysis by other labs revealed other proteins with high sequence homology to

the TGF-Bs, leading to what is now known as the 33-member TGF-f family.

1.1.2 Evolution of TGF-p family proteins

TGF-Bs are functionally diverse and are essential for multiorgan (palate, lung, heart, etc.)
development®!!, regulation of both the pro and anti-inflammatory arms of the adaptive immune

1217 along with wound healing and angiogenesis through promotion of vascular fibrosis'®

system
20, TGF-Bs belong to a larger family of proteins including BMPs (bone morphogenic proteins) and

GDFs (growth and differentiation factors) which are involved in embryonic development?!,

skeletal development and repair, and several skeletal pathologic conditions?. Other proteins in the



family include activins and inhibins which activate and repress follicular-stimulating hormone
(FSH) production respectively?, as well as acting in erythropoiesis*!, adipose metabolism, and
neuronal cell differentiation®. Lesser known members of the family include myostatin, which
regulates skeletal muscle growth?, and nodal, which is involved in left-right axis determination?’.

While the TGF-fs are only present in vertebrates, members of the TGF-3 family have been
found in all metazoans®®. Evolutionarily, the BMPs emerged first, followed by the activins and
inhibins, and finally the TGF-Bs***°. This is evidenced by the presence of the BMPs in both worm
and fly species’!, the presence of activins and inhibins in flies only*?, and the presence of the TGF-
Bs in vertebrates®®. Phylogeny of the TGF-P family proteins show that the BMPs and GDFs are
the proteins from which other members of the family diverge, with the TGF-Bs differentiating

themselves relatively late, and the Lefty proteins being the most divergent (Fig. 1).

1.1.3 Structure of TGF-p family proteins

TGF-Bs are homodimeric signaling proteins with an interchain disulfide bond connecting
the two monomers. They signal through a heterotetrameric signaling complex, binding to two pairs
of serine/threonine kinases, designated as the type I and type II receptors respectively**3* (Fig. 2).
TGF-B first binds its type II receptor (TBRII), two receptors per TGF- homodimer, and then only
can two type I receptors (TPRI) bind the binary TGF-B:TBRII, complex®®. Formation of the
heterotetramer leads to autophosphorylation of the type II receptor, which then phosphorylates the
type I receptor’’. Signals are then propagated either by the canonical Smad proteins*®, or a non-
Smad pathway: MAPK?’, PI3K*, etc. (Fig. 2).

Structurally the TGF-B family proteins evolved from the cystine knot growth factor

domain®?, which are characterized by two B-sheets composed of antiparallel B-strands (B-ribbons)
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and a cystine knot, a motif which contains three disulfide bonds, with two disulfides linking
parallel B-strands (Cys II — Cys V, Cys III — Cys VI) with the remaining disulfide bond passing
through the ring formed to two other parallel B-strands (Cys I — Cys IV) (Fig. 3A)**!. Members
of the TGF-f family are secreted with a 250 amino acid prodomain, which acts to aid in folding
and dimerization of the homodimer but also prevents functional activity for some but not all of the
proteins in the family. All of the TGF-3 isoforms are latent when associated with the prodomain,
as are the activins and some of the BMP proteins*’. Once the proteins are secreted through the
endoplasmic reticulum, they are cleaved between the prodomain and growth factor homodimer in
the Golgi by the membrane-bound serine proprotein convertases, including but not limited to
furin®. Further processing is required for removal of the growth factor from the prodomain, for
TGF-B this requires association with latent TGF-f3 binding protein (LTBP) or with glycoprotein A
repetitions dominant (GARP) in the extracellular matrix and force transmitted by integrins*, or
through further protease cleavage* (Fig. 4).

The prodomain of TGF-f is composed of a bowtie knot, two arm regions, two straitjacket
regions with latency lassos, and two association regions (Fig. 3B). The arm domains both contain
two antiparallel B-sheets with four strands each that cross at the bowtie region via -strands 8 and
9, linking the two arm regions, creating a closed arm conformation*’. The arm domains also contain
the RGD sequence which bind integrin av6 for cleavage of the prodomain from the growth factor
domain®. The bowtie knot links the two arm domains via two disulfide bonds for TGF-B1 and
TGF-B3, and three disulfide bonds for TGF-B2. The straitjacket region is N-terminal to the arm
region and surrounds the growth factor domain (Fig. 3B). The straitjacket is composed of a long
alpha helix (a1) which contacts both monomers of the growth factor and stabilizes binding to the

growth factor through contacts with hydrophobic residues in three turns of the alpha helix***,



along with a latency lasso. The latency lasso connects the al helix of the straitjacket with the a2
helix of the arm domain and displaces the a3 helix of the growth factor domain, thus preventing
receptor binding to the TGF-f growth factor (Fig. 3B). Finally, the prodomain includes ten residues
at the opposite end of the bowtie knot which are structurally disordered without the presence of
LTBP or GARP that associates with either protein via cysteine residues at this region*. The
association region binds to the TGF-B-like binding region in LTBP and the LRRC region in GARP;
these regions do not share structural similarity and so the association region is capable of existing
in multiple conformations™.

The mature TGF-B homodimer is formed by two 112-residue monomers connected by an
interchain disulfide bond. The homodimer forms a ‘hand over hand’ structure, with each monomer
resembling a left hand curled on itself (Fig. 3C). The ‘heel’ of one monomer presses against the
‘palm’ of the second monomer. The hands consist of four B-strand fingers, and the thumb is formed
by an a-helix**. In some of the TGF-p members (TGF-Bs, AMH, activins), the thumb is tethered
to B-strand 1 by a disulfide bond which displaces the a-helix from the palm. While the growth
factor structure that has been described has been termed a ‘closed’ conformation, an ‘open’
conformation for family members has been shown to exist, particularly with TGF-B3, Activin A,
and GDF-8%*%"_ The three TGF-B isoforms are similar in structure, as are the BMP homodimers
and the activin homodimers. Differences in the homodimer structures between the three
subfamilies are most evident in the heel a-helix, and at the fingertip regions. These slightly

different conformations reflect their ability to bind their respective type I and type II receptors.



1.1.4 Structure of TGF-p family receptors and binding paradigms

The TGF- family members bind to type I and type II receptors, each of which consist of
an ectodomain, a transmembrane domain, and a kinase domain. There are seven type I receptors
and five type Il receptors, allowing for promiscuity in receptor-ligand interactions. The three TGF-
B isoforms are unique in that they are the only TGF-f family members to bind the type II receptor
TPRRII (Table 1). TGF-B family ligands can be distinguished by the receptors they bind and also
by the Smads they signal through, with the TGF-3s and activins signaling through Smads 2 and 3
and the BMPs and GDFs signaling through Smads 1, 5, and 8%.

The ectodomains of the type I (Alkl — Alk7) and type II receptors (ActRII, ActRIIB,
BMPRII, MisRII, TPRII), ca. 100 amino acids, contain a three-finger toxin fold characterized by
a three-strand antiparallel B-sheet (B3- B5) surrounded by two antiparallel B-strands (B1- 2) and
an extended loop connecting 4 and B5 (Fig. SA-B). All of the TGF-f family receptors share four
disulfide bonds in common, with ActRII, ActRIIB, and BMPRII containing an additional disulfide
bond that displaces the B4-B5 loop away from the antiparallel B-sheet, and TBRII containing two
distinct disulfide bonds from the other type II receptors. Alkl, Alk3, AlkS, and Alk6 also contain
an additional disulfide bond that performs a similar function (Fig. 5A-B).

TPRI, or AlkS, the type I receptor that binds TGF-f, Activins, and GDF-8, is distinct from
other type I receptors of the TGF-B family as it contains a prehelix extension*®, which is a five-
amino acid PRDRP extension between 34 and the 4-B5 loop (Fig. 3D). This prehelix sequence is
not present in other type I receptors, with the exception of Alk4*, which has a PAGKP prehelix
extension. This forces TPRI to bind closer to the fingertips of TGF-f3 and thus make contact with
both TGF-B and TRRII***#° (Fig. 5A). Usually, the type I receptors bind at the wrist of the growth

49,50

factor homodimer™~", contacting both monomers but not the type II receptor, whereas Alk5 and
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Alk1 bind differently, with Alkl still binding at the wrist but in a rotated conformation, due to a
deletion of two residues in the prehelix extension (PHE) as opposed to a five-amino acid
extension>!,

TPRII is unique as it only binds TGF-B. While most type II receptors bind to their growth
factors through their exposed B5- 7 sheet and the B6- B7 loop, TBRII uses an edged B-strand, 4
on the B3-P4 sheet, along with p1 and B3 (Fig. 5B) to bind TGF-B***. This is possible due to the
eight-residue extension of the B6-B7 loop and the absence of the disulfide connecting the 4-B5
loop to the B5 strand which is present in ActRII, ActRIIB, and BMPRII. This missing disulfide
bond allows for the extended B6-7 loop to block the surface of the B5-7 sheet from binding the
growth factor and exposes the f1-B2 sheet for binding. TBRII also contains a ten-residue extension
on its B1-PB2 loop; this loop is stabilized by two disulfide bonds, including one unique to TBRII and
braces against the p3-B5 sheet, allowing for presentation of the p4 strand to TGF-B*.

There are currently three paradigms for how the main TGF- § family members bind to their
receptors, one for the TGF-f3 isoforms, one for the BMPs, and one for the activins. For the TGF-
Bs, the type I and type II receptor binding is cooperative, with the type II receptor binding first and
the type I receptor binding the joint interface created*®>2. This is not uniformly the case with the
BMPs; some receptors bind a stepwise manner depending on the isoforms, but others do not>*->*,
For the TGF-f binding paradigm, TBRII inserts its edged B-strand (B4) in between the fingers of
TGF-B, which is a site distinct from all the other growth factor type Il receptors, which bind closer
to the knuckles of the homodimer rather than at the fingertips (Fig. 5C). 1le76 of TBRII packs
against a hydrophobic pocket of TGF-, containing Trp332, Tyr390, and Val392. This is stabilized
by hydrogen-bonded ion pairs of Asp55 on TPRII and Arg394 on TGF- B and Glul41 on TBRII

and Arg325 of TGF-B*°. These arginine residues are present in TGF-B1 and TGF-B3 and absent



on TGF-B2, which contributes for the low affinity binding of TGF-B2 to TPRII. These arginine
residues have a unique position in TGF-f, with the loop lengths and sequences containing Arg325
and Arg394 being different for TGF-B in comparison to other growth factors. TPRI then binds to
the interface formed by TGF-B and TPRII, allowing for additional contacts that allow for high
affinity binding to the complex whereas binding of TBRI alone to TGF-f is considerably weaker
by nearly 500-fold***.

In contrast to this model, the BMP type I and type II receptors do not contact each other at
all. The BMP type I receptors bind to the ‘wrist’ region of the homodimer, i.e., the dimer interface,
while the type II receptors bind to the knuckle region (Fig. 5D). The BMP type II receptor uses its
B5-B7 sheet to bind its homodimer, as due to the shorter B6-7 loop it is available to act as a binding
interface, mainly through hydrophobic interactions as opposed to the electrostatic interactions,
hydrogen pairs, and hydrophobic interactions of the TGF-B:TBRII interface (Fig 5C). The type 1
receptors that bind to BMP receptors do not contact the type II receptor and more thoroughly
contact both growth factors monomers. This binding is mostly hydrophobic with a larger binding
interface in comparison to TBRI binding to the TGF- B growth factors®®>¢. The difference in type
I receptor specificity is mediated by the 4-5 loop, which in BMPRIa is disordered when unbound
but ordered as a helix when bound (Fig. 5D). The f4-B5 loop in TPRI contains the hydrophobic
prehelix extension that clashes with the wrist region of TGF-f3 due to steric overlap and thus TRRI
if shifted towards the fingers of TGF-f, contacting both TGF-§3 and TBRII.

The activin paradigm has more in common with the BMP paradigm, with a lack of
cooperativity®®. In both cases the type I receptors utilize a phenylalanine residue to project into
hydrophobic pockets of either GDF11 or BMP2/9. Hydrophobic interactions are formed between

the type I receptors and conserved tryptophan residues of both ligands (Fig. 5D-E). However, the



BMP ligand utilizes a much higher surface area to bind the type I receptor in comparison to the
activins, which is reflected in a relative difference in binding affinities. More interactions between
the prehelix loop of BMP2 and Alk3 occur in comparison to the single residue interaction of
GDF11 with TBRI, which is compensated by a greater degree of interaction between GDF11 and
the prehelix extension of TPRI. This prehelix extension is not present in BMP type I receptors,

accounting for this difference.

1.1.5 Intracellular TGF- signaling

Once the ligand is bound to the extracellular domains of TGF- receptors, signaling occurs
through the intracellular kinase domains. The kinase domains of the type II receptors are
constitutively active and consist of an amino-terminal lobe and a carboxy-terminal lobe, the former
with a five strand B-sheet and an a-helix, and the latter with helices and a catalytic loop. The two
lobes of the type II receptor kinase domains create an ATP-binding pocket, with the B1-B2 strands
of the amino-terminal contacting the phosphate of the ATP and the regions connecting the two
lobes forming a hydrogen bond with the adenosine®®>’. The type I receptors, including TPRI, are
structurally similar but also contain a glycine-serine (GS) rich domain N-terminal to the amino-
lobe. TPRII phosphorylates the TBRI GS loop at the sequence: 185-TTSGSGSGLP-194; the
phosphorylation of the GS loop then allows the L3 loop of Smad2 to bind the L45 loop of TBRI®’.

Smad proteins contain two globular domains, MH1 and MH2 (Mad homology 1 and 2),
linked with a proline-rich set of residues. The MH1 domain acts to bind DNA while the MH2
domain is recognized by the f4-B5 loop of the type I receptor at the Ser-X-Ser motif at the L3 loop

of the MH2 domain®’; these two motifs determine specificities to either Smad 2/3 or Smad 1/5/8°%,



Upon phosphorylation of either Smad 2/3 or Smad 1/5/8, Smad4 is recruited to the complex and
translocated to the nucleus where it either activates or represses target genes> (Fig. 2). Outside of
phosphorylation, there are also other post-translational modifications that can impact the stability,
activity, and subcellular localization of TBRI and TPRII’’. Other proteins interacting with the
kinase domains of TBRI and TPRII include inhibitory Smads such as Smad7 acting to negatively
regulate TGF-B activity®, and 14-3-3¢ acting to promote TGF-B activity®'.

Outside of Smad signaling, there are also non-canonical non-Smad TGF-f ligand signaling
pathways, including branches of the mitogen-activated protein kinases (MAPK) pathway:
extracellular signal regulated kinases 1/2 (Erk 1/2), Jun amino terminal kinase (JNK), p38 kinase,
IkB kinase (IKK), phosphatidylinositol-3 kinase, along with the Akt, and the Rho GTPases**626,
These alternate pathways can either be Smad-dependent or Smad-independent, highlighting that
TGF-B signaling is part of a larger interconnected set of signaling pathways than the canonical
Smad pathway model would suggest.

Due to the variety and crosstalk between these signaling pathways, the effect of the TGF-
B ligands is highly pleiotropic. TGF-B ligands can have opposing effects based on the cellular
context. Smads can associate with a variety of DNA-binding transcription factors which can
greatly increase the breath of genes that are transcribed, and even then, the Smad proteins are
themselves regulated by other phosphorylation or ubiquitylation modifications. Taking into
account non-Smad signaling pathways, which may or may not interact with Smad signaling
pathways, leads to even further variety in signaling output in which the cell type and thus the cell-
specific transcription factors and cofactors present, along with the cellular environment, can lead

to highly context-dependent responses to TGF-p ligands®. Finally, TGF-P has been implicated in
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regulation of non-coding RNAs, microRNAs, long noncoding RNAs, etc., which act as

posttranslational regulators of mRNA transcripts, leading to even further pleiotropy.

1.2 TGF-p in physiological contexts

1.2.1 TGF-B in cellular proliferation and differentiation

TGF-B was initially discovered as a stimulator of malignant cell growth, but has been

6566 including epithelial cells and

shown to have antiproliferative activities in a variety of cell types
keratinocytes®”. The mechanism for this growth inhibition is through transcriptional upregulation
of cyclin-dependent kinase (CDK) inhibitor proteins®®7°. Cdks control cell cycle progression, and
TGF-B inhibits these Cdks through the p15 and p21 proteins which combined inhibit Cdks 1, 2, 4,
and 6°7°, Another strategy TGF-B utilizes is to inhibit the expression and production of
proliferative proteins including Cdc25A%"!. TGF-B also has the potential to indirectly impact
cellular proliferation by antagonizing known proliferators, including EGF’?. However, TGF- also
has the ability to act as a stimulator of proliferation for malignant cells, chondrocytes,
mesenchymal stem cells, and fibroblasts and endothelial cells under certain conditions®. TGF-B

is highly implicated in the differentiation of multiple cell types, including neuronal cells”, several
different immune cell types'?, embryonic and somatic stem cells’*, and epithelial cells’. Epithelial
cells proliferate and differentiate as they build higher-order tissues; these cycles of proliferation
and differentiation are controlled by neighboring layers of mesenchymal cells’>’¢. They can

differentiate into multiple cell types, and when they differentiate into mesenchymal cells the

process is called epithelial — mesenchymal transition (EMT).
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TGF-PB2 has been shown to induce EMT in endothelial cells that line heart valve septa’’,
while TGF-B1 has been shown to induce EMT in mouse mammary epithelium’®, and TGF-B3 in
palatal cells”’. TGF-B-invoked Smad signaling leads to an increase in expression and activity in
EMT transcription factors®®®!. These Smads also act to directly express mesenchymal genes®.
Non-Smad signaling pathways activated by TGF-f also lead to EMT, including the RHO-like
GTPase, PI3K, ERK, JNK, and MAPK pathways®!. Activation of these pathways aids in filopodia
formation, dissolution of tight junctions, and contributes more to changes in gene expression that
promote a mesenchymal over an epithelial phenotype®*3!. Inhibition of these pathways has also

been shown to prevent TGF-p induced EMT?3,

1.2.2 TGF-p in embryonic development

TGF-B is also heavily involved in embryonic development, TGF-B2 in cardiac
development, and TGF-B3 in palatal development®. TGF-B2 deficient mice show cardiac
defects!!, as TGF-B2 is detectable in the myocardium by day eight in mice®*. TGF-p receptors are
also found in precardiac tissue, and thus the growth factors are likely to serve as early signals for
formation of endocardial and myocardial precursors. Additionally, TGF-B2 and TGF-3 have been
implicated in endocardial EMT, leading to the establishment of mesenchymal cells in the cardiac
tissue®. Similarly TGF-B3 mutant mice are associated with cleft lip and cleft palate®, as TGF-B3
is expressed in medial edge epithelial cells prior to and during palatal fusion’. While homozygous
TGF-B3 null mice have palatal defects, heterozygous mice are unaffected, and the induced palatal
defects can be mitigated by Smad2 overexpression®. TGF-B1 is less clearly tied to a specific organ
system, but homozygous null TGF-B1 mice die soon after birth due to multifocal inflammatory

organ disease!’.
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1.2.3 TGF-p in wound healing and adaptive immunity

TGF-B1 was shown as early as 1983 to be able to increase the speed of wound healing in
vivo®. Platelets store TGF-B1 and release them at the site of the wound®”. TGF-B1 then acts to
attract monocytes and fibroblasts leading to fibroblast proliferation, and the formation of
granulation tissue®. TGF-B1 induces production of ECM proteins, including fibronectin and
collagen, which promotes ECM deposition®’, while also preventing degradation of the ECM
through inhibition of metalloproteinases®®. Different isoforms of TGF- lead to different effects
on wound healing, with TGF-B1/2 promoting ECM deposition early on but not impacting final
scarring, whereas addition of TGF-B3 reduces scarring®®?°, which has made TGF-B3 an attractive
molecular scaffold for development of anti-scar wound healing therapeutics®!.

TGF-B is also hugely important as a regulator of the immune system, particularly through
its impacts on immune cell differentiation and proliferation. TGF- acts in a highly pleiotropic
manner in the immune system, with effects on T-cell, B-cell, macrophage, and dendritic cell
populations, though it is most classically known for its impact on T-cells. TGF-f acts to promote
receptors that commit the CD8+ T-cells to their differentiation state®”>. TGF-B performs similar
actions for other T-cell subtypes, such as the CD4+CD25+Foxp3+ thymus-derived regulatory T-
cells (Tregs), invariant natural killer T-cells, and intraepithelial lymphocytes, by promoting the
survival of their precursors!?.

Tregs act to downregulate the immune systems and can originate in the peripheral immune
system and in the thymus (pTregs and tTregs respectively). In the thymus, TGF- plays an important
role in induction of tTees by promoting the survival of precursor cell populations”. Mice lacking
TPRI were shown to have lesser amounts of Foxp3+ thymic lymphocytes®. In the peripheral

immune system, TGF- has been shown to act as an immunosuppressive cytokine, inhibiting T-
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cell proliferation through minimizing interleukin-2 (IL-2) gene transcription and protein
production®”, However, this is cell-context specific, as TGF-B is not able to inhibit the
proliferation of activated T-cells due to the decreased expression of TBRII at the cell surface®’.
Loss of TGF-f signaling also reduces some populations of activated T-cells, particularly CD4+
and CD8+ T-cells®’. Broadly, TGF-B can either aid in the activation of T-cell subtypes (pTregs,
Th17, Th9, follicular T-cells) or inhibit the activation of T-cell subtypes (cytotoxic T lymphocytes,
Th1, Th2 cells) through regulating the expression of T-cell lineage-defining transcription factors'?.

TGF-B inhibits Cyclin A and Cdk2, which both impact the growth cycle of B-cells’®, while

100

also inducing apoptosis in murine B-cells®’, and in B-cell progenitor cells'®. Mice deficient in

TGF-B show an expanded B-cell population, and spleen cells absent of TBRII show higher levels

101

of bromodeoxyuridine (BrdU) incorporation™”'. TGF-f also impacts B-cell differentiation through

1

control of immunoglobulins, inhibiting IgG synthesis!®' and promoting production of IgA

102

antibodies ~. Mice deficient in TGF-B in B-cells specifically show significant losses of IgA, both

in the serum and mucosa'®!. Additionally, TGF-P inhibits IgE, which is a mast cell activator, while

also inhibiting proliferation, and mast cell degranulation'®

. However, TGF-p also acts to promote
the expression of some mast cell inflammatory mediators, including IL-6'*. Similarly, stimulation
with TGF-B inhibits macrophage inflammatory responses when in combination with other
cytokines, but stimulation with TGF-B alone promotes inflammatory cytokine production'®>-1%,
Depending on the cell context, physical location, and the presence of inflammatory cytokines,
TGF-B can act to stimulate or inhibit the proliferation and differentiation a variety of immune cell

subtypes, making TGF-f not only vital for maintaining immune homeostasis, but also difficult to

study due to its pleiotropy.
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1.3 TGF-p in pathological contexts

1.3.1 TGF-p in autoimmune disorders

Dysregulation of TGF- is the cause of many pathologies: connective tissue and skeletal
disorders, autoimmune conditions, several cancer types, fibrotic diseases, etc. For example,
deficiencies in T-cell specific TGF-p signaling can lead to autoimmunity in mice'?”-!%, though this
is dependent on both lymphopenia and loss of TGF-f signaling. Issues with TGF-f signaling have
been implicated in inflammatory bowel disease, due to the role of TGF-f3 and IL-10 in intestinal

111

homeostasis!**!!%. TIL-10 acts to promote TGF-B secretion in intestinal T-cells!!!, and also to

differentiate naive T-cells into Tregs' 2. Mutations in TGF-B and IL-10 have been correlated with

inflammatory bowel disease (IBD)!!*!114

, and mice with deletions in both of these pathways end
up with ulcerative colitis (UC)!''>.

In rheumatoid arthritis (RA) TGF- has been known to act in both a protective and a
pathologic manner. Higher levels of TBRII have been found in RA synovial fibroblasts with respect
to osteoarthritis (OA) patients''®, and intraperitoneal administration of TGF-f into collagen-
induced arthritis mouse models were shown to reduce the severity of arthritic symptoms'!”. This
is supported in other rodent models, with Streptococcus-induced arthritic rat models also showing
symptomatic improvement upon administration of TGF-B!'!”. On the other hand, TGF-B seems to
have the opposite function in healthy animal models. Injection of TGF-B1 into healthy mice
induces joint inflammation and lymphocyte recruitment, and treatment with TGF-f antibodies
represses synovial inflammation and production of pro-inflammatory cytokines'!’,

Multiple sclerosis (MS) is studied in lab mice through the experimental autoimmune

encephalitis (EAE) murine model. TGF-p has both a protective and disease-provoking impact on
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this mouse model, though the former has more evidence to support it. Administration of TGF-p1
reduces disease incidence, inflammation, and demyelination!!® and improves clinical course,

including mitigation of central nervous system damage!"

. MS penetrance is highly variable
amongst patients, and T-cells from patients with a more stable disease course expressed more TGF-
B than patients with a more severe and active disease course'?’. Yet, TGF-p also has the ability to

differentiate Th17 cells, which provoke the EAE phenotype, and mice with T-cell deletion of TGF-

B1 are resistant to EAE'!.

1.3.2 TGF-B in organ fibrosis

TGF-B also has a key role in pathogenic fibrotic diseases, with dysregulated fibrotic
responses often resulting from aberrant wound healing. TGF-f induces pulmonary fibrosis, with
TGF-p acting to promote EMT and the production of smooth muscle actin and collagen in the
idiopathic pulmonary fibrosis (IPF)'??, occurring due to both canonical Smad signaling and non-
canonical pathways including the JNK, MAPK, and ERK pathways'??. TGF-B promotes the
expression of connective tissue growth factor (CTGF) and follistatin-like protein 1 (FSTI1), and
inhibits long noncoding RNAs that may act to inhibit fibrogenesis'?*. Additionally, cancer patients
treated with bleomycin as a chemotherapeutic have an up to 10% chance of acquiring TGF-B-
driven bleomycin-induced pulmonary fibrosis, and lung epithelial TBRII knockout mice were more
likely to have an increase in alveolar epithelial cell lifetime'*.

TGF-B has also been implicated in both cardiac fibrosis and nephrotic fibrosis. In patients
with ischemic cardiomyopathy (ICM), TGF-3 and phosphorylated Smad2 (pSmad2) were shown
to be increased'?. Additionally in nephritic glomeruli cells, TGF-P inhibits degradation of matrix

protein components and reduces the activity of the serine protease plasminogen activator (PA)'?°.
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TGF-B also alters the cell surface protein landscape by adjusting the proportions of 131 and a531
integrins in nephritic glomerular cells'?’ to promote cell-matrix adhesion. Additionally, in patients
with more severe nephrotic disease such as diabetic nephropathy, expression of multiple isoforms

of TGF-B in the glomerulus and the interstitium were shown to be increased'?®.

1.3.3 TGF-§ in tumors

In oncogenic settings, TGF- acts pleiotropically, with both tumor promoting and
suppressing activities dependent upon the type of cancer and the cancer stage. Cancer cells are
known to evade the growth inhibitory and the immunosuppressive activities that TGF-3 promotes,
while taking advantage of its pro-inflammatory aspects. TGF- acts as a tumor suppressor
through its role in inhibiting cell growth via suppressing Cdk function and enhancing the
expression of Cdk inhibitors®>°. Loss of function mutations of TGF- signaling components:
TBRI/TPRII/Smad2 lead to increased tumor progression and metastasis in several
carcinomas'**!3°, TGF-B also plays a key role in the tumor microenvironment, specifically for
signaling between stromal and epithelial cells. In a mouse model where selective deletion of TRRII
in stromal cells was performed, nearby epithelial cells were more prone to malignant conversion,
and other growth factors were upregulated'®!. TGF-B induces Tregs from naive CD4+ T-cells. As
such, TGF-B signaling can act to generate an immunosuppressive environment in which solid
tumors can thrive. In many cancers including squamous cell carcinoma, colorectal cancer, and
melanoma, TGF-P signaling can act to induce chemotherapeutic resistance ',

Overall, TGF-B signaling enables tumor suppression via inhibition of oncogenic cell
growth'¥; as cancers progress, TGF-B-mediated immunosuppression leads to a cytotoxic-deficient

environment, with Trg suppressing anti-tumor immunity through the secretion of

17



17,134

immunosuppressive cytokines and the direct inhibition of effector T-cells!**. Overexpression

of TGF-P has been correlated with high tumor burden and poor clinical outcomes in melanoma,

breast cancer, and renal cell carcinoma '3!3,

1.4 Current state of TGF-B-targeting therapeutics

There are currently several TGF- targeting therapeutics in clinical trials; however, there
have been mostly neutral or even mildly adverse outcomes. This has potentially been due to
inappropriate animal models and selection of patients, or to the use of TGF-B inhibitory
therapeutics as a singular treatment rather than pairing with other chemotherapeutic agents'*’. As
an adjuvant to PD-1 and PD-L1 therapy, TGF-J3 inhibitors have been shown to surpass checkpoint
monotherapy in vivo'*"!'*2. The major classes of therapeutics include TGF-B kinase inhibitors,
TGF-B-inhibitory monoclonal antibodies, TGF- ligand traps, integrin inhibitors, and antisense
oligonucleotides'*143,

TGF- kinase inhibitors block the ability of the TGF-f receptor kinase domains to bind
ATP. This class of inhibitors suppresses both canonical and non-canonical TGF-f signaling. The
kinase inhibitor galunisertib acts on TBRI and was shown to be successful in phase I studies in
patients with advanced solid tumors'* and with malignant glioma'*’, but in phase II studies
studying clinical efficacy in combined therapy with temozolomide radiotherapy, no clinical benefit
to galunisertib was found'®. Another competitive inhibitor of the ATP binding domain of TBRI,
LY3200882, was tolerated as monotherapy and with combination therapy with gemcitabine and

nab-paclitaxel*. Out of 139 patients tested total, four glioma patients experienced partial response

to treatment and three pancreatic cancer patients experienced a stable disease course, meaning that
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even with multicenter studies and looking over a variety of cancer subtypes, the efficacy of TGF-
B kinase inhibitors is still minimal and seems to be patient-specific!*°.

Monoclonal antibodies block TGF-B receptor-ligand binding and also prevent activation
of latent TGF-B. Scholar Rock is currently developing an inhibiting antibody specific to latent
TGF-B1, SRK-181'*7, with the thought that isoform specific TGF-p inhibition will lead to less
side-effects, as pan-inhibition of TGF-B has demonstrated cardiotoxic side effects in the past!*®,
SRK-181 has only been tested in mouse models, and while TGF-f3 antibodies have fared well in
pre-clinical trials, during phase I trials, these therapeutics have faced various safety concerns'*1%°,

Similarly, TGF-p ligand traps have been developed to sequester TGF-f and prevent it from
binding its receptors by using soluble forms of the receptor ectodomains, i.e., soluble TBRI/TBRIL.
Most of these traps are still in the pre-clinical phases, with two exceptions: AVID200, a trap
containing the extracellular domains of both receptors fused to an Fc domain'®!, which is in the
process of recruiting patients for trials, and Bintrafusp alfa, a trap which combines a monoclonal
antibody against PD-L1 to the ectodomain of TBRII'*2, which has been given accelerated approval
by the FDA for PD-L1-expressing cervical cancers, but has yet to undergo phase II studies'>.

Integrin inhibitors have also been tested for inhibition of TGF-f signaling in both cancer
models and pulmonary fibrosis. In the former case, none of the tested therapeutics have shown an
increase in overall survival'*. For the latter, Pliant has developed a dual anti-integrin o,f1 integrin
ovPe inhibitor for idiopathic pulmonary fibrosis. Though the trial is ongoing, the drug has currently
met safety and tolerability requirements and is showing promising efficacy. While the field of
TGF-B inhibitors spans a breadth of techniques and targets, there has not yet been a breakthrough

towards targeting aberrant TGF- signaling in cancer therapeutics, though some have shown

promise in combination settings.
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1.5 Tables and Figures

Table 1: Ligand-Receptor pairings for TGF-B superfamilyAdapted from Hinck et al®.

Ligand Type I Receptor Type II Receptor Smads
TGF-Bs TPRI TPRRII 2/3
Alkl
BMPs/GDFs Alkl ActRII 1/5/8
Alk2 ActRIIB
Alk3 BMPRII
Alk6
Activins Alk4 ActRII 2/3
TPRRI ActRIIB
Inhibins ActRII
ActRIIB
Nodal Alk4 ActRII 2/3
Alk7 ActRIIB
MIS Alk3 MISRII 1/5/8
Alk6
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Figure 1: Phylogenetic tree of the TGF-p superfamily. Figure from Hinck et a
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Figure 2: TGF-p signaling model. TGF-f forms a heterotetrameric complex by binding to the extracellular

domains of two type I receptors (TBRI) and two type II receptors (TPRII). The kinase domains of these receptors are
then phosphorylated. TGF- either signals through the recruitment and phosphorylation of Smad2/3 which then
complex with Smad4 and traverse to the nucleus for transcriptional regulation, or TGF-f} signals through non-Smad
pathways, including MAPK, Akt, GTP-binding proteins, etc. Adapted from “TGF- signaling in context”'>4, under

CCBY 4.0.
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Figure 3: Structure of the TGF-p family prodomains and growth factors

A-E. A. Schema from Iyer et. al.*! of the growth factor cystine knot structure, with beta strands (magenta) and
cysteines (yellow) colored. B. Structure of the prodomain of TGF-B1, with arm domains (green and blue), latency
lasso (gray),the association regions (tan), and the growth factor monomers (purple and pink), colored appropriately.
PDB: 3RJR. C. Structure of the TGF-B growth factor homodimer in the closed confirmation, with interchain

disulfide shown in yellow, PDB: 2PJY.
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e LTBP/GARP

Figure 4: TGF-g is secreted in a latent form. Cartoon depiction of TGF- bound to its prodomain, with key
features indicated, arm domains (green and blue), latency lasso (gray),the association regions (tan), and the growth
factor monomers (purple and pink), colored appropriately. Removal of the prodomain either by latent TGF-

binding protein (LTBP) or glycoprotein A repetition dominant (GARP), shown, PDB: 3RJR.
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Figure 5: Structure of the TGF-f family receptors and receptor binding paradigms.

A-E. A. Structure of the extracellular domain type I TGF-f receptor TBRI, PDB: 2L5S. B. Structure of the type II
TGF-B receptor TPRIL, PDB: 1PLO. C. Structure of the ternary TGF-f: TBRI: TBRII complex, PDB: 2PJY. D.
Structure of the ternary BMP2: Alk3:ActRIIA complex, PDB: 2GOO, 60MN. E. Structure of the ternary GDF-

11:TPRI:ActRIIB complex, PDB: 6MAC. All interchain disulfides shown in yellow.
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2.0 Introduction: Helminth parasites and parasite-host immunoregulation

2.1 Overview of helminth-host immunomodulation

2.1.1 The hygiene hypothesis

In the 1960s Greenwood from the London School of Hygiene anecdotally noted the lesser
prevalence of autoimmune diseases in areas with high rates of parasitic infection'*>, and in a review
assessing 10 years of admission to a Nigerian hospital, showed that out of near 100,000 admissions
for connective tissue diseases, only 100 were autoimmune in nature'*®. This was accompanied by
a perceived increased prevalence of autoimmune disease and allergy in ‘developed’ countries, with
particularly high incidences of self-reported asthma and allergy in the UK, New Zealand, and
Australia'®. It was noted by Greenwood that mice from an autoimmune mouse model infected
with malaria showed a delayed onset and reduction in symptom intensity'>’. It was further
theorized that the difference in incidence of hay fever, allergy, and eczema amongst a cohort of
British children born in 1958 and followed over 23 years was related to a difference in levels of
microbial infection amongst the participants'>S.

This data gave rise to the hygiene hypothesis and the old friends hypothesis'>’. The former
hypothesizes an inverse correlation between childhood microbial infection and development of
autoimmune disorders later in life. In childhood or early development, the immune system is
deeply influenced by its environment, and so an individual that is more accustomed to infection 1s

more prone towards a hyporesponsive immune state, due to immunomodulatory effector molecules

secreted by parasites and other microbes'®. The old friends’ hypothesis theorizes that over
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millennia parasites and other infectious organisms have co-evolved with their hosts, acting as a
natural dampener on the mammalian immune system. Thus, the removal of these infectious agents
has caused an unequal balancing of the reactive and tolerogenic arms of the immune system, thus

leading to a higher prevalence of reactive immune conditions.

2.1.2 Helminth parasites and innate immunity

Helminth parasites are known for their ability to modulate their host’s innate and adaptive
immune systems. Helminth parasites interfere with responses to damage-associated molecular
patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs). Damage to tissue
structures from parasite entry and parasitic secretions lead to the induction of DAMPs and PAMPs,
meaning that for successful infection, parasites must mitigate this initial innate response'®’.

Glycan-rich helminth parasite excretory-secretory products (ES) have been linked to
tolerogenic immunomodulation. Schistosoma mansoni (S. mansoni) soluble egg antigens (SEA)
have been shown to suppress activation of dendritic cells via the Toll-like receptor (TLR), one of
many pattern recognition receptors (PRRs), along with suppressing the production of
inflammatory cytokines such as IL-6 and IL-12'62, Similarly, infection with S. mansoni and Brugia
malayi (B. malayi) have both been shown to alter the expression of TLR isoforms, while also
guiding the intracellular signaling of the TLRs towards a more hyporesponsive immune
phenotype!®3.

Though the focus has been on TLRs, different ES products have the ability to impact other
PRRs such as the C-type Lectins Receptors (CLRs), which are more directly involved in

recognition of the glycan components of helminth-derived products'®!

. The murine-infecting
worm Nippostrongylus brasiliensis (N. brasiliensis) secretes a product that interacts with the host
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surfactant protein D (SP-D), which is related to the C-type lectins'®*; without SP-D the host is
unable to eject the parasite!®. In F. hepatica, interaction of glycan-rich parasite ligands with CLRs
leads to a more tolerogenic phenotype, with a higher level of IL-10 and TGF-P secretion'%’.
Along with their impacts on TLRs and dendritic cells (DCs), ES from different helminth
species have been shown to interfere with macrophage activation'®>. The F. hepatica proteins Fh15
and Fh12 suppress LPS-induced TLR4 activation'®, inflammatory cytokines IL-12 and TNF-

166.167 “and induce the alternatively activated macrophage phenotype'®’, which promotes wound

o
repair and healing over inflammation'%®. In the same parasite, the protein FhHDM-1 acts to prevent
macrophage activation, through mimicry of a host antimicrobial peptide that suppresses a pro-
inflammatory response in the case of bacterial infection'®. Thus, parasitic products not only

interact with existing host machinery to enact a state of immune hyporesponsiveness, but parasites

will often do so through mimicry of existing host proteins and peptides.

2.1.3 Helminth parasites and adaptive immunity

Broadly, helminth parasites shift the immune phenotype to a tolerogenic one, inducing T regs
and regulatory B-cells (Bregs). Tregs can be induced by TGF-3, and as such several parasites take
advantage of the TGF-f signaling pathway to induce Tregs and generate a downregulated immune
phenotype in their hosts. Litosomoides sigmodontis (L. sigmodontis), a rat nematode, is able to
decrease the function of anti-parasitic host immunity via upregulation of CD4+ CD25+ Foxp3+
Trees' %! and of hyporesponsive CTLA4+ CD4+ Foxp3- Th2 cells'’!. These induced Tregs and
Th2 cells in conjunction are so vital for the function of this parasite that only upon antibody-

170,171 B:e

mediated depletion of these cells were the hosts able to gain infection resistance gs are B-
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cells that act to create a tolerogenic environment in the organism, producing anti-inflammatory
cytokines including IL-10, TGF-B, and IL-35'72. In S. mansoni infection, an IL-10 dependent
immunosuppressive phenotype is maintained'”*, and Bregs act not only to produce this IL-10 but
also to recruit Tregs to the site of inflammation in an allergic airway mouse model'’*. Some helminth
parasites can also act on Tregs indirectly. Toxocaris leonina (T. leonina) produces a galectin-9
homologue, with galectin-9 having been shown to interact with the TGF-3 signaling pathway to
support the conversion of naive CD4+ T-cells into CD4+ CD25+ Foxp3+ Tregs' >!7®. Preliminary
experiments show this homologue can mitigate the symptoms of DSS-induced colitis, and that
mice treated with this homologue show increased production of TGF-f, indicating that these
parasitic products have the potential to be used towards developing immunosuppressive
therapeutics'’®.

Helminth ES products can also act on other effector immune cells. The cystatin protein
Bm-CPI-2 in B. malayi acts to reduce T-cell priming by interfering with MHC Class II antigen
presentation'”’. The parasite responsible for river blindness, Onchocerca volvulus (O. volvulus),
also performs a similar function with its cysteine protease inhibitor onchocystatin!’®. Parasites can
direct the host towards a Th2 immune phenotype over a Th1 phenotype, preventing Th1 and Th17-
mediated inflammation'®>, shown with the S. mansoni glutathione transferase protein, which
induces an eosinophil-rich immune response and mitigates inflammation in mouse models of

179

colitis'””. Other parasite products from Ancylostoma caninum (A. caninum), Ancylostoma

ceylanicum (A. ceylanicum), and B. malayi have been shown to be homologous to the ShK protein,
a sea anemone protein that acts to prevent voltage-gated potassium channel functioning'®® and
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whose promotion halts effector T-cell proliferation ®". Helminth parasites can also act on effector
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B-cells, with secreted proteins from Ancylostoma and Acanthocheilonema viteae acting on the B-

cell receptor complex to prevent B-cell response to presented antigens'®.

2.1.4 Helminth parasites and allergy

In a mouse asthma model, infection with L. sigmodontis was shown to inhibit the asthma
phenotype; production of immunoglobulins, sensitivity to methacholine, and eosinophilia were all
reduced!®?. TGF-P expression on splenic CD4+ T-cells increased upon infection, and blocking of
either TGF-f or Tregs by monoclonal antibodies partially restored sensitivity to methacholine, but
did not change eosinophilia or immunoglobulin production!’®!®2, This indicated that TGF-B
signaling is one of the pathways that L. sigmodontis uses to minimize allergy, but not the only one.

Infection with S. mansoni and injection of S. mansoni eggs has been shown to reduce
symptoms of allergy in a murine model. Mice treated with S. mansoni showed lower levels of
reactive cytokines such as IL-4, IL-5, and IgE, reduced eosinophilia, and lower amounts of airway
inflammation'®3. Mice treated with S. mansoni eggs had higher levels of CD4+ CD25+ Tregs, and

depletion of these Tregs With a CD25 antibody was able to restore eosinophilia'®?

. However, these
results were dependent on the density of the infecting parasites and the length of infection. The
usual markers of asthma phenotype: bronchoalveolar lavage (BAL) eosinophilia, bronchial
inflammation, airway hyperresponsiveness were shown to be increased during acute stages of
infection (8 weeks), and only start decreasing over time (12 weeks plus), indicating an initial
immune response mounted against the parasite that only subsides during later stages of

infection'”?

. Additionally, BAL eosinophilia was shown to be dependent on parasite density, while
bronchial inflammation as measured by Th2 cytokine production was shown to be dependent on

length of infection!”>.

30



However, in contrast to all of this, a recently performed meta-analysis of over 80 studies
and nearly 100,000 patients showed no real association between helminth infection and allergic
disease!®®, indicating that more research needs to be done to characterize the molecules of these

parasitic secretions that are leading to potential allergy minimization.

2.1.5 Impact of helminth parasites on autoimmunity

Autoimmune disorders in the context of childhood helminth infection are more difficult to
study as they are relatively infrequent in younger patients; however, multiple studies have noted
the lower prevalence of autoimmune disorders in countries with higher parasitic infection
rates' 13195 Some studies have utilized a positive titer of circulating anti-nuclear antibodies
(ANA) as a measurement of autoimmune disease, though this measurement can also be positive in
other pathological cases, including chronic infection, cancers, etc. and also in a physiologically
normal individual'®. In a study with over 600 Zimbabwean patients over a variety of age ranges
(2-68) who had been exposed to Schistosoma haematobium, ANA levels were measured before
and after treatment with praziquantel, an anti-parasitic drug!'®®. Patients who were exposed to
Schistosomes showed lower ANA levels in comparison to control patients, and this effect was
partially reversed by administration of praziquantel, showing that there is at least some link
between ANA level and parasitic infection '8¢,

More studies have shown that infection with helminths have mitigated autoimmune
symptoms. In a mouse model of collagen-induced arthritis (CIA), arthritic symptoms were reduced
upon parasite administration'®’. Levels of circulating type II collagen IgG and IgG2a antibodies
had decreased, along with the expression of pro-inflammatory cytokines such as TNFa., IFNy, and

IL-17A'"7. However, this beneficial impact was dependent on the stage of infection with mice

31



exposed to the early-stage infection (pre-egg-laying stage) having no change in arthritic

symptoms'®®

. Mice exposed to the egg-laying stages of infection (7 weeks minimum) showed
reduced levels of circulating antibodies, lower arthritic scores, higher productions of Th2 cytokines
(IL-4, IL-5) and lower production of Th1 cytokines, though the level of Foxp3+ Tregs did not differ
between control and infected mice, no matter the stage'®®,

Infection with helminth parasites has shown to be beneficial in mouse models of non-obese
diabetes (NOD), experimental autoimmune encephalitis (EAE), and other autoimmune diseases.
In cases of L. sigmodontis infection, mice do not develop signs of diabetes, whereas control mice
developed diabetes 80% of the time. This protection against disease is correlated with an increase
in IL-4 and IL-5 production, and an increase in CD4+ CD25+ Foxp3+ Tregs, dependent upon TGF-

B!8%190 Tn general, studies have shown administration of helminth parasites to minimize or prevent

autoimmune symptoms in mouse models.

2.1.6 The current state of helminth therapeutics

Due to their in vitro effects on allergy and autoimmune disorders, therapeutics utilizing
live parasites and parasite products are in the clinical trial pipeline. The first example occurred in
2005 with infection of Trichuris suis (T. suis) for treatment of inflammatory bowel disease
(IBD)'*!. Initial trials of patients treated with T. suis ova every 3 weeks for 28 weeks was promising
as all seven patients all showed improvement in disease without adverse side-effects, and six of

them went into disease remission!®?

. A further randomized control trial of 30 patients showed
improvement in 13/30 7. suis infected patients as opposed to 4/24 control patients, with no adverse
side effects noted'”*. However, despite promising initial results, the large multicenter double-

blinded studies for this treatment (Trial identifiers NCTO01576471, NCT01279577,
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NCTO01433471) have concluded no real difference in efficacy between placebo and 7. suis
infection in IBD'*, or have otherwise not posted results. Amongst other parasites, scientists have
also attempted to utilize infection with Necator americanus (N. americanus), a human-infecting

191 While there were no

hookworm for treatment of asthma and inflammatory intestinal disease
safety issues in either case, double-blinded randomized control trials with larger population sizes

showed no significant effect of parasite treatment on primary outcomes of airway

195,196 197

responsiveness and response to wheat challenge respectively

The failure of these live parasite clinical trials, along with others not mentioned,
highlighted two key problems in the use of live helminth parasites towards treatment of asthma
and autoimmune disease. First is that treatment of patients with live parasites may need to begin
at an earlier age. Patients in populations with high levels of parasitic infection are likely first
infected during childhood, prior to the development of autoimmune disease and most certainly
prior to enrollment in a clinical trial'’’. It may be that infection with parasites is necessary from a
very young age to allow for development of the immune system in a way that mitigates allergy
and autoimmunity. Clearly though, it would be ethically dubious to infect very young children
with parasites, particularly with individuals that have not developed allergy or autoimmune
conditions and following them longitudinally to assess for development of autoimmune conditions
would be logistically challenging. The other issue is that due to safety concerns, using an
efficacious dose of live parasites may be challenging. These doses are likely much lower than that
of natural infection and as such may not be capable of impacting the course of autoimmune
disease!”’.

As such, the field of helminth therapies has shifted from using live helminth infection to

using parasite-derived products. Identifying a specific product allows for more thorough
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characterization and mechanistic understanding of the potential immunomodulatory effect, while
also potentially avoiding toxicity and safety issues at higher doses. Proteins and parasite-derived
small molecules are being adapted for clinical trials, most for anti-inflammatory purposes.
However, even with these products, more research needs to be done; many species have different
secretory profiles depending on the parasitic stage, and depending on the mode of infection, some
parasites may have more systemic rather than localized effects!®. The main issue with utilizing
these parasite-derived products is immunogenicity, though in theory this immunogenicity could
be bypassed by use of low, unrepeated dosing. Helminth-derived products provide an exciting
avenue for therapeutic discovery, with more and more potential therapeutic products being
discovered year by year, particularly as the common parasitic secretomes become more thoroughly

annotated.

2.2 Overview of Heligmosomoides polygyrus

2.2.1 Heligmosomoides polygyrus life cycle

Heligmosomoides polygyrus (H. polygyrus) is an intestinal nematode that infects mice and
other rodents and is present throughout Europe and North America'®®. These parasites are often
utilized in the laboratory setting for studying chronic impacts of parasitic infection on host immune
activity. H. polygyrus worms form a series of coils and are colored a dark red or brown (Fig. 6).
H. polygyrus does not have any intermediate hosts, with a direct cycle spanning over
approximately two weeks!*®. Eggs are passed from the murine digestive system into feces, with

the L1 stage hatching by the first day, and molting to the L2 stage within 2-3 days. Before molting,
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the parasite synthesizes the cuticle, and L2 larvae which have retained their cuticle will then molt
into the L3 larval stage, which acts to infect the definitive host'*®!*°. Mice will then consume the
L3 larvae, or will be given L3 larvae via lavage in a laboratory setting??’. These L3 parasites will
invade the intestinal mucosa one day after infection and will molt into the L4 larvae worms four
days after infection after this mucosal penetration. The L4 larvae will migrate to the intestinal
muscle six days post infection and will molt once more, finally maturing into the adult worm after

200

eight days of infection””". By day 10, the adult worms will return to the intestinal lumen to mate,

and H. polygyrus excretory-secretory products (HES) can be isolated by two weeks post
infection!%8-2%,

The rate of worm expulsion and the burden of disease is highly dependent upon the mouse
model, with the F1 cross between the C57/BL6 and CBA strains often used for laboratory study
due to their inability to rapidly expel worms and their lack of morbidity?*>*!. To study H.
polygyrus infection, the worms are administered to 8-week old mice in the L3 larval stage via oral
gavage?®. To collect the adult worms, mice are killed two-weeks post infection and the peritoneal
cavity is removed. The small intestine is then excised and the gut lining is scraped to isolate the
worms. The resulting mixture is gently agitated to separate the worms from any other detritus; the
worms are then soaked in Roswell Park Memorial Institute (RPMI) Medium, along with other

supplements, and HES is harvested from the worms at a frequency of no greater than twice per

week for a total of three weeks, excluding any HES collected 24 hours post-culture®®.

2.2.2 Host immunity to Heligmosomoides polygyrus

Mice deficient in B-cell and T-cell immunity show an impaired ability to eject H. polygyrus
and the worms are able to produce more offspring®®!. Infection has been associated with early
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increases in IL-3, IL-5, and IL-9 mRNA expression in murine Peyer’s patches that was mitigated
by monoclonal antibodies against CD4 and CD8%%, along with increased secretion of Th2-
associated cytokines IL-4, IL-5, IL-10, and IL-13, and the decreased secretion of Thl-associated
cytokines IL-12 and interferon gamma (IFN-y) in lamina propria mononuclear cells in the small
intestine of infected mice®”. IL-4 seems to be the most important in maintaining parasitic
infection, with IL-4 monoclonal antibody treatment leading to a decrease in egg production and an
accelerated timeline of worm expulsion in BALB/c mice, and in mouse models of severe combined
immunodeficiency (SCID)?*. This effect is likely associated with follicular T-helper cells, which
act to produce IL-4 in reactive lymph nodes, thereby activating T-cell responses to the parasitic

infection?®®, but which also act to induce B-cell isotype switching to IgG and IgE antibodies?*® and

1207 201,206

produce IL-21°", which protects against secondary H. polygyrus infection

While host mice are largely susceptible to primary H. polygyrus infection and find it

difficult to expel the worms, secondary challenges are easily overcome?"!

. Host immunity to H.
polygyrus is modulated by the B-cell compartment upon secondary infection; mouse models
without B-cells showed a reduction in worm expulsion, though this is ameliorated by
administration of immune serum®®. B-cells drive anti-parasitic immunity through antibody
secretion along with differentiation and expansion of Th2 immune cell subsets?*®?%. Polyclonal
IgG antibodies against H. polygyrus were shown to inhibit parasitic egg production, while multiple
infections were required for the affinity maturation of IgG and IgA antibodies that act specifically
against the adult worms®'’. Serum from animals that were chronically infected with a single H.
polygyrus infection did nothing to immunize naive mice to the parasite, while serum from animals
201211

that had been challenged multiple times did afford a protective role to naive mice

Additionally, B-cell immunity to H. polygyrus infection is dependent upon the mouse strain
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infected, with more resistant strains of mice shown to be correlated with the intensity of B-cell
driven immune responses®”!. In a study testing eight different mouse strains, mice with acute or
subacute infections, as opposed to chronic parasitic infection, showed higher levels of total serum
IgG1 and IgE?'%,

The innate immune system also plays a role in immunity to H. polygyrus, including
alternatively activated macrophages, mast cells, and small intestine epithelial goblet cells, along
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with others™'. Alternatively activated, or M2 macrophages, have been shown to oppose pro-

inflammatory Th1 immune responses in models of parasitic infection®!>. When mice are depleted
of these macrophages, they are unable to even expel H. polygyrus parasites during secondary

infections®!**!4, Mastocytosis, or overexpression of mast cells, has been shown to be correlated

201,215

with parasite expulsion , and IL-9 and IL-10 depletion of mast cells correlates with chronic

215, Mast cell depleted mice are more prone to higher worm burden

infection over worm expulsion
than wild type mice, and mast cell depleted mice are unable to challenge secondary infection as
readily as wild-type mice?!®. Intestinal immunity has also shown to play a key role in combatting
H. polygyrus infection, through changes in gut effector cells, such as an increase in epithelial cell

217

permeability, are seen with secondary and not primary infection”'’. Goblet cells act to generate a

physical barrier for parasitic and other infection through production of mucus and other defensive

201218 and during parasitic infection, goblet cell hyperplasia is observed*'®2!°, Mice

proteins
negative for a molecule secreted by goblet cells, RELM-[ that acts to regulate epithelial cell

permeability have been shown to have a decreased ability to expel H. polygyrus adult worms

spontaneously and a decreased ability to expel H. polygyrus through IL-4 mediated mechanisms®%.
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2.2.3 Host immunomodulation by Heligmosomoides polygyrus infection

H. polygyrus infection impacts a variety of cell subsets, including regulatory B-cells,
regulatory dendritic cells, and regulatory T-cells. Studies show that CD4- CD19+ Biegs from
H.polygyrus-infected mice are able to impact symptoms in both mouse models of asthma and
experimental autoimmune encephalitis (EAE)*?!. Administration of these Biegs in an asthma model
results in a reduction of airway eosinophilia and IL-5 secretion and overall allergic pathology,
while administration in an EAE model shows anti-inflammatory properties. Dendritic cells have
been isolated from H. polygyrus infected mice, and there is a clear difference in the subsets existing
in infected and naive mice!®“?°222_ Upon infection, there was an expansion in the population of
CD11c CD103- dendritic cells, which are dendritic cells that act to induce FOxp3+ Tregs?>.

Tregs play a unique role in parasitic infection, as both their spatial and temporal location
over the course of infection can alter whether they act to maintain or mitigate parasitic infection.
In the initial stage of infection, there is an early increase (days 3-7) in natural Tregs, particularly in
the Peyer’s patches and draining lymph nodes®**. Helminth infection also induces Tree production
through ES products differentiating Tregs from naive CD4+ T-cells and inducing tolerogenic
dendritic cells which coax a Treg-promoting environment. Additionally, physical damage to the
epithelium caused by parasite entry into the gut promotes M2 macrophage polarization and the
release of alarmins and other DAMPs and other cytokines that induce Trees®>*. H. polygyrus-
induced CD4+ CD25+ Tregs are more suppressive against effector T-cells than from naive mice,
and even CD25- CD4+ T-cells are more resistant to suppression from CD4+ CD25+ Tregs from
naive mice?*>. These CD4+ CD25+ Tiees show higher expression of TGF-B and CD103, which is
an integrin involved in cell to cell and cell to matrix interactions??*>. While this subset of Tregs is

necessary for H. polygyrus pathology, depletion of them early in the infection leads to a worsened
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outcome for the mice, as these cells are required for the maintenance of gut homeostasis?*!-?*, H.

polygyrus utilizes regulatory T-cell populations to maintain a permissive level of worm burden in
the host, a remarkable evolutionary adaptation that takes advantage of existing immune machinery

that cannot be easily removed by the host.

2.3 Heligmosomoides polygyrus mimic proteins

H. polygyrus excretory-secretory products (HES), which are products actively secreted by
the parasite and diffused from the body of the parasite, are released by the parasite in the lumen of
the small intestine??’. The secretions are immunologically active, and so were analyzed to discover
the H. polygyrus compound that acts to upregulate the differentiation of Tregs from naive CD4+ T-
cells. Adult worms were cultured and the ES harvested and concentrated. Initial characterization
of the HES in 2010 showed a four-fold increase in the percentage of CD4+ Foxp3+ Trees from a
naive CD4+ T-cell population over a duration of two days??®. This ability was mitigated by heat,
indicating the ES component that upregulates Tregs is heat-sensitive®?®. This HES was shown to be
acting in a manner similar to TGF-3, activating a TGF-[3 specific alkaline phosphatase reporter in
MFB-F11 mouse fibroblast cells*2%2%,

To isolate the molecule from HES that upregulates Tregs, Img of HES was fractionated

using size-exclusion chromatography (SEC). Fractions were assayed for TGF-f signaling activity

229

via a Smad reporter assay in MFB-F11 fibroblast cells*””, and activity normalized to a TGF-f1

control?*°

. HES was also fractionated via ion exchange chromatography and assessed for TGF-f3
signaling activity. Fractions from both chromatographic methods were then analyzed via mass

spectrometry and compared to an existing data base of H. polygyrus sequences. From this analysis,
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four candidate proteins with high TGF-f signaling activity in both the SEC and ion exchange steps
were identified**’. The genes coding for these four candidates were cloned into mammalian vectors
transfected into expi293 cells, and then expressed and purified as recombinant proteins with a C-
terminal histidine tag. Out of the candidate proteins, only one of them showed TGF-f3 signaling
activity*°. The protein was then purified from the cell supernatant using a nickel column and was
designated H. polygyrus TGF-B mimic protein, or TGM. TGM is a 422-residue protein, the N-
terminal 18 residues corresponding to the signal peptide, and the other 404 residues corresponding
to five homologous domains with four cysteines each, excepting the fourth domain which includes
six cysteines (Fig. 7). The five domains are divided into 11 exons, with Exon 1 corresponding to
the signal peptide, and the remaining exons pairing as two exons per domain (Fig. 7).

The TGM domains (ca. 90 amino acids each) belong to the complement control protein
(CCP) family, which are B-strand rich domains with two disulfide bonds each. This is in contrast
to TGF-p isoforms, which are disulfide-linked homodimeric proteins with 112 amino acids per
monomer. Despite a lack of structural similarity to TGF-f, TGM is able to activate the TGF-3
signaling pathway. To assess whether TGM was upregulating the expression of TGF-f or whether
TGM was directly interacting with the TGF-P receptors TBRI and TRRII, TGM-induced TGF-3
signaling was assessed in three separate contexts: 1) with an antibody against TGF-f3, 2) with a
TPRI inhibitor, SB 431542, and 3) with a TBRII inhibitor, ITD-1. Upon administration of all three
inhibitory agents, signaling due to TGF- was reduced, if not eliminated (Fig. 8A-C). However,
when TGM was added, addition of the TBRI or TPRRII inhibitors dramatically reduced signaling,
but addition of the anti TGF- antibody did not. Thus TGM is interacting with the TGF-f3 receptors
to signal and does not directly impact the level of TGF-B itself>*°. TGM is also able to achieve a

higher maximum signal in the MFB-F11 assay than the maximal concentration of TGF-f3. HES is
40



able to achieve this higher maximum as well, though the concentrations required to do so are
several-fold higher than that of recombinant TGM (Fig. 8D).

TGM can induce Foxp3+ Tiegs in vitro in both mouse and human cell lines**’. Naive T-
cells were isolated from mice and stimulated with IL-2, with the addition of either TGM or human
TGF-B1. TGM and TGF-3 were able to convert naive murine CD4+ CD25- T-cells into CD4+
CD25+ Foxp3+ Tregs similarly, with 0.78nM of TGM converting 90.65% of the naive cells into
Ties and TGF-B converting 79.65% at similar molar concentrations®*® (Fig. 9A). The mean
fluorescence intensity (MFI) of induced Foxp3 was measured as well and found to be slightly
higher for TGM than for TGF-f (Fig. 9B). This pattern was similar when TGM and TGF-f3 were
tested against human CD4+ CD25- T-cells; while TGM and TGF-3 were able to induce similar
amounts of Tregs, the MFI of Foxp3 for the TGM-induced cells was much higher than the TGF-f3-
induced cells, indicating higher levels of Foxp3 expression®*? (Fig. 9C-D).

TGF-p has the ability to differentiate different effector T-cell lines, particularly those that
promote a Thl or pro-inflammatory response, such as Th17 and Th9 cell types'?. Parasites have
been shown to counter such pro-inflammatory mechanisms'®®, and thus TGM was also tested for
its ability to induce Th9 and Th17 differentiation. TGM was able to induce similar levels of both
Th17 and Th9 T-cells from the naive population as TGF-B. A difference between the function of
TGF-B and TGM lies in their ability to induce fibrosis. Despite activating the TGF-f3 signaling
pathway, TGM does not induce fibrosis to the same extent as TGF-B. Administration of TGM
induces fibrosis in human lung fibroblasts but TGM is less fibrogenic than TGF-f3 at equivalent
molar concentrations®*’. TGM does not promote the deposition of smooth muscle actin to the same
extent as TGF-, requiring much higher concentrations to achieve similar amounts of actin
deposition®® (Fig. 10A-B). This indicates a potential use of TGM as a TGF-B mimic
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therapeutically, as it acts in a similar immunogenic manner but is not as fibrogenic. However,
TGM needs to be appropriately characterized: how it binds to the TGF-f3 receptors, and how this
binding may be leveraged for therapeutic benefit needs to be further studied, which is addressed

in the next several chapters.
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2.4 Tables and Figures
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Figure 6: Life cycle of H. polygyrus in its murine host. H. polygyrus eggs are shed from mouse fecal matter,
hatch into L1 larvae, molt into L2 larvae, and partially molt into the L3 larval stage. The worms are then ingested by
the mouse following which they travel into the small intestine and invade the mucosa 24 hours post infection.
Following three more days of infection the worms molt into the L4 larval worm stage and invade the intestinal
muscle, and will mature into the adult worms over eight more days of infection. At ten days post-infection the
worms return to the intestinal lumen and mate with other adult worms. Adapted from “Immunity to the model

intestinal helminth parasite Heligmosomoides polygyrus”?°!, used under CC By 4.0.
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Figure 7: H. polygyrus TGF-p mimic exon partitioning. Exon and intron structure of Hp-TGM as correlated to
five domains plus signal peptide, top: domains colored, spanning two exons each exons, middle: residue boundaries
for domains noted, bottom: exons indicated with marked with roman numerals, cysteine residue position denoted
with circles. Figure from “A structurally distinct TGF-3 mimic from an intestinal helminth parasite potently induces

regulatory T-cells” by Johnston et. al.?**, used under CC By 4.0.
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Figure 8: H. polygyrus TGF-p mimic signals through the TGF-§ signaling pathway.

TGF-B  Hp-TGM

A-D. A-C. MFB-F11 bioassay shows TGF-p signaling activity following 24 hours of human TGF-B1 (blue) and

TGM (green) incubation after administration of a TBRI inhibitor (A, right panels), a TBRII inhibitor (B, right

panels), or an anti-TGF-f monoclonal antibody (C, right panels), in comparison to control (A-B, DMSO left panels,
C, IgG left panels). N > 2, independent wells and replicates. D. MFB-F11 bioassay shows TGF-f signaling activity

following 24 hours of incubation with either TGF-§ (blue), HES (purple), or TGM (green). N > 3, independent wells

and replicates. Figure from “A structurally distinct TGF- mimic from an intestinal helminth parasite potently

induces regulatory T-cells” by Johnston et. al.?*°, used under CC By 4.0.
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Figure 9: H. polygyrus TGF-f mimic induces the conversion of naive CD4+ T-cells into Foxp3+ Tregs.

A-D. CD4+ T-cells, either murine (A) or human (C), were stimulated with either TGM (green circles) or TGF-3

(light blue circles) and percent conversion to Foxp3+ T-regs displayed. B, D. The mean fluorescence intensity of the

Foxp3 in the converted Foxp3+ T-cells originated from murine (B) or human (D) T-cells is displayed as a function

of TGM (green circles) or TGF-f (light blue circles) concentration. N = 4 independent experiments, 2 technical

replicates per concentration (A,B), 2 independent experiments (C, D). Figure from “A structurally distinct TGF-$

mimic from an intestinal helminth parasite potently induces regulatory T-cells” by Johnston et. al.?*°, used under CC

By 4.0.
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Figure 10: H. polygyrus TGF-$ mimic prolongs transplant survival time and is not as fibrotic as TGF-

A-D. A-B. TGM (green circles) induces less fibrogenesis than TGF-§ (light blue circles) in human lung fibroblasts
as shown via collagen deposition (A) and smooth muscle actin deposition (B), collagen stained with AlexaFluor 488
(green) and DAPI (blue). N = 3, four technical replicates per experiment. C-D. HES and TGM act to increase
lifetime survival of mouse allografts. C. Histology of mouse allografts one week post transplantation, scale bar 100
micrometers. D. Percent survival of mouse grafts upon exposure to HES (purple) and TGM (green) in comparison to
no treatment (red) or control syngeneic graft (black), n = 6 for all but syngeneic graft (n = 3). Figure from “A

structurally distinct TGF-p mimic from an intestinal helminth parasite potently induces regulatory T-cells” by

Johnston et. al.>°, used under CC By 4.0.
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3.0 Characterization of TGM Domains and Binding Properties

3.1 Introduction

Dysregulation of TGF-f signaling is related to several pathologic conditions, including
multiple hereditary skeletal and connective tissue disorders?*!*3, fibrotic disorders®**, familial
cancer syndromes®*> and soft tissue cancers®*®>*®, However, TGF-P targeting therapeutics have
not been successful in clinical trials due to the ligand’s pleiotropic nature and off-target side-
effects. Neutralizing antibodies have not succeeded in TGF-f inhibition due to the stores of latent
extracellular matrix-located TGF-f that is not readily inhibited due to physical location, while the
receptor kinase inhibitors have not succeeded due to lack of specificity with inhibition of a wider
variety of TGF-B ligands?*°?*!. TGM is a potential alternative ligand to act as a TGF-p targeting
therapeutic. In previous studies, TGM was not only functional as an immunosuppressive
therapeutic, increasing graft survival in a mouse skin allograft model, but also acted in a less
fibrotic manner than native TGF- (Fig. 10). Understanding the structural and functional
properties of TGM will aid in the development of medications targeting the TGF-f signaling
pathway and in the understanding of parasitic molecular mimicry mechanisms.

The protein that has been previously denoted as TGM will henceforth be designated TGM-
1, as TGM-1 is part of a larger family of transforming growth factor beta mimic proteins present
within the H. polygyrus genome. Six of these proteins are present in the adult worm stage (TGM-

1 through TGM-6), while the other three, TGM-7 through TGM-10 were found in the secretome
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at the L4 larval stage*~. Of the six adult worm TGM family proteins, TGM-5 is missing domain
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4 and TGM-6 is missing domains 1 and 2 (Table 2)***>. Of the three L4 TGM family proteins, TGM-
7 and TGM-8 have two additional domains following domain 3, TGM-9 lacks domains 1 and 2,
and TGM-10 lacks domains 3 and 4 (Table 2)***. Previous studies have shown that only domains
1-3 are required for signaling through the TGF-f pathway; domain deletion constructs of TGM-1
were tested using the MFB-F11 signaling assay, and deletion constructs with domains 4 and 5
deleted were able to signal, whereas any deletion constructs with domains 1-3 or any combination
deleted were unable to activate the TGF-P signaling pathway>**. This indicates that domains 1-3
are likely responsible for binding to the type I (TBRI) and type II (TBRII) TGF-B receptors, with
the role of domains 4 and 5 unknown.

Each of the TGM protein domains shares sequence similarity to the complement control
protein (CCP) family, which are rich in B-strands and contain two disulfide bonds. This is in stark
structural contrast to the TGF-f3 isoforms, which are disulfide-linked homodimers. Despite this
structural difference, both the TGM proteins and the TGF-f isoforms are capable of binding TBRI
and TPRII, indicating that either the TGM proteins have evolved to take advantage of alternate
sites on TBRI and TPRRII to signal, or that they are taking advantage of the existing binding sites
that TGF-f utilizes in order to bind the two proteins.

Thus, the aim of this chapter is to investigate the following questions: 1) which domains,
alone or in pairs, of TGM-1 bind to the type I and type II TGF-J receptors, and with what affinity,
2) what is the promiscuity of binding of TGM-1 to the other TGF-f family receptors, and 3) does

TGM compete with TGF-f for binding to TBRI and TBRII.
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3.2 Methods

Cloning, expression, and purification of TGM domain constructs. DNA inserts coding for
the domains of TGM-1 D1, TGM-1 D2, TGM-1 D3, and TGM-1 D12 were inserted into a modified
pET32a vector between the Kpnl and HindIl (Agel for TGM-1 D3) sites (Table 2). Constructs
were expressed in BL21(DE3) cells which were cultured at 37 °C. When light scattering at 600
nm was 0.8, protein expression was induced with 0.8 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG). Unlabeled TGM domain samples were produced in LB, and '°N labeled samples were
produced in minimal medium (M9 salts) with the addition of 1g L™! of ’NH4CI and 15 mL of 20%
w/v D-glucose. Ampicillin was added at a concentration of 150 mg L™! for plasmid selection.

Cell pellets were resuspended in lysis buffer (25 mM Na;HPO4, 50 mM NaCl, 5 mM
imidazole, 10 uM leupeptin, 10 pM pepstatin, ImM benzamidine, pH 8.0) and sonicated.
Following sonication, the solution was centrifuged (20 min, 10000g), and the pellet was
resolubilized in the lysis buffer with 0.5 M NaCl. The resultant solution was centrifuged (20 min,
10000g) and the pellet was resolubilized in the original lysis buffer with 1% Triton X-100 and
centrifuged. The remaining pellet was resuspended in lysis buffer containing 8 M urea and
solubilized overnight. Remaining insoluble material was removed via centrifugation and the
resulting solution purified using a 50 mL nickel affinity column. The bound protein was eluted
using a gradient of 0 — 0.5 M imidazole.

The protein was then treated with reduced glutathione (GSH), at a final concentration of 2
mM as diluted into the total folding buffer; the total volume of the folding buffer was determined
such that the concentration of protein in the buffer was 0.1 mg mL'. The protein was incubated

with the GSH at 25 °C for 30 minutes and then added dropwise to the folding buffer (0.1 M Tris,
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ImM EDTA, 0.5 mM oxidized glutathione) and stirred at 4 °C for 16 hours. The solution was
concentrated using an Amicon cell with a 5 kDa molecular weight cutoff filter and dialyzed into
25 mM Na;HPO4 50 mM NaCl pH 8.0. Thrombin was then added at a concentration of 4U per mg
of TGM and incubated at room temperature overnight. The protein was bound to a nickel affinity
column (NiNTA, Qiagen) and the column flow-through, along with a column wash with the
dialysis buffer was collected. For purification of TGM-1 D1 and TGM-1 D12, the protein was
dialyzed to 25 mM CHES pH 9.0 and purified via Source Q ion exchange chromatography in a
buffer of 25 mM CHES. The proteins were eluted using a gradient of 0 — 0.5 M NaCl. For
purification of TGM-1 D2 and TGM-1 D3, the protein solution was dialyzed to 25 mM sodium
acetate pH 5.0 and purified via Source S ion exchange chromatography in a buffer of 25 mM
sodium acetate, 2M Urea, pH 5.0. The proteins were eluted using a gradient of 0 — 0.5 M NaCl.

DNA inserts coding for the domains of TGM-1 FL were inserted into a pSecTag vector
between the Ascl and Apal sites (Table 2). Constructs were transfected in expi293 cells, and the
cells cultured at 37 °C. The conditioned medium was collected after 4-5 days of culture. Insoluble
material was removed via centrifugation and the resultant solution was dialyzed into 25 mM
Na;HPO4 150 mM NaCl 1 mM NiSO4 pH 8.0 and purified via nickel affinity chromatography in
a similar manner as performed for the TGM-1 individual domains. PNGASE-F was added at a
1:100 ratio and incubated with the protein solution at 37 °C overnight to remove any glycosylation.
The resultant protein was then concentrated and dialyzed into 25 mM Tris 150 mM NaCl pH 8.0
and purified via size exclusion chromatography using a Superdex 16-60 200 column.

Cloning, expression, and purification of TGF-[ receptor constructs. DNA inserts coding
for the extracellular domains of TBRI and TBRII were inserted into a modified pET15b and pET32a

vector respectively between the Ndel and BamHI sites for TBRI and between the Ndel and HindITI
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sites for TPRII (Table 3). Protein expression and purification was performed as mentioned in
previous protocols*®?#24* DNA inserts coding for the extracellular domains of ActRII, ActRIIB,
and BMPRII were inserted into a modified pcDNA 3.1+ vector between the Notl and Xhol sites.
The pcDNA 3.1 vector was modified with a signal peptide followed by a Notl site. The construct
followed a structure of: Signal Peptide-Hiss-thrombin cleavage site-Receptor (Table 3). Constructs
were expressed in expi293 cells, transfected, and cultured at 37 °C. Purification was performed in
a similar manner as mentioned for TGM-1 FL.

Cloning, expression, and purification of biotinylated avi-tagged protein constructs. TPRI
and TPRII constructs were altered to include an avi-tag via addition of the sequence
“GLNDIFEAQKIEWHE” at the C-terminus. Purification proceeded as reported

36.243.244 - Bjotinylation was performed using the BirA biotin ligase’*, and the

previously
biotinylation reagents were removed during ion-exchange chromatography.

SPR binding analysis. All SPR experiments were performed with a BIAcore X100 system.
Neutravidin was coupled to the surface of a CMS5 chip and TPRI and TBRII were captured at a
maximum density of 150 RU. Neutravidin coupling was performed by EDC-NHS activation of the
chip, followed by neutravidin (buffer: sodium acetate, pH 4.5) injection over the surface until the
RU increased by 6000-15000 RU. All experiments were run in 25 mM HEPES, 150 mM NaCl,
0.005% P20 surfactant, pH 7.4, at an injection rate of 100 uL min™!. The surface was regenerated
in between each injection with a 30 second injection of 1 M guanidine hydrochloride. The data
was processed by double-referencing, with both a control cell coupled with neutravidin but without
any ligand conjugated to the surface and also with 8 blank buffer injections at the beginning of the

run before injection of the samples. The data was analyzed by fitting the results to a kinetic 1:1

model using the SPR analysis software Scrubber.
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ITC binding analysis. ITC experiments were performed with a Microcal PEAQ-ITC
system. Experiments with TBRI were performed in 25 mM HEPES, 50 mM NacCl, 0.5% NaNj3, pH
7.5 at 25 °C, with 19 2.0 pL injections with a duration of 4 s, a spacing of 150 s, and a reference
power of 10. Experiments with TBRII were performed in 25 mM Na,HPO4, 50 mM NaCl, pH 6.0
at 35 °C, with 15 2.5 uL injections with a duration of 5 s, a spacing of 150 s, and a reference power
of 10. All samples were dialyzed against the same ITC buffer before loading into the system. Data
was globally fit using the programs NITPIC**®, SEDPHAT?**"*¥ and GUSSI**.

SEC-MALS analysis. Experiments were performed with a miniDAWN TREOS multi-angle
light scattering detector with a Wyatt QELS dynamic light scattering detector and an Optilab T-
rEX refractometer. The size-exclusion column attached was a Superdex 10-300 75 column, and
the samples loaded were concentrated to 2 mg mL™'. The TGM-1 D2:TBRI and the TGM-1
DI12:TBRI samples were run in 25 mM NaHPO4 50 mM NaCl pH 6.0. The TGM-1 DI12:TBRI
sample was prepared at a 1.6:1 molar ratio, and the TGM-1 D2:TBRI sample was prepared and
passed over the column at a 2:1 molar ratio. The column flow rate was 0.5 mL min™!, and all data
was analyzed using the Astra software. Samples of TGM-1 D2 alone and TGM-1 D12 alone were
also passed over the column, and the elution volumes and scattering values detected and analyzed
to calibrate the complex samples.

NMR 2D experiments. All NMR experiments were run in 25 mM Na;HPO4, 50 mM NacCl,
pH 6.0, 310K, with the exception of some of the '’N TGM-1 D1 experiments, which included
CHAPS. Each sample was run in a 5 mm susceptibility-matched microtube for data collection.
NMR data was collected with Bruker 600, 700, and 800 MHz spectrometers containing a 5 mm
'H (13C, ®N) z-gradient “TCI” cryogenically cooled probe. 'H-"N HSQC spectra were acquired

as described, with water flipback®®® and WATERGATE suppression pulses®'. ZZ-exchange
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experiments were recorded as described??. NMR spectra were processed, analyzed, and visualized
using NMRPipe®>* and NMRFAM-SPARKY?**, NMR samples were produced by adding each
individual component in a 1:1.2 molar ratio, with the labeled component at a concentration of ca.

20-100 pM, in a buffer of 25 mM Na>HPO4 50 mM NacCl pH 6.0.

3.3 Results

3.3.1 TGM domains can be individually isolated and expressed natively in E. coli

TGM-1 is a secreted signaling protein composed of five domains of approximately 90
amino acids each, with each domain containing four cysteine residues paired in two disulfide
bonds, with the exception of domain 4 ,which contains three disulfide bonds. As these domains
shared sequence similarity to the CCP protein family, which are composed of separable units of
CCP domains arranged in a semi-linear fashion, it was hypothesized that the TGM-1 domains may
be acting as distinct units to bind the TGF-P receptors, rather than a shared interface between
multiple domains. The domain boundaries are characterized with respect to the cysteine residues
as is characteristic for CCP domains, with the N-terminal boundary one residue prior to the first
cysteine and the C-terminal boundary three residues following the fourth cysteine.

Previous studies had used the full five domains of TGM-1 along with the signal peptide,

produced recombinantly in eukaryotic cells****%?

, with a C-terminal myc tag and His tag. For ease
of isotopic labeling for nuclear magnetic resonance (NMR) assessment of TGF -3 receptor binding,
individual domains of TGM-1: TGM-1 D1, TGM-1 D2, and TGM-1 D3, were expressed

recombinantly in E. coli. To increase protein expression, the individual domains were expressed
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in a pET32a vector as thioredoxin fusion constructs with an internal His-tag and thrombin cleavage
site immediately preceding the region coding for the TGM-1 domains. Additionally, a short 4-
linker GSGT tag was added to the N-terminus, to create a short linker region as there is only one
residue prior to the first cysteine residue for each of the domains (Table 3).

The proteins were initially produced under conditions to promote partitioning into the
soluble fraction via reduced temperature growth at 18 °C to avoid the need for refolding and
increase the yield of natively-folded protein. However, this was unsuccessful, thus the proteins
were produced as unfolded monomers in inclusion bodies at 37 °C. The inclusion bodies were then
solubilized in 8M urea, further purified over a His-tag selecting nickel column and refolded in a
Tris buffer at a concentration of 0.lmg/mL using reduced and oxidized glutathione. The
thioredoxin tag was cleaved with thrombin, and the final purification to a single species was
performed using ion-exchange chromatography. The one exception to this was TGM-1 D3, which
when expressed at 37 °C was present in both the soluble and insoluble fraction. The soluble
fraction was purified similar to the insoluble fractions, with the exception of the folding step which
was omitted. The purifications were validated by mass on an SDS gel, and also using mass
spectrometry. As the proteins contained disulfide bonds, the calculated mass was reduced by 4 Da,
one for each lost hydrogen during disulfide bond formation. Mass spectrometry for the individual

domains showed a mass equivalent to the calculated molecular weight with a variance of 0.5 Da.

3.3.2 Initial NMR characterization of individual domains

Individual domains of TGM-1 were uniformly labeled with "N using minimal salts

medium. The proteins were grown at 37 °C, induced, and purified as mentioned previously.
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Isotopic labeling acts as a method to check for native protein folding outside of functional assays.
As the TGM domains are sequentially similar to the CCP family, whose domains are structured,
with a multitude of B-strands and two disulfide bonds, the 'H-'"N heteronuclear single quantum
coherence (HSQC) spectra should be indicative of folded proteins. For native proteins, the spectra
should be well-dispersed upfield and downfield of the random coil region (7.8 — 8.6 ppm in the 'H
dimension), with the expected number of amide resonances. TGM-1 D3 contains ninety residues,
with nine prolines. Thus, the expected number of backbone amide residues is 80 residues. Upon
recording of a 'H-">’N HSQC spectra in 25mM phosphate buffer pH 6.0, 37 °C, 80 backbone
resonances were observed, which validates the identity of the protein. These signals were well-
dispersed, indicating native folding (Fig. 11A).

TGM-1 D2 contains eighty-four residues, seven of which are prolines. The expected
number of backbone amide resonances is 76; however, uniquely 106 resonances were observed,
which could be due to either 1) disulfide-pairing heterogeneity, or 2) slow conformational
dynamics (Fig. 11B, C). The hypothesis of slow conformational dynamics was tested using a 'H-
SN ZZ-exchange experiment®°. This experiment is similar to the 'H-">’N HSQC experiment but
includes a mixing time with variable delay periods between the indirect and direct detection
periods. During this delay the magnetization is aligned to the Z-axis. If there is a singular residue
with two resonances at (01n,m1n) and (w2n,m2n) With conformational exchange between the two
peaks, as the mixing time increases, cross-peaks at (01n,m2n) and (02u,01n) Will be detected. This
experiment was performed at mixing times of 50, 100, and 250 msec, and twelve pairs
demonstrated exchange cross-peaks within the mixing delays. This indicates that TGM-1 D2 is

present in two different conformations while in solution. Due to the timescale and the large number
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of proline residues, this was hypothesized to be due to proline cis:trans isomerization, though no
further testing was performed. The signals are well-dispersed, indicating natively-folded protein.
TGM-1 DI, contains 90 residues, four of which are prolines, with 85 expected amide
backbone residues on the HSQC. However, far fewer than the expected number of resonances were
detected, and the resonances that were visible were clustered in the random coil region (7.8 -8.6
ppm in the '"H dimension) (Fig. 12A). This could be due to incorrect pairing of cysteines during
the folding process or due to sample aggregation. To alleviate any aggregation, the sample
concentration was reduced and 10mM CHAPS was added (Fig. 12B-D). When the concentration
was reduced from 100 pM to 20 pM, and 10mM CHAPS added, the resonances were more
dispersed, with several signals appearing outside of the random coil region, and a total of 85 peaks
were detected. This effect was seen to a lesser extent in spectra of '’N TGM-1 D1 at 20 uM without
the CHAPS and also with a sample at 200 uM with 10mM CHAPS (Fig. 12B-D). This indicates

that the purified TGM-1 D1 was natively folded but aggregated under the initial NMR sample

conditions.

3.3.3 TGM-1 domain 3 is responsible for binding TPRII

To check for binding of the TGM-1 domains to TBRII, unlabeled TPRII was added in a
slight excess to NMR samples of ’N TGM-1 D1, ’'N TGM-1 D2, and "N TGM-D3 (Fig. 13A-
D), with the sample of "N TGM-1 DI containing 10mM CHAPS to keep the resonances well-
dispersed. The "H-'"N HSQC spectra of ’N TGM-1 D1 and "N TGM-1 D2 did not show any
perturbation in the backbone amide resonances, indicating no binding. However, addition of
unlabeled TARII to '’N TGM-1 D3 caused a visible perturbation in over half of the backbone

amide resonances, indicative of binding (Fig. 13C). A titration series was performed, with the 'H-

57



SN HSQC spectrum of free '’N TGM-1 D3 compared to that of the "N TGM-1 D3 titrated with
0.35, 0.7, and 1.3 molar equivalents of unlabeled TPRII. For several of the amide resonances in
the spectra of the intermediate titration points, peaks originating from both the free and the bound
forms of >N TGM-1 D3 were present, which is characteristic of slow-exchange binding (Fig.
13D). Slow-exchange binding occurs when the rate of exchange between two states is less than
the frequency difference between the resonances associated with the two states, thus showing both
the unbound and bound versions simultaneously; this is usually indicative of tight binding.

The NMR data demonstrates that TGM-1 D3 is the main binding partner of TBRII, whereas
TGM-1 D1 and TGM-1 D2 likely do not bind TPRIIL This is confirmed by the reverse titration
experiments, in which unlabeled TGM-1 D1, TGM-1 D2, and TGM-1 D3 are separately titrated
into '’N TBRII NMR samples. Only upon titration of unlabeled TGM-1 D3 do the backbone
resonances of '’N TBRII shift (Fig. 14A-D). Similarly, intermediate titration points (0.4, 0.8, and
1.2 molar equivalents TGM-1 D3:!*N TBRII), show that a majority of the residues are in the slow-
exchange regime, indicating tight binding. While addition of TGM-1 D2 and TGM-1 D1 do not
directly perturb any NMR signals of TPRIIL, it may be that the 10 mM CHAPS present in the '°N
TGM-1 DI:TBRII sample may interfere with potential binding interactions, and that in the '°N
TRRIL:TGM-1 D1 sample that the concentration of TGM-1 D1 needed to fully titrate the >N TBRII
may have led to formation of an aggregate no longer capable of binding N TBRII.

To confirm the binding of TGM-1 D3 to TPBRII, and to elucidate the potential role of TGM-
1 DI, surface plasmon resonance (SPR) experiments were performed. Avi-tagged biotinylated
TPBRII was captured onto a streptavidin-coated CMS5 chip, and varying concentrations of TGM-1
D1, TGM-1 D2, TGM-1 D3, and full-length TGM-1 (TGM-1 FL) were injected over the surface.

A clear concentration-dependent response was present when both TGM-1 D3 and TGM-1 FL were
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injected over the immobilized TRRII, but not when either TGM-1 D1 or TGM-1 D2 were injected
(Fig. 15), consistent with the conclusion attained by the NMR experiments. Kp measured by a 1:1
kinetic model of the SPR data was determined to be 610 £ 10 nM for TGM-1 FL binding to TBRII
and 910 + 20 nM for TGM-1 D3 binding to TBRII (Table 5). The maximum concentrations of
TGM-1 D1 injected over the TBRII surface was 1 pM, which by the "H-'>N NMR spectra of TGM-
1 D1 (Fig. 12C) would not be a high enough concentration to form aggregates. Thus, it is evident
that TGM-1 D3 is the domain that is mostly responsible for the binding of TGM-1 FL to TBRIIL.
The one caveat to SPR experiments is that immobilization of one of the proteins on the
chip may alter the binding properties. Though a 1:1 model for binding was assumed for the SPR
analysis, there are other biophysical methods that are able to determine binding stoichiometry more
accurately. Orthogonally, isothermal titration calorimetry (ITC) experiments were performed, in
which individual domains of TGM-1, TGM-1 D1, TGM-1 D2, TGM-1 D3, along with TGM-1 FL
were titrated into a cell containing TPRII (Fig. 16). The titration of TGM-1 D1 and TGM-1 D2
into TPRII did not produce any measurable change in enthalpy (Fig. 16 A-B), while the titration
of both TGM-1 D3 and TGM-1 FL into TPRII produced an exothermic response with large
negative changes in enthalpy (Fig. 16). Fitting the binding isotherms globally gave affinities
similar to those obtained by the SPR experiments, with the Kp of binding and enthalpies for the
TGM-1 FL:TBRII titration and the TGM-1 D3:TBRII titration being 550 nM and -7.1 kcal/mol and
1200 nM and -11 kcal/mol respectively (Table 6). Binding isotherms could not be fit for the
experiment titrating TGM-1 D1 into TPRII or the experiment titrating TGM-1 D2 into TPRII,

confirming that TGM-1 D3 is the sole domain responsible for the binding of TGM-1 FL to TPRII.
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3.3.4 TGM-1 domains 1 and 2 are responsible for binding TBRI

Similar NMR, SPR, and ITC studies were performed to assess the binding of the individual
TGM-1 domains to TBRI. Unlabeled TBRI was added in a slight excess of equimolar ratios (1:1.2,
TGM-1 domain to TBRI) to NMR samples of '’N TGM-1 D1, >'N TGM-1 D2, and "N TGM-D3
individually (Fig. 17A-D). The 'H-'>N HSQC spectra of ’N TGM-1 D1 and "N TGM-1 D3 did
not show any perturbation in the backbone amide resonances, indicating no binding. The sample
of N TGM-1 D1 contained 10mM CHAPS to keep the resonances well-dispersed, which may
have potentially interfered with the binding (Fig. 17). However, the addition of unlabeled TBRI to
SN TGM-1 D2 caused significant perturbation in over half of the backbone amide resonances,
indicative of binding (Fig. 17B). Free >N TGM-1 D2 was then titrated with increasing amounts
of unlabeled TBRI (0.36, 0.8, 1.4 molar equivalents, Fig. 17D), with several of the amide
resonances on the slow-exchange timescale. The addition of TPRI to the >N TGM-1 D2 sample
also eliminated the doubling seen with free '’N TGM-1 D2, showing that TBRI is able to stabilize
the TGM-1 D2 into one of its conformations (Fig .18). The NMR data demonstrates that TGM-1
D2 is the main binding partner of TPRI, which was further tested by the reverse titration
experiments, in which unlabeled TGM-1 D2 and TGM-1 D3 was titrated into '’N TBRI NMR
samples, and the resultant spectra recorded (Fig. 19). When unlabeled TGM-1 D2 was titrated into
5N TBRI, there were significant chemical shift perturbations with a pattern characteristic of slow-
exchange binding (Fig. 19C). When unlabeled TGM-1 D3 was titrated into '’N TBRI samples,
there was no significant chemical shift perturbation (Fig. 19A).

However, when '°N TBRI was titrated with TGM-1 D1 without CHAPS, this was not the

case. Though there were no significant chemical shift perturbations (Fig. 20), there was a
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significant weakening in intensity for a majority of the amide backbone peaks, and other peaks
were mildly perturbed (Fig. 20). This likely indicates that TGM-1 D1 is forming an aggregated
species, but that there are enough interactions between TGM-1 D1 and '°N TBRI that the latter is
being drawn into the aggregate. As such, it is likely that TGM-1- D1 is binding to TBRI, albeit
weakly.

To confirm the roles of TGM-1 DI and TGM-1 D2 in binding TBRI, SPR experiments
were performed with immobilized biotinylated avi-tagged TPBRI. A clear concentration-dependent
response was present when both TGM-1 D2 and TGM-1 FL were injected onto the chip surface,
but not when either TGM-1 D1 or TGM-1 D3 was injected (Fig. 21), consistent with the conclusion
that TGM-1 D2 is the main domain responsible for TGM-1 FL binding to TBRI. The binding
affinity to TBRI was 13 = 1 nM for TGM-1 FL and 310 £ 10 nM for TGM-1 D2 (Table 5). From
the 24-fold affinity difference, TGM-1 D2 is likely not the sole domain responsible for binding,
which is supported by the NMR evidence of binding between TGM-1 D1 and TBRI. To investigate
this, a construct containing both TGM-1 D1 and TGM-1 D2, TGM-1 D12, was expressed in E.
coli (Table 3). This construct was assessed for binding to TBRI and TBRII via SPR. There was no
binding of TGM-1 D12 to TPRII (Table 5, Fig. 15E), but there was clear, robust binding of TGM-
1 D12 to TBRI by SPR. The Kp was determined as 24 + 1 nM, which recapitulates the full binding
capacity of TGM-1 FL to TBRI.

To validate this, ITC experiments were performed titrating TGM-1 domain constructs into
a cell containing TPRI (Fig. 22). The titration of TGM-1 D1 and TGM-1 D3 into TBRI did not
produce any measurable change in enthalpy (Fig. 22 A, C), while the titrations of TGM-1 D2,
TGM-1 D12, and TGM-1 FL into TPRI all produced an exothermic response with large negative

changes in enthalpy (Fig. 22, B, D, E). Fitting these binding isotherms globally gave affinities that
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were similar to those obtained by SPR, with the Kp of binding and enthalpies for the TGM-1
FL:TPRI titration, the TGM-1 D2:TBRI, and the TGM-1 D12:TBRI titration being 52 nM and -17
kcal/mol, 1500 nM and -18 kcal/mol, and 25 nM and -19 kcal/mol respectively (Table 6). This
data shows that while TGM-1 D2 is responsible for most of the binding affinity to TBRI, TGM-1
D1 is required to fully recapitulate binding. Binding isotherms could not be fit for the experiment
titrating TGM-1 D1 into TBRI or the experiment titrating TGM-1 D3 into TPRI, highlighting that
TGM-1 D12 are both required for binding to TPRI, but that TGM-1 D2 likely is making the

majority of the contacts with the receptor.

3.3.5 TGM-1 binds to TBRI and TPRII in a 1:1:1 stoichiometry

The ITC data shows that TGM-1 D3 binds to TRRII with a 1:1 stoichiometry. Though the
NMR titration data does imply a 1:1 stoichiometry between TGM-1 D2 and TBRI (Fig. 17, 19),
due to difficulties with fitting the ITC data of the TGM-1 D2:TBRI binding, the binding
stoichiometry by ITC was determined to be 0.6, which is closer to a 0.5 stoichiometry. This is
likely due to difficulties in fitting the ITC data and is in contrast to the TGM-1 FL: TBRI interaction
by ITC, which indicates a 1:1 stoichiometry (Table 6, Fig. 22).

However, to reconcile this discrepant data, SEC-MALS experiments were performed with
both the TGM-1 D2:TBRI complex and the TGM-1 D12:TBRI complex (Fig. 23). TGM-D2 and
TGM-1 D12 were first run alone on a Superdex 10-300 column, and the masses calculated using
multiangle light scattering (MALS). The mass of TGM-1 D2 is expected to be 9.3 kDa, and the
mass of TGM-1 D12 is expected to be 18.8 kDa. These masses were then used to calibrate the
SEC-MALS experiments for following runs in which TGM-1 D2 and TGM-1 D12 were titrated
with TPRI (expected mass 9.6 kDa). Upon titration of TGM-1 D2 with TPRI, two peaks were
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visible on the 280 nM absorbance axis (Fig. 23A), with the complex mass calculated to be 17.1 +
0.8 kDa, which is close to the 1:1 stoichiometry at 18.9 kDa.. The free TGM-1 D2 peak in this
chromatogram was calculated as 10.7 £ 0.2 kDa, which is less than 1.5 kDa from the expected
mass. There was an additional peak shown on the light-scattering axis earlier in the chromatogram,
approximately at 7.2 mL; however, as there is no corresponding peak on the 280 nM absorbance
axis, this is likely not due to any protein in the sample.

Upon titration of TGM-1 D12 with TBRI (Fig. 23B), the combined mass was calculated to
be 28.8 £ 0.3 kDa, which is close to the 1:1 stoichiometry at 28.4 kDa. The free TGM-1 D12 peak
was calculated as 18.5 + 0.2 kDa, which is very close to the expected mass. There was an additional
peak shown on the light-scattering axis earlier in the chromatogram, approximately at 10.1 mL;
this corresponds to a small peak on the 280 nM absorbance axis, likely indicating a relatively small
amount of aggregated TGM-1 D12 scattering heavily. The SEC-MALS data confirms a 1:1

stoichiometry.

3.3.6 TGM-1 does not bind other TGF-p family receptors

The TGF-p ligand family can be broadly divided into the TGF-p, activin, and BMP arms,
comprising a total of five type I and seven type II receptors. As such, there is the potential that
TGM-1, along with some of the other members of the TGM family, may activate other TGF-3
receptors, including the other type I receptors Alk 1, Alk 2, Alk3, Alk4, Alk6, and Alk7, and the
other type II receptors ActRII, ActRIIA, BMPRII, MISRII. Unpublished ELISA assays ran by
collaborators in the Maizels lab (data not shown) show that TGM-1 may bind to ActRIIB, one of

the type II receptors in the activin arm.
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Binding of the extracellular domains of ActRII, ActRIIB and BMPRII to TGM-1 and other
TGM isoforms was assessed via native gel (Fig. 24). The native gels show that TGM-1, TGM-2,
TGM-4 and TGM-6 do not bind to the above-mentioned receptors. However, while native gels can
test for high-affinity binding, they do not have the capability to test for low-binding affinity, and
thus weak interactions between the TGM isoforms and the TGF-§ family type II receptors cannot
be ruled out.

ELISA data showed relatively few potential interactions between TGM-1 and type [ TGF-
receptors, with only Alk4 potentially binding to TGM-1 FL. To test whether there was binding
between TGM-1 FL and Alk4, NMR experiments were performed in which a 'H-'>N HSQC
experiment was performed for °N Alk4 free and bound to TGM-1 D2 (Fig. 25). As TGM-1 D2 is
the main domain for binding to TPRI, it was hypothesized that similarly TGM-1 D2 would be the
main domain that binds to Alk4. NMR experiments show that there is no binding between TGM-
1 D2 and Alk4, and while this does not preclude binding of other domains of TGM-1 to Alk4, it
does make this interaction much less likely. The data presented thus suggests that TGM-1 is
specific for TBRI and TPRII and does not promiscuously bind to other receptors in the TGF-3

signaling family.

3.4 Discussion

The results presented in this chapter indicate that the individual domains of TGM-1 can be
recombinantly expressed, isolated, and purified. TGM-1 D2 is responsible for the majority of
TGM-1’s binding affinity to TBRI, and TGM-1 D3 is responsible for the full binding capacity of

TGM-1 to TPRII. As TGM-1 D2 does not interact with TBRII and TGM-1 D3 does not interact

64



with TBRI, it appears that TGM-1 binds to the TGF-P receptors using separate domains, and thus
binding of TGM-1 to the TGF- receptors is modular and separable. Additionally, the binding of
TGM-1 D2 to TBRI is enhanced by the weak binding of TGM-1 D1 to TBRI, with the two domains
forming a composite interface with which to interact with TPRI.

This is distinct from the binding of TGF-f3 to TBRI and TPRII; for the native TGF-f ligand,
recruitment of TPRII is necessary for binding of TGF-f to TBRI, and the complex forms as a 1:2:2
heterotetramer®*®. The TGF-B homodimer is able to recruit TBRII with a high affinity (ca. 50 nM)
and this complex recruits TBRI with a similar affinity (ca. 30 nM). This is distinct from the mode
of binding observed with TGM-1, which shows distinct domains responsible for separately binding
TBRI and TPRIL. TGM-1 binds to TPRI with a higher affinity (Kp ca. 50 nM) than TBRII (Kp ca.
500 nM), which is in direct contrast to how TGF-f recruits the receptors. One TGM-1 monomer
binds to one type I receptor and one type II receptor, as shown by biochemical studies. This 1:1:1
stoichiometry, along with the difference in cooperative recruitment of the complex may be what
leads to the functional differences between TGM-1 and TGF-B, though further studies into the
assembly process would be required to delineate distinctive details.

Finally, the data in this chapter demonstrate that TGM-1 is specific for TBRI and TBRII
over the other type I and type II receptors in the TGF-f signaling family. The lack of receptor
promiscuity, despite the overall structural similarities between receptors in the TGF-f family
suggests that TGM-1 has evolved to bind TBRI and TPRRII specifically, rather than to all TGF-f
receptors, due to their physiological role in immunosuppressive signaling.

As the TGM-1 domains are separable and capable of binding to TBRI and TPRII
individually, domain deletion constructs of TGM-1 may play a potential role as TGF- antagonists.

If a TGM-1 D12 construct can bind TPRI in a way that displaces TGF-B, then TBRI could be
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sequestered away from TGF-B and signaling could be prevented. Similarly, if a TGM-1 D3
construct can bind and sequester TPRIIL, then TGF-B signaling could be blocked via TPRII
sequestration. Data in the following chapters will assess whether TGM-1 competes with TGF-3
for binding to TPRI and TPRII as well as whether this can then be leveraged towards developing
TGF-B antagonistic therapeutics, which would have potential roles in a variety of diseases,
including soft-tissue cancers>¢-2%%,

This chapter did not mention domains 4 and 5, as they are not required for binding to TBRI
and TBRII or for TGF-B signaling®*>. They do potentiate TGM-1 signaling through the TGF-
pathway, which will be discussed in later chapters. Additionally, though it is known that TGM-1

D12 binds TRRI and TGM-1 D3 binds TPRRII, the mechanism has yet to be discussed. These topics

will be further discussed in the next several chapters.

3.5 Respective Contributions

All of the NMR experiments were performed by the author, Ananya Mukundan. The SPR
experiments were performed by Chang Hyeock-Byeon, a technician in the Hinck laboratory. The
ITC experiments for TPRII binding to the TGM-1 domains, both individually as well as the
competition experiments were performed by Chang Hyeock-Byeon but processed and analyzed by
the author Ananya Mukundan. The ITC experiments for TBRI binding to the TGM-1 domains,
both individually as well as the competition binding experiments were performed, processed, and
analyzed by the author Ananya Mukundan. Experiments assessing binding of TGM-1 to other
TGF-B family proteins were performed, processed, and analyzed in their entirety by the author

Ananya Mukundan. The data in Figures 11-14, Figures 17-20, and Figures 22-25 were gathered
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and analyzed in their entirety by the author Ananya Mukundan, the data in Figures 15 and 21 were
gathered and analyzed by Chang Hyeock-Byeon, and the data in Figure 16 were gathered by Chang

Hyeock-Byeon and analyzed by Ananya Mukundan.
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3.6 Tables and Figures

Table 2: H. polygyrus extended family of TGM proteins. Amino acid identity (%) with domains denoted with
respect to TGM-1. Blank boxes indicate absence of domain. Adapted from “TGF-f mimic proteins form an

extended family in the murine parasite Heligmosomoides polygyrus” by Smyth et. al.>*?, used under CC By 4.0 /

Edited from original.

TGM Member Domain 1 Domain 2 Domain 3 Domain 4 Domain 5
TGM-1 100 100 100 100 100
TGM-2 100 100 93 99 81
TGM-3 100 100 100 99 70
TGM-4 71 90 85 73 84
TGM-5 91 90 95 87
TGM-6 66 42 32
TGM-7 64 65 59 20 30 25 33
TGM-8 62 63 60 19 30 22 32
TGM-9 60 36 32

TGM-10 47 50 28
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Table 3: Sequences of TGM-1 domain constructs. Table from “Convergent evolution of a parasite-encoded

complement control protein-scaffold to mimic binding of mammalian TGF-f to its receptors, TBRI and TBRII” by

Mukundan et. al.,>>’” used under CC By 4.0.

Construct Coding region and description (* indicates stop codon)

TGM-1 D1 Residues 16-95 of H. polygyrus TGF-B Mimic, NCBI MG099712
Thioredoxin-!1is.-Linker-Thrombin Cleavage Site-Linker-TGM-D1
MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNP
GTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHM SSGLVPR
GSGTGSGSGSDDSGCMPFSDEAATYKYVAKGPKNIEIPAQIDNSGMYPDYTHVKRFCKGLHGED
TTGWFVGICLASQWYYYEGVQECDDR*

TGM-1 D2 Residues 96-176 of H. polygyrus TGF-p Mimic, NCBI MG099712
Thioredoxin-!lis.-Linker-Thrombin Cleavage Site-Linker-TGM-D2
MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNP
GTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHM SSGLVPR
GSGTRCSPLPTNDTVSFEYLKATVNPGIFNITVHPDASGKYELTYIKRICKNFPTDSNVQGHIIGMC
YNAEWQFSSTPTCPAS*

TGM-1 D12 Residues 16-176 of H. Polygyrus TGF-f3 Mimic, NCBI MG099712
Thioredoxin- -Linker-Thrombin Cleavage Site-Linker-TGM-D12
MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNP
GTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHM SSGLVPR
GSGTGSGSGSDDSGCMPFSEAATYKYVAKGPKNIEIPAQIDNSGMYPDYTHVKRFCKGLHGEDTT
GWFVGICLASQWYYYEGVQECDDRRCSPLPTNDTVSFEYLKATVNPGIIFNITVHPDASGKYPEL
TYIKRICKNFP TDSNVQGHIIGMCYNAEWQFSSTPTCPAS*

TGM-1 D3 Residues 177-262 of H. Polygyrus TGF-B Mimic, NCBI MG099712
Thioredoxin-!lis.-Linker-Thrombin Cleavage Site-Linker-TGM-D3
MSDKIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNP
GTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHM SSGLVPR
GSGTGCPPLPDDGIVFYEYYGYAGDRHTVGPVVTKDSSGNYPSPTHARRRCRALSQEADPGEFV
AICYKSGTTGESHWEYYKNIGKCPDP*

TGM-1 D13 Residues 16-262 of H. Polygyrus TGF-p Mimic, NCBI MG099712
Signal Peptide-TGM-D1-D3-Linker-Myc-Linker-
METDTLLLWVLLLWVPGSTGDAAQPARRADDSGCMPFSDEAATYKYVAKGPKNIEIPAQIDNSG
MYPDYTHVKRFCKGLHGEDTTGWFVGICLASQWYYYEGVQECDDRRCSPLPTNDTVSFEYLKA
TVNPGIFNITVHPDASGKYPELTYIKRICKNFPTDSNVQGHIIGMCYNAEWQFSSTPTCPASGCPPL
PDDGIVFYEYYGYAGDRHTVGPVVTKDSSGNYPSPTHARRRCRALSQEADPGEFVAICYKSGTTG
ESHWEYYKNIGKCPDPGPEQKLISEEDLNSAVD *

TGM-1 FL Residues 16-422 of H. Polygyrus TGF-f Mimic, NCBI MG099712

Signal Peptide-TGM-FL-Linker-Myc-Linker-

METDTLLLWVLLLWVPGSTGDAAQPARRADDSGCMPFSDEAATYKY VAKGPKNIEIPAQIDNSG
MYPDYTHVKRFCKGLHGEDTTGWFVGICLASQWYYYEGVQECDDRRCSPLPTNDTVSFEYLKA
TVNPGIIFNITVHPDASGKYPELTYIKRICKNFPTDSNVQGHIIGMCYNAEWQFSSTPTCPASGCPPL
PDDGIVFYEYYGYAGDRHTVGPVVTKDSSGNYPSPTHARRRCRALSQEADPGEFVAICYKSGTTG
ESHWEY YKNIGKCPDPRCKPLEANESVHYEYFTMTNETDKKKGPPAKVGKSGKYPEHTCVKKV
CSKWPYTCSTGGPIFGECIGATWNFTALMECINARGCSSDDLFDKLGFEKVIVRKGEGSDSYKDD
FARFYATGSKVIAECGGKTVRLECSNGEWHEPGTKTVHRCTKDGIRTLGPEQKLISEEDLNSAVD

*
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Table 4: Sequences of TGF-p receptor constructs.

Construct Coding region and description (* indicates stop codon)

TPRI 25-125 Residues 25-125 of the extracellular domain of human TGF-f type I receptor, NCBI NP_001394345
Linker- -Linker-Thrombin Cleavage Site-Linker-Initiating Methionine-TRI
MGSS SSGLVPRGSHMAALLPGATALQCFCHLCTK DNFTCVTDGLCFVSVTETTD
KVIHNSMCIAEIDLIPRDRPFVCAPSSKTGSVTTTYCCNQDHCNKIELPTTVKSSPGLGPVE *

TPRRII 38-159 Residues 38-159 of the extracellular domain of human TGF-f type II receptor, NCBI NP_001394056

[nitiating Methionine-TBRII

MVTDNNGAVKFPQLCKFCDVRFSTCDNQKSCMSNCSITSICEKPQEVCVAVWRKNDENITLET
VCHDPKLPYHDFILEDAASPKCIMKEKKKPGETFFMCSCSSDECNDNIIFSEEYNTSNPD

ActRII 23-123

Residues 23-123 of the extracellular domain of human Activin receptor type-2A, NCBI
NP 001265508.1

Signal Peptide-Linker-!lis¢-Linker-Thrombin Cleavage Site-Linker-Initiating Methionine-ActRII
MKWVTFLLLLFISGSAFSAAAGSS SSGLVPRGSHMGRSETQECLFFNANWEKDR

TNQTGVEPCYGDKDKRRHCFATWKNISGSIEIVKQGCWLDDINCYDRTDCVEKKDSPEVY
FCCCEGNMCNEKFSYFPEMEVT

ActRIIB 25-117

Residues 25-117 of the extracellular domain of human Activin receptor type-2B, NCBI EAW64536
Signal Peptide-Linker-!lis.-Linker-Thrombin Cleavage Site-Linker-ActRIIB
MKWVTFLLLLFISGSAFSAAAGSS SSGLVPRGSHMLEDPVPETRECIYYNANWELER

TNQSGLERCEGEQDKRLHCYASWRNSSGTIELVKKGCWLDDFNCYDRQECVATEENPQVYFC
CCEGNFCNERFTHLP

BMPRII 29-132

Residues 29-132 of the extracellular domain of human Activin receptor type-2B, NCBI XP_011509989
Signal Peptide-Linker-I1isc-Linker-Thrombin Cleavage Site-Linker-Initiating Methionine-BMPRII
MKWVTFLLLLFISGSAFSAAAGSS SSGLVPRGSHMNQERLCAFKDPYQQDLGIG

ESRISHENGTILCSKGSTCYGLWEKSKGDINLVKQGCWSHIGDPQECHYEECVVTTTPPS
IQNGTYRFCCCSTDLCNVNFTENFP
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Table 5: TGM-1 binding to TBRI and TPRII as assessed by surface plasmon resonance. Table from
“Convergent evolution of a parasite-encoded complement control protein-scaffold to mimic binding of mammalian

TGF-B to its receptors, TBRI and TBRII” by Mukundan et. al.,”>” used under CC By 4.0

Surface Analyte Fitted Parameters®

kon (M s Kot (s Ka (nM) Rmax (RU)
TBRI TGM-1 D1  ND* ND? ND* ND?
TBRI TGM-1D2  (3.0+0.1)x10°®*  (9.1+0.1)x 102® 310+ 10° 89.6 +0.7°
TBRI TGM-1D3  NDP ND® ND® ND?
TBRI TGM-1DI12  (6.7+0.1)x 10**  (1.6+0.1)x 10® 24+ 1° 429 +1°
TRRI® TGM-1FL  (59+0.1)x10*®  (7.8+0.2)x 10*® 13+£1° 193 +1°
TPRII TGM-1D1  NDP ND® ND® ND®
TBRII  TGM-1D2  NDP ND® ND® ND®
TBRII  TGM-1DI12 NDP NDP NDP NDP
TBRII  TGM-1D3  (6+1)x 10% 0.6 +0.1° 910 +20° 33.0+0.4°
TBRII  TGM-1FL  (2+6)x 107 (1+4)x10"® 610+ 10° 215+2°

*Not determined due to weak signal
YFitted parameters were derived from kinetic analysis of a single injection series
“Measured on a lower density chip compared to that used for TBRI:TGM-D2 and TBRI:TGM-D12
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Table 6: TGM-1 binding to TBRI and TBRII as assessed by isothermal titration calorimetry
Table from “Convergent evolution of a parasite-encoded complement control protein-scaffold to mimic binding of

mammalian TGF-B to its receptors, TBRI and TRRII” by Mukundan et. al.,”>” used under CC By 4.0

Cell TBRI TBRI TBRI TBRI TBRI TBRII TBRII TBRII TBRII
i TGM-1 D1 TGM-1 D2 TGM-1 D3 TGM-1 D12 TGM-1 FL TGM-1 D1 TGM-1 D2 TGM-1 D3 TGM-1 FL

Syringe

Cell concentration | 75 7.5 7.5 7.5 7.5 15 15 15 15

(uM)

Syringe 150 150 135 100 58 300 300 300 320

concentration

M)

Temperature (°C) 25 25 25 25 25 35 35 35 35

Kp (nM) ND? 1500 (500 — | ND? 25 (11,48)> | 52(29-90) | ND* ND*? 1200 (900, | 550 (260,
4600)> 1500)%¢ 1080)>

AH (keal mol-l) ND* -18 (-27- - | ND* -19 (20 —- | -17 (-18 — - | ND* ND? -1 (11, - | <70 (7.9, -
13)° 18)° 15)° 10)° 6.6)°

AG (keal mo]-l) ND* -8.0 ND? -11 -9.9 ND* ND? -8.4 -8.8

-TAS (kcal mol“) ND* 9.7 ND* 8.3 6.8 ND* ND? 2.4 -1.7

Stoichiometry (n) ND* 0.547 ND*? 1.2° 0.96" ND? ND*? L1f 0.84"

“Not determined due to weak signal

YUncertainty reported as 68.3% confidence interval

°Fit for one replicate

dGlobal fit of three replicates

°Global fit of two replicates

Number of sites determined by incompetent fraction value on sedphat; set to ‘1” for Kp analysis
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Figure 11: Recombinantly produced TGM-1 D2 and TGM-1 D3 fold natively under NMR sample conditions.
A-C. 'H->N HSQC spectrum of '>’N TGM-1 D3 (A) and *’N TGM-1 D2 (B). Blue boxes mark peaks in
conformational exchange with each other as designated by ZZ-exchange. An expansion of this ZZ-exchange
experiment as a function of mixing time is shown (C) with one representative pair of peaks. Spectra recorded in
25mM sodium phosphate, 50mM sodium chloride, 5% 2H,O, pH 6.0, 310K. Figure from “Convergent evolution of a
parasite-encoded complement control protein-scaffold to mimic binding of mammalian TGF-f to its receptors, TPRI

and TRRII” by Mukundan et. al.,>” used under CC By 4.0.
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Figure 12: Recombinantly produced TGM-1 D1 aggregates under NMR sample conditions. A-D. 'H-"N
spectra of ’N TGM-1 D1 (A) in 25mM sodium phosphate, 50mM sodium chloride, 5% 2H,O, pH 6.0, 310K, with
(B, D) and without (A, C) the addition of 10mM CHAPS. ’N TGM-1 D1 'H-'*N HSQC spectra gathered over
concentrations of 20 uM (C, D), 100 uM (A), and 200 uM (B). Figure from “Convergent evolution of a parasite-
encoded complement control protein-scaffold to mimic binding of mammalian TGF-p to its receptors, TBRI and

TPRII” by Mukundan et. al.,*” used under CC By 4.0.
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Figure 13: TBRII binds to TGM-1 D3 under NMR sample conditions. A-D. 'H-'>N spectra of ’'N TGM-1 D1
(A), "N TGM-1 D2 (B), and >N TGM-1 D3 (C,D) free (red) and overlaid with the 'H-'>N spectra of the same
proteins bound to 1.2 molar equivalents of unlabeled TPRII (blue). Expansion of the boxed region in panel C at
0.35, 0.7, and 1.3 molar equivalents is shown below in part D. All spectra were recorded in 25mM sodium
phosphate, 50mM sodium chloride, 5% 2H>O, pH 6.0, 310K. Figure from “Convergent evolution of a parasite-

encoded complement control protein-scaffold to mimic binding of mammalian TGF-p to its receptors, TBRI and

TPBRII” by Mukundan et. al.,>>” used under CC By 4.0.
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Figure 14: TGM-1 D3 binds to TBRII under NMR sample conditions. A-D. 'H-'>N spectra of "N TBRII (red)
overlaid with the '"H-'3N spectra of the same proteins bound to 1.2 molar equivalents of unlabeled TGM-1 D1 (A),
TGM-1 D2 (B), and TGM-1 D3 (C,D) (blue). Expansion of the boxed region in panel C at 0.4, 0.8, and 1.2 molar
equivalents is shown below in part D. All spectra were recorded in 25mM sodium phosphate, 50mM sodium
chloride, 5% 2H,0, pH 6.0, 310K. Figure from “Convergent evolution of a parasite-encoded complement control
protein-scaffold to mimic binding of mammalian TGF-p to its receptors, TBRI and TBRII” by Mukundan et. al.,?’

used under CC By 4.0.
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Figure 15: TGM-1 D3 is the sole domain responsible for binding TBRII as shown by SPR. A-E. SPR
sensorgrams upon injection of TGM-1 D1 (A), TGM-1 D2 (B), TGM-1 D3 (C), TGM-1 D12 (D), and TGM-1 FL
(E) over biotinylated avi-tagged TBRII immobilized on a streptavidin chip. Injections were performed as a two-fold
dilution series and are shown in black, with the orange traces over the raw data showing curves fitted to a 1:1 model,
when possible. The black bars over the top of the sensorgrams correlates to the injection period, and the injection
concentrations are on the bottom rihgt of each sensorgram. Figure from “Convergent evolution of a parasite-encoded
complement control protein-scaffold to mimic binding of mammalian TGF-f to its receptors, TBRI and TBRII” by

Mukundan et. al.,>®” used under CC By 4.0.
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Figure 16: TGM-1 D3 is the sole domain responsible for binding TBRII as shown by ITC. A-H. Raw

thermograms for the injection of TGM-1 D1 (A) TGM-1 D2 (B) TGM-1 D3 (C) or TGM-1 FL (D) into TBRIL.

Corresponding integrated heats for the injection of TGM-1 D1 (E), TGM-1 D2 (F), TGM-1 D3 (G), TGM-1 FL (H),

with the TGM-1 D3 and TGM-1 FL data fit to a 1:1 binding model. Fits correspond to the global fit over the data

sets with residuals below. Error bars correspond to undertainty in the estimation of integrated heats by NITPIC.

Figure from “Convergent evolution of a parasite-encoded complement control protein-scaffold to mimic binding of

mammalian TGF-B to its receptors, TBRI and TBRII” by Mukundan et. al.,>” used under CC By 4.0.
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Figure 17: TPRI binds to TGM-1 D2 under NMR sample conditions. A-D. 'H-'>N spectra of ’'N TGM-1 D1
(A), "N TGM-1 D2 (B), and >N TGM-1 D3(C,D) free (red) and overlaid with the '"H-'>N spectra of the same
proteins bound to an excess of unlabeled TPRI (blue). Expansion of the boxed region in panel B at 0.35, 0.7, and 1.3
molar equivalents is shown below in part D. All spectra were recorded in 25mM sodium phosphate, 5S0mM sodium
chloride, 5% 2H,0, pH 6.0, 310K. Figure from “Convergent evolution of a parasite-encoded complement control
protein-scaffold to mimic binding of mammalian TGF-p to its receptors, TBRI and TBRII” by Mukundan et. al.,?’

used under CC By 4.0.
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Figure 18: Conformational doubling of TGM-1 D2 is resolved upon binding to TBRI. A-B. 'H-'>N HSQC
spectra of TGM-D2 alone (A, red) or with 1.2 molar equivalents of unlabeled TPRI added (B, blue). Peaks in
conformational exchange marked on the spectra of >N TGM-D2 alone (A, blue boxes) and the resolved
conformational exchange marked on the spectra of '>’N TGM-D2 bound to TBRI (B, blue boxes). All spectra were
recorded in 25mM sodium phosphate, 50mM sodium chloride, 5% 2H,O, pH 6.0, 310K. Figure from “Convergent
evolution of a parasite-encoded complement control protein-scaffold to mimic binding of mammalian TGF-f to its

receptors, TBRI and TPRII” by Mukundan et. al.,>” used under CC By 4.0.
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Figure 19: TGM-1 D2 binds to TBRI under NMR sample conditions. A-C 'H-'>N spectra of '’N TBRI (red)
overlaid with the '"H-'>N spectra of the same protein bound to 1.2 molar equivalents of unlabeled TGM-1 D3 (A),
and 1.34 equivalents of TGM-1 D2 (B). Expansion of the boxed region in panel B at 0.35, 0.62, and 1.34 molar
equivalents is shown below in part C. All spectra were recorded in 25mM sodium phosphate, 50mM sodium
chloride, 5% 2H,O, pH 6.0, 310K. Figure from “Convergent evolution of a parasite-encoded complement control

protein-scaffold to mimic binding of mammalian TGF-p to its receptors, TBRI and TBRII” by Mukundan et. al.,?’

used under CC By 4.0.
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Figure 20: TGM-1 D1 binds to TBRI under NMR sample conditions. 'H-'N spectra of >N TPRI (red) overlaid

with the "H-">N spectra of the same protein bound to 1.5 molar equivalents of unlabeled TGM-1 D1. The box in the

lower right section of the spectrum corresponds to the per residue ratio of the free TBRI peak intensity compared to

the TPRI peak intensity upon binding of TGM-1 D1 The spectrum was recorded in 25mM sodium phosphate, 50mM

sodium chloride, 5% *H,O, pH 6.0, 310K. Figure from “Convergent evolution of a parasite-encoded complement

control protein-scaffold to mimic binding of mammalian TGF- to its receptors, TBRI and TBRII” by Mukundan et.

al.,” used under CC By 4.0.
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Figure 21: TGM-1 D1 and TGM-1 D2 are jointly responsible for binding TPRI as shown by SPR. A-E. SPR
sensorgrams upon injection of TGM-1 D1 (A), TGM-1 D2 (B), TGM-1 D3 (C), TGM-1 D12 (D), and TGM-1 FL
(E) over biotinylated avi-tagged TBRI immobilized on a streptavidin chip. Injections were performed as a two-fold
dilution series and are shown in black, with the orange traces over the raw data showing curves fitted to a 1:1 model,
when possible. The black bars over the top of the sensorgrams correlates to the injection period, and the injection
concentrations are on the bottom right of each sensorgram. Figure from “Convergent evolution of a parasite-encoded
complement control protein-scaffold to mimic binding of mammalian TGF-f to its receptors, TBRI and TBRII” by

Mukundan et. al.,>®” used under CC By 4.0.
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Figure 22: TGM-1 D1 and TGM-1 D2 are jointly responsible for binding TPRI as shown by ITC. A-J. Raw
thermograms for the injection of TGM-1 D1 (A) TGM-1 D2 (B) TGM-1 D3 (C) or TGM-1 FL (D) into TBRII.
Corresponding integrated heats for the injection of TGM-1 D1 (E), TGM-1 D2 (F), TGM-1 D3 (G), TGM-1 FL (H),
with the TGM-1 D2, TGM-1 D12, and TGM-1 FL data fit to a 1:1 binding model. Fits correspond to the global fit
over the data sets with residuals below. Error bars correspond to undertainty in the estimation of integrated heats by
NITPIC. Figure from “Convergent evolution of a parasite-encoded complement control protein-scaffold to mimic

binding of mammalian TGF-P to its receptors, TBRI and TBRII” by Mukundan et. al.,>’” used under CC By 4.0.
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Figure 23: TGM-1 D2 and TGM-1 D12 bind to TPRI with a 1:1 stoichiometry. A-B. SEC chromatogram of
TGM-1 D2 (A) and TGM-1 D12 (B) partially titrated with TBRI. Left-most axis indicates molecular weight which
in both figures is represented by the red dots at the position of the free TGM-1 D2 (A) / TGM-1 D12 (B) and the

bound TGM-1 D2:TBRI (A) / TGM-1 D12:TBRI (B), and right-most axis indicates UV 280 (black) and light

scattering (blue).
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Figure 24: TGM-1 FL, TGM-2 FL, TGM-4 FL, and TGM-6 FL do not bind to the other type II receptors of
the TGF-p family as assessed by native gel. A-C. Native gels assessing binding of the extracellular domains
ActRIIB (A), ActRII (B), and BMPRII (C) added in large molar excess to members of the TGM family of proteins:

TGM-1, TGM-2, TGM-4, and TGM-6 FL. Arrows indicate positions of protein bands on the native gel.
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Figure 25: TGM-1 D2 does not bind to Alk4 under NMR sample conditions. 'H-'>N spectra of N Alk4 (A,
red) overlaid with the '"H-'SN spectra of the same protein bound to 1.2 molar equivalents of unlabeled TGM-1 D2

(B, blue). The spectrum was recorded in 25mM sodium phosphate, 50mM sodium chloride, 5% 2H,O, pH 7.0, 298K.
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4.0 TGM-1 D3 Binding to TPRII: Structural and Functional Properties

4.1 Introduction

The previous chapter answered several questions about the interactions between TGM-1,
TPRI, and TPRIL It was made apparent that the binding of TGM-1 to the TGF- receptors is
modular and separable, with domains 1 and 2 responsible for binding the type I receptor through
a shared binding interface, not allostery, while domain 3 is responsible for binding the type II
receptor. TGM-1 acts as a functional mimic of TGF-f, and though its sequence suggests that it is
structurally distinct from TGF-p, it is unknown as to whether TGM-1 engages the same receptor
binding sites as TGF-p.

There are two possibilities, one is that TGM-1 D3 uses the same interface as TGF-p to bind
to TPRIL, thus alone would be predicted to be a competitive inhibitor of TGF-B. The other
possibility is that TGM-1 D3 uses a different interface from TGF-f to bind to TBRII, which may
or may not interfere with TGF-f binding to TPRIIL. The structure of TGM-1 D3 is also unknown
and deciphering this would show how the parasite may have adapted the canonical CCP domain
to generate a domain that binds TPRII, as well as give insight into the structures of the other TGM-
1 domains, due to their high sequence similarity.

Thus, this chapter aims to investigate whether TGM-1 D3 and TGF-f compete for binding

to TBRII, and how the structure of TGM-1 D3 has adapted from the canonical CCP domain to

enable binding of TGM-1 D3 to TRRII.
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4.2 Methods

Cloning, expression, and purification of mmTGF 7M. DNA inserts coding for the domains
of mmTGFB27M were inserted into a modified pET32a vector between the Ndel and HindlII) sites
(Table 7). Constructs were expressed in BL21 (DE3) cells, and cultured at 37 °C. When the light
scattering at 600 nm was detected to be 0.8 protein expression was induced by adding 0.8 mM
Isopropyl B-D-1-thiogalactopyranoside (IPTG),and were produced in LB. The purification
protocol proceeded as in previous publications®>®,

Cloning, expression, and purification of >N 3C TBRII. Constructs, expression protocols,
and protein purification protocols were the same as stated in Chapter 3 with one exception. In the
M9 medium used to grow '°N '*C TBRII, rather than utilize 1g L' of ’NH4Cl along with 15 mL
L' 20% w/v D-glucose, both 1g L' of "NH4CI and 15 mL 20% U-'*C-D-glucose was used.
Otherwise, there was no difference in protein purification.

Cloning, expression, and purification of TGM-1 D3 and TPRII mutants. Mutants of TGM-
1 D3 and TPRII were produced using the same constructs mentioned in the methods section of
Chapter 3, with modifications made to produce the desired residue substitutions. Site-directed
mutagenesis was performed using Phusion polymerase, and the clones sequenced to confirm
presence of the mutation.

ITC competition experiments. All ITC experiments were performed with a Microcal
PEAQ-ITC system (Malvern Instruments). Cell and syringe conditions are indicated in Table 7.

All experiments were performed in 25 mM NaHPO4, 50 mM NaCl, pH 6.0 at 35 °C, with 13 3.0

pL injections with a duration of 5 s, a spacing of 150 s, and a reference power of 10. All samples
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were dialyzed against the same ITC buffer before loading into the system. Data was globally fit
using the programs NITPIC?*6, SEDPHAT?*** and GUSSI*¥.

NMR backbone assignment. For assignments of the TBRII backbone residues as bound to
TGM-1 D3, samples of *C >N TBRILTGM-1 D3 were produced by adding each individual
component in a 1:1.2 molar ratio, with the labeled component at a concentration of ca. 200 uM, in
a buffer of 25 mM Na;HPO4 50 mM NaCl pH 6.0. Assignments were made by recording,
processing, and analyzing the following triple-resonance spectra: HNCACB, CBCA(CO)NH,
HNCA, HN(CO)CA, HNCO, and HN(CA)CO, along with the 2D 'H-""N HSQC spectrum, all of
which were recorded at 310K. Assignment was performed semi-automatically using PINE?%%-260
and then manually corrected using NMRFAM-SPARKY?* and PECAN?!,

NMR chemical shift perturbation calculations. The backbone residues of TPRII were
assigned in the unbound and TGM-1 D3 bound forms. The magnitude of the difference in chemical
shift value was calculated for the five nuclei: "Nt THN, 3Ce, 1B3CP, 13CO, and normalized to the
largest chemical shift perturbation value. These normalized values were summed up for all of the
nuclei per residue and then normalized once more by dividing the number of nuclei contributing
to the total chemical shift perturbation. The same methodology was performed for the reverse set
of proteins, with the backbone residues of TGM-1 D3 assigned in the unbound and in the TBRII-
bound forms and the chemical shift perturbations normalized and calculated.

NMR solvent accessible surface area calculations. Solvent accessible surface area was
calculated for the structure of the extracellular domain of TBRII using PDB 1KTZ using the
program Chimera®®?. The solvent accessible surface area was calculated for TBRII in the presence

of TGF-f and in the absence, and the difference plotted per-residue of TPRII.
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NMR structure determination of TGM-1 D3. The structure of TGM-1 D3 was determined
using the program XPLOR-NIH?®*, which allows for input of NMR restraints — NOE distance,
RDC restraints, TALOS?®** phi and psi and psi angle restraints, and J-couplings. to determine an
ensemble of energetically-favored structures (Appendix A.1.1); the final determined structure was
submitted to the PDB under the accession code 7SXB, complete with validation statistics. For the
full sidechain assignment of TGM-1 D3, further NMR spectra were gathered including: 2D 'H-
BC CT-HSQC, 3D HNHB, HCCH-TOCSY, HBHA(CO)NH, 2D CB(CGCDCD)HD, 'H-'*C
HSQC-TOCSY, CB(CGCDCD)HE, 3D H(CCCO)NH, and CC(CONH). NOE distance restraints
were gathered using data collected from 3D 'H-'SN NOESY spectra and 'H-*C aliphatic and
aromatic NOESY spectra, and the distances derived using the program CCP-NMR?2%, Three sets
of residual dipolar coupling (RDC) restraints were gathered: 'H-"’N, 3C%-'H% and *C°-°N
RDCs. Experiments were run on >N 3C-labeled TGM-1 D3 in the usual buffer: 25 mM NayHPO4
50 mM NaCl pH 6.0 to determine the unaligned dipolar couplings, and also in 10 mg mL"! Pfl
phage?® to determine the aligned dipolar couplings, with the difference taken as the RDCs. These
RDCs were measured using a 2D IPAP-HSQC experiment?®’, a 3D 'H%-coupled HN(CO)CA
experiment, and a 3D *C%coupled HNCO experiment, for the 'H-°N, 3C%-'H?, and *C°-1°N
RDC:s respectively. The J-coupling measurements were made by assessing the ratio of the cross-
peak to the diagonal in a 3D HNHA experiment, as was described previously®®. The program
PROCHECK?%27 was used to perform the Ramachandran analysis and RMSD analysis were
performed using Chimera.

NMR °N T, relaxation time calculations. The "N T, backbone relaxation times were

measured in 25 MES, 50 mM NaCl, pH 6.0, 310K using an interleaved HSQC pulse sequence?’".
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Data was collected using 8 delay times from 16 — 240 msec, and the per-residue relative peak
intensity was fit using a two-parameter decaying exponential with respect to the delay time.

SPR of mutated TGM-1 D3 and TBRII constructs. Experiments with variant TGM-1 D3 or
TPRII constructs were analyzed by SPR in a similar manner as discussed in Chapter 3, with the
ligands being either biotinylated avi-tagged TPRII or biotinylated avi-tagged TGM-1 D3
respectively, captured at a density of 50-150 RU onto a neutravidin-coated sensor chip. All SPR
experiments were performed in a buffer of 25 mM HEPES, 150 mM NaCl, 0.05% P20 surfactant,
pH 7.4, with an injection speed of 100 pL min™'. Regeneration was performed using a 30 second
injection 100 mM — 200 mM guanidine hydrochloride. Baseline correction was performed using
buffer injections and using a reference cell without the biotinylated protein captured. All mutated
constructs were run in duplicate or triplicate and analyzed using Scrubber.

ITC of mutated TGM-1 D3 and TPRII constructs. Experiments with variant TGM-1 D3
constructs were analyzed by ITC in a similar manner as discussed in Chapter 4. Wild-type TBRII
was injected via syringe into cells containing variant TGM-1 D3 (concentrations listed in Table
11). All experiments were performed in 25 mM Na;HPO4; 50 mM NaCl pH 6.0 at 35 °C with 19
2.0 uL injections with a duration of 4 s, a spacing of 150 s, and a reference power of 10. All

samples were dialyzed against the same ITC buffer before loading into the system. Data was

globally fit using the programs NITPIC?*6, SEDPHAT?*"**3, and GUSSI**.
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4.3 Results

4.3.1 TGM-1 D3 and TGF-3 compete for binding with TRRII

Competition between TGM-1 D3 and TGF-f3 for binding to the ectodomain of TRRII was
assessed using isothermal titration calorimetry (ITC). To perform the competitive inhibition
experiment, both a weak and strong-affinity binder for TBRII, with differing enthalpies, were
needed. TGM-1 D3 binds to TPRII with an affinity of 1.2 uM (Table 6) as assessed by ITC,
whereas TGF-33 binds to TBRII with an affinity of close to 50 nM. As such, TGM-1 D3 and TGF-
B can take the role of strong and weak-affinity binders to TBRII respectively. An initial experiment
was performed without any TGM-1 D3, with TBRII in the cell and an engineered TGF- monomer
in the syringe, with subsequent competition experiments including TPRII and varying
concentrations of TGM-1 D3 in the cell, and the engineered TGF-3 monomer in the syringe.

There is one caveat to this design, which is that TGF-f3 isoforms are known to be highly
insoluble, unless at either extremes of the pH scale, at very acidic (4.0) or basic (11.0) solution
conditions?*®. This makes ITC experiments difficult, as they rely on all experimental components
being soluble under the same solution condition. Thus rather than run experiments in which TGF-
B is titrated into TBRII, and TGM-1 D3 added as a competitive inhibitor, an engineered TGM-1
monomer, mmTGFB27M was used instead®*®. This engineered monomer lacks the heel helix of
TGF-p and is much more soluble at neutral pH. SPR analysis showed that mmTGFB27M was able
to bind TRRII with an affinity identical to that of TGF-B3%3%,

mmTGFB27M was injected from the syringe at a concentration of 150 uM into a cell
containing TPRII (15 uM) and either 0, 6, or 12 uM TGM-1 D3. Addition of mmTGFB27M into
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the cell containing TPRII resulted in a large negative enthalpy and a strong binding affinity.
Addition of 6 uM and 12 uM TGM-1 D3 progressively decreased the slope of the transition
between the free and bound forms of TRRII (Fig. 26), as well as decreased the magnitude of AH,
all of which is indicative of competitive inhibition. The data from the three isotherms, 0 uM, 6
uM, and 12 uM TGM-1 D3 were globally fit to a competitive binding model, with the high-affinity
mmTGFB27M:TBRII interaction Kp determined to be 35 nM, with a AH of -7.4 kcal mol™!, which
is in line with previous SPR measurements of this affinity?>® (Table 8). Overall, the data clearly

shows that TGM-1 D3 and TGF-3 compete with binding for TBRII.

4.3.2 TGM-1 D3 and TGF-f bind to similar residues on TBRII

TGM-1 D3 and TGF-B compete for binding with TBRII, but whether their binding sites
partially or completely overlap is in question. To assess the residues of TPRII that TGM-1 D3
binds to, NMR chemical shift perturbation experiments (CSP) were used. CSP experiments are
based off of the premise that the chemical shift perturbations between the unbound and bound
forms of a labeled protein can be used to identify residue-specific binding sites?’>. The chemical
shifts for the backbone of the protein are assigned in the unbound form, specifically the amide
nitrogen and hydrogen shifts, carbonyl shifts, and alpha and beta carbon shifts. Subsequently, the
SN I3C labeled protein is titrated with the unlabeled binder, and the chemical shifts for the
aforementioned atoms re-assigned. The difference in the chemical shift value per atom is
calculated and normalized per residue. The higher the value, the more the residue of the labeled
protein is perturbed, whether by direct binding or indirect binding effects, by the binding of the

unlabeled binder. TBRII was '*N and *C-labeled and bound to 1.2 equivalents of unlabeled TGM-

94



1 D3. Backbone chemical shift values for the unbound '*N 3C TBRII had already been assigned,
and is deposited under BMRB code 477927 (Fig. 27A). The chemical shift values for backbone
residues were assigned to the TGM-1 D3 bound TBRII (Fig. 27B), and the difference in chemical
shifts between the unbound and bound forms per atom were calculated (Fig. 28).

The plot of composite shift per residue for °N '*C TBRII is striking in its lack of significant
composite shift perturbation detected (Fig. 28A). On a scale normalized to 1.0, only five residues
have a normalized composite shift perturbation higher than 0.2, and of those five, three of them
are localized to a set of three residues, T74, S75, and 176. This signifies that there is likely one
major region of TRRII involved in binding TGM-1 D3, the region between residues 73-77, which
corresponds to 4 of TPRII. As there are few other regions perturbed by binding to TGM-1 D3, it
is likely that this spike is indicative of direct binding and not indirect binding effects. The other
regions of TPRII perturbed, to a normalized value of in between 0.1 and 0.2 likely represent
indirect effects from binding and not a direct binding site, though there may be interactions with
the sidechains of TBRII that this method does not detect.

To compare the binding interface between TGM-1 D3:TBRII and TGF-B:TBRII, the per
residue composite shift perturbations from the binding of TGM-1 D3 to TPRII were compared to
the difference in per residue solvent accessible surface area (ASAS) of residues of TPRII in the
unbound and TGF-f bound forms, which was used to demonstrate the residues key in the TGF-
B:TPRII binding interface (Fig. 28B). The plot of per residue ASAS shows that there are three key
regions of TPRII whose surface is buried upon binding to TGF-B: 1) the first B-strand and the first
turn following said B-strand (residues 50-55), 2) B4 (residues 73-77), and 3), turn 8 (residues 141-
142). The first region includes residue D55 of TBRII, which forms a hydrogen-bonded ion pair

with R394 of TGF-, and the third region includes residue E141 of TPRII, which forms a similar
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hydrogen-bonded ion pair with R325 of TGF-. The composite shift perturbation plot of TGM-1
D3 bound TPRII lacks these specific residue contacts, though it includes the main contact of the
edge B-strand. This indicates that while there are some shared residues between the TGM-1
D3:TBRII and the TGF-B: TRRII binding interfaces, TGF-P likely contacts more residues of TBRII
throughout the entire protein, as opposed to the edge B-strand (B4) alone. The hypothesis that the
TGM-1 D3:TBRII interface is not as extensive as the TGF-B:TBRII interface would explain the
reduced affinity of TGM-1 D3 to TBRII (ca. 1 uM) as opposed to the higher affinity of TGF-f (ca.
50 nM). However, it could also be that there are interactions between TGM-1 D3 and the sidechain

atoms of TPRII that are not readily detected by CSP analysis.

4.3.3 The structure of TGM-1 D3 shows distinct adaptations from the canonical CCP

domain

4.3.3.1 Structure of the canonical CCP domain

CCP domains are present in eukaryotes, viruses, and bacteria alike, but are most well-
known for their presence in the regulators of complement activation (RCA) family of proteins.
Examples of solved CCP structures in human and non-human animals include CCP modules in the
rat GAG(B)R1a receptor (PDB 1SRZ), the CCP modules of the vaccinia virus protein (PCB
1VVC), and baboon and chimp isoforms of complement receptor 1. RCA proteins are known for
their repeating CCP domains, such as C4-binding protein, decay-accelerating factor, and factor
H?™, The CCP sequence is characterized by a domain length of ca. 60 amino acids, with four
conserved cysteines forming two disulfide bonds in a Cys'-Cys", Cys'-Cys'Y topology, a highly
conserved tryptophan at the C-terminus of the domain, and conserved prolines, glycines, and
hydrophobic regions (Fig. 29). The 3D structure is characterized by a highly B-strand rich structure,
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with a laterally-extended loop between B2 and B3 ranging from 2-10 residues called the
hypervariable loop?’*#*”. This hypervariable loop is present amongst all CCP domains, and as the
name would suggest, varies in sequence content and length amongst even CCP domains within the
same protein. In addition, CCP domains are known for their malleability, with wide sequence and
structural variations that leave the domain the perfect scaffold for adaptation®”.

Two examples of CCP domain-containing proteins are CD46 (decay activating factor,
DAF) and CD55 (membrane co-factor protein, MCP); the former is a glycoprotein while the latter

is important for the C3/C4 complement cascade®”

. CCP domains are elongated, with the -strands
oriented in the direction of the longitudinal axis. The N- and C-termini are oriented at opposite
ends of the longitudinal face, and the core of the protein is compact and hydrophobic, with an
invariably conserved tryptophan residue in the hydrophobic core (Fig. 29, 30). The CCP domains
usually contain six B-strands: B1- B4, B’ and B’ (Fig. 30). The two disulfide bonds encircle the
hydrophobic core: Cys' which is present at the N-terminus pairs with Cys™ which usually occurs
right after or at the C-terminus of B3, Cys" which usually occurs right after or on the C-terminus
of B2 pairs with Cys'” which occurs either on B’ or at the C-terminal tail. Some CCP domains

include a couple of other B-strands, one which occurs right at the N-terminus, N-terminal of 1,

and another than occurs right after 2, for a maximum of 8 B-strands (Fig. 30).

4.3.3.2 TGM-1 D3 NMR structure and dynamics

TGM-1 D3 has a molecular weight of 9800 Da, and is highly soluble, even upwards of
concentrations of 5 mM or 50 mg mL™. It is also purified in E. coli after refolding and can be
readily isotopically labeled, as has been shown in previous sections. As such, NMR was the
appropriate method for structure determination, over crystallography, on account of its high

solubility, or Cryo-EM, on account of its small size. Near-complete assignments were made of the
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atoms in the backbone, along with the sidechain hydrogen and carbon atoms (deposition to
BioMagResBank under accession code 51083). Further restraints included 'H-"H NOE distance
restraints, (1139 total) RDC restraints — from 'H-°N, 3C%!H®, and '3C°-'>N experiments (209
total), TALOS dihedral restraints (120 total), along with 3J"™-He J_coupling restraints (39 total)
(Table 9).

TGM-1 D3 contains 90 residues with the addition of the noncanonical GSGT-N terminal
linker. This corresponds to residues 172-262 of TGM-1 (NCBI accession code MG099712).
Structure calculations from XPLOR-NIH?% yielded an ensemble of 10 lowest energy structures
(Fig. 31). TGM-1 D3 forms a twisted half B-barrel structure, with a concave face containing both
N- and C-termini and a convex face, and the N and C-termini on opposite ends of the long-axis of
the structure. The four B-strands include residues Tyr'*°-Arg?!, Thr*'7-Arg?*!, Glu®**-Lys**!,
Ser’®-Tyr?>?, forming a twisted B-sheet of antiparallel B-strands. The first B-strand is present in a
majority of the 10 lowest-energy structures, but not in all of them. Similarly, there is an a-helix
between B2 and B3 from GIn??%-Ala?* that is a present in most, but not all of the lowest energy
structures. The secondary structure elements account for twenty seven of the 90 residues, while
the core of the protein resides from residues Cys'”®-Tyr*>, or 84% of the structure. The core is
formed by the two disulfide bonds, one connecting Cys'’®-Cys** and the other connecting Cys**-
Cys®. The first disulfide bond connects the N-terminus to the C-terminal half of B3 while the
second connects the C-terminus to the loop connecting 2 and B3 (Fig. 31C,D), and splitting the
protein into two faces, the concave face containing the N and C-termini and the convex face. The
core includes several hydrophobic residues on both faces of the protein, including Leu'®! and Pro'®?
from the region of the protein N-terminal to the first B-strand, Ile'®, Val'®’ 1le'® from B1, Ala®"

and Arg?! from B2, Val**® and Ala®*” from B3, and Trp*° and Tyr*** from B4 (Fig. 31).
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The program PECAN was used to corroborate this secondary structure analysis, with
chemical shift analysis predicting secondary structures in the following regions: B-strands from
residues 177-179, 184-191, 201-206, 216-222, 234-241, 248-252, and 226-228, though the regions
from residues 177-179 and 201-206 are predicted to be structured with lower probability than the
others, and an o-helix from residues 226-228 (Fig. 32). This secondary structure prediction
correlates with the XPLOR-NIH calculated structures, with the exceptions of the two lower-
probability B-strand regions of residues 177-179 and 201-206; the former corresponds to the N-
terminal residue of TGM-1 D3, excluding the GSGT tag, the first cysteine, and the residue
immediately following, while the latter to a set of residues within the hypervariable loop (HVL),
between P1 and B2 (Fig. 31). The HVL begins at the C-terminus of B1, where it projects
perpendicularly against the top half of the protein, contacting hydrophobic residues on N-terminal
half B3 including Phe?*® and I1e**8, and then wrapping around the face of the protein, contacting
Tyr"!, Tyr'®?, and Pro'®, to attach at its C-terminus to B2, and contacting hydrophobic residues
on the C-terminal half of B3, including Tyr?*’ and Lys**! (Fig. 31C, D). The HVL converges into
two distinct conformations in the final ensemble, one in which the C-terminal segment of the HVL
ascends as it contacts 32, and one in which it descends.

The backbone root-mean-square deviation (RMSD) for the ensemble of 10 lowest energy
structures was calculated as 0.4 angstroms when aligned to secondary structure regions, or 2.3
angstroms when aligned over the entire core region (Table 9). The HVL has an average backbone
pairwise RMSD of 1.74 angstroms, which is lower than the ordered regions, and is likely
attributable to this conformational flexibility, though it could also be due to a low restraint density

in this region which could make an ordered region appear disordered. There are a couple of
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Ramachandran outliers in the structure as well, but these occur in the unstructured N- and C-
terminus and the residue in which the divergence of the C-terminal portion of the HVL begins.
To characterize the domain dynamics, the backbone N T, relaxation times were assessed
using a modified interleaved sequence?’!. These relaxation times are sensitive to amino acid
backbone fluctuations (ns-ps timescale) and can be used to assess flexibility. The analysis showed
increased T» relaxation times (ms) in the N-terminal tail and in the regions of the protein
connecting secondary structure, specifically the loops connecting the 2 and 33 strands, the B3 and
4 strands, along with the C-terminal residues (Fig. 33). This increase in T is indicative of residue
flexibility. The N-terminal tail has drastically larger T> relaxation time in comparison to the rest
of the structure, even the more flexible loop regions, which makes sense as these regions are well-
converged in the final ensemble. The regions of secondary structure show lower T» relaxation
times in comparison to these loop regions, which is congruent with their lesser flexibility from
being structured. The residues in the HVL have relatively low T» values as well, with the exception

of the C-terminal portion of the HVL, which is the divergent segment in the HVL.

4.3.3.3 The structure of TGM-1 D3 is distinct from the canonical CCP domain

The structure of TGM-1 D3 was compared to canonical CCP domain structures using
DALLI, which is a server that queries the coordinates of an input PDB file and compares them to
the existing protein structures in the PDB?7*7®, All of the structures found comparable to the
ensemble of TGM-1 D3 solution structures were determined to be CCP-domain containing
proteins, which is expected based off of initial bioinformatic studies during TGM-1’s discovery>*°.
The top hit on DALI for TGM-1 D3 was human CD46 (PDB 1CKL), and other top hits include
human IL-15Ra (PDB 2PSM), human CD55 (PDB 1H2P), human CR1 (PDB 5F09) and human

DAF (PDB 5FOA), proteins that belong to the regulators of complement activation family.
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Comparison of TGM-1 D3 to these CCP domains highlighted key similarities and
differences from TGM-1 D3 to the canonical CCP structure. TGM-1 D3 and the aforementioned
CCP domains all contain B1-B4, along with the expected Cys'-Cys", Cys"-Cys!" disulfide
topology (Fig. 34). However, despite the core being similar, TGM-1 D3 lacks two of the -strands
present in the CCP domains surveyed, the f’ and °” strands. The B’ strand is located in the loop
connecting B2 and B3, and the B’ strand is located at the C-terminus, just past the 4 strand (Fig.
34 C-F). This is surprising as TGM-1 D3 is 90 residues long, approximately 15-25 residues longer
than a canonical CCP domain (65-75 residues).

The B’ and B’ strands in the canonical CCP domain form a second antiparallel B-sheet, and
along with the Cys' — Cys'¥ disulfide, pull the C-terminal half of the protein inwards towards the
B2-B3 loop. The core of the protein is closed off, with the hydrophobic residues in the core
inaccessible. This lies in direct contrast to TGM-1 D3 which due to the lack of B* and B’ strands
is laterally expanded. Since TGM-1 D3 lacks B’’ at the C-terminus, the C-terminal region is
expanded away from the core of the protein. This partially exposes hydrophobic residues on both
the NC face (Fig. 34 A,C) and the nonNC face (Fig. 34 B,D) of TGM-1 D3. Partially exposed

186 and Val'®’, both of which occur in the ordered segment just prior

residues include NC face Ile
to B1, and Tyr?>?, which is at the C-terminal end of 4, and nonNC face residues Tyr'*? on 1,
Phe?*’ on the N-terminal half of 3, and Tyr®**, which directly follows p4.

The second key difference between TGM-1 D3 and the canonical CCP domain is in the
HVL. In the canonical CCP domain, the HVL between 1 and 2 is approximately 4-10 residues
and runs parallel to the face of the protein (Fig. 34 C, F). This is in contrast to TGM-1 D3, which

shows an expanded HVL of 23 residues that lies perpendicular to the faces of the protein, packing

against B1 and the N-terminal half of B2 (Fig. 3, Fig34 A,B). This potentially blocks hydrophobic
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residues on the N-terminus, B1, and B2 from involvement in binding interfaces, such as Tyr!°! on

1, and Pro'® and Pro'®? on the N-terminal segment.
g

4.3.4 Mutagenesis of key residues of TGM-1 D3 suggests a role for the adaptations to the

CCP domain

Backbone chemical shifts of "N 3C TGM-1 D3 were assigned with and without the
presence of equimolar equivalents of TPRII (Fig. 35). Similar to what was done with the
assignments of free and TGM-1 D3 bound TBRII, composite shift perturbations were calculated
for bound TGM-1 D3. Several regions of TGM-1 D3 are perturbed upon binding of TPRII; the
regions that are maximally perturbed are in the C-terminal half of the protein, specifically
correlating to B3, B4, and the C-terminal tail (Fig. 36A), residues 243-243 and residues 249-257.
Regions that are less perturbed map to the N-terminal half of f2 and the N-terminal region of the
HVL, residues 214-219 and residues 193-200. The direct binding interface likely involves the
residues maximally perturbed, residues 252-256.

The residues that are maximally perturbed do not seem to be limited to one of the faces of
the protein, including Tyr?>? and Val?*® on the NC face and 11e?*%, Tyr?>?, and 11e*>® on the nonNC
face (Fig. 36B). From this data, it is unclear which of the faces of the protein, if not both faces, are
involved in binding TPRII, and which residues specifically. From the structure and the backbone
chemical shift perturbations of TGM-1 D3 upon binding TBRII, a set of TGM-1 D3 residues were
mutated to alanine. These mutants were purified similarly to the wild-type protein and were
checked for native folding using 1D "H NMR spectra (Fig. 37) and the mutagenesis confirmed by
mass spectrometry. The residues mutated were spread across the NC and nonNC faces, including
Val?*® and Tyr?*? on the NC face, and Arg'?8, His'®’, Phe?**, 11e***, and Tyr*** on the nonNC face.
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Binding of mutated constructs were assessed using SPR. Biotinylated avi-tagged TBRII
was captured on a streptavidin-conjugated CM5 SPR chip, and mutated TGM-1 D3 constructs
were injected over the surface. The Kp values were derived by fitting the sensorgrams to a 1:1
kinetic model (Table 10). All of the mutants were fit to a 1:1 binding model, except for the
Tyr*3Ala mutant, which did not have a significant enough response, despite injected
concentrations of the ligand running up to 100 uM (Table 10, Fig. 38). Other mutants, including
Arg!'%Ala, Phe’* Ala, Val?*SAla, Ile?*®Ala, and Tyr>*?Ala had attenuated responses with respect to
wild-type TGM-1 D3, but were still fit, indicating a weaker binding affinity. The Arg'*®Ala,
Ile?*%Ala, Tyr*?Ala, Tyr**Ala, and Lys*>*Ala mutants showed a weaker-affinity Kp by 20-fold or
more, particularly the Arg!*®Ala mutant with a 70 uM binding affinity and the Tyr*>*Ala mutant,
whose binding could not be measured. The Phe?*’Ala and Val***Ala mutants also showed
weakening in binding affinity, with a 4-fold difference from wild-type.

The sidechains of Arg!®®, 11e?3¥, Tyr?>? and Lys®** are all present on the nonNC face of the
protein (Fig. 31D), and the sidechain of Tyr**? is located adjacent to Tyr?>* on the NC face of the
protein (Fig. 31B). Other mutated residues include His'*’, Asn?3, 11e?, and Lys>*®, the latter three
of which are close to Tyr?** and show significant chemical shift perturbations (Fig. 36) but do not
impact binding to TBRII (Table 10). This seems to suggest that the binding site of TBRII on TGM-
1 D3 is located on the nonNC face of the protein, and the chemical shift perturbations of residues
on the NC face, particularly Tyr*?, are due to contacts between the sidechains of residues on the
NC face and backbone residues directly adjacent, or due to indirect effects of binding through
perturbations of other secondary structural elements that are then transmitted to other residues.

To orthogonally method to confirm these results, ITC was used. N constructs of the

TGM-1 D3 I>¥A, Y?22A, Y233 A, and 1?°°A mutants were produced, shown to be native via 'H-1°N
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HSQC NMR, and ITC was used to confirm binding of these constructs to TPRII (Fig. 39, Table
11). NMR spectra of these mutants show a well-dispersed set of signals, with signals spanning
from 'H proton shifts of 6-11 ppm, and few residues clumped in the random coil region (7.8-8.6
ppm) (Fig. 39 A-H). The titration of the Y?*>A mutant into TBRII did not produce any measurable
change in enthalpy (Fig. 39 K), while the titration of the other three mutants into TBRII produced
an exothermic response quantifiable via a binding isotherm showing large negative changes in
enthalpy. The largest change in enthalpy was present in the 1>°°A titration, followed by the I>**A
titration, with the Y?>?A titration showing a barely quantifiable change of enthalpy. Fitting these
binding isotherms globally gave binding affinities similar to those obtained by the SPR
experiments, with the Kp of binding and enthalpies for the I?*°A titration being 15 uM and -10.3
kcal/mol, the titration of the Y?°?A titration being 28 uM and -4.3 kcal/mol and the titration of the
I>%SA titration being 1.4 uM and -8.2 kcal/mol respectively (Table 11). Binding isotherms could
not be fit for the experiment titrating the Y?*>A mutation into TBRII.

Reverse experiments were performed as well, testing to see which residues of TPRII are
significant in the TGM-1 D3:TBRII binding interfaces. The residues in the edge B-strand of TPRII
were mutated: Ile’>Ala, Ser’®Leu, Ile’*Ala in P4 and binding assessed via SPR (Fig. 40, Table 12).
The mutated residues in p4 all showed drastic changes in binding affinity, with the S”°L mutation
weakening the binding affinity by over 100-fold. The I’°A mutation reduced the binding affinity
by 20-fold, and the I”>A mutation reduced the binding affinity by 6-fold (Table 12). Similarly, the
residues of TRRII involved in hydrogen bonding with the fingertip residues of TGF-B, Asp> and
Glu'*? were mutated to Asn and Gln respectively. Mutating Asp> to Asn weakened the binding
affinity by 60-fold and mutating Glu'* to Gln weakened the binding affinity by 15-fold (Table

12). Thus, it is likely that TGM-1 D3 forms hydrogen bonding or electrostatic interactions with
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these residues in TPRII as well as interacting with 4 of TBRII. These residues may be potentially
interacting with TGM-1 D3 Arg!®® and Lys?**, mutations were shown to greatly impact binding to

TBRIIL, though these potential interactions have yet to be confirmed (Table 11).

4.4 Discussion

The ITC experiments in this chapter show clear evidence of competition between TGF-f3
and TGM-1 D3 for binding to TPRII, which is supported by the NMR CSP experiments, which
indicate that the main segment of TRRII perturbed by binding to TGM-1 D3 is the edge B-strand
(B4). This region is canonically used to bind TGF-3, with the strand inserted into a hydrophobic
pocket between the fingers of TGF-3. These experiments suggest that the parasite has evolved to
utilize similar binding residues of TPRII as the human ligand, though interestingly, the contacts
seem to be less extensive in the TGM-1 D3:TBRII interface as compared to the TGF-B:TRRII
interface, which may account for the weaker binding affinity of TGM-1 for TBRIL.

TGM-1 D3 belongs to the CCP family of proteins, whose domains are elongated with the
N- and C-termini on opposite sides of the protein core, characterized by two disulfide bonds and a
preponderance of twisted antiparallel B-strands. Most CCP domains have anywhere from 65-75
residues, whereas TGM-1 D3 has a total of 85 residues (90 residues when the noncanonical linker
is added). These extra residues result in an extension in the hypervariable loop of the protein; this
HVL lies perpendicular to the main face of the protein, as opposed to the lateral HVLs in the
canonical CCP domains, and is structurally ordered, as shown via the >N T, measurements. The

perpendicular orientation of the HVL allows for several residues, particularly in the N-terminal
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segment of the HVL, such as Tyr'**, Arg!®®, and His'”, to pack against hydrophobic residues on
the convex, or nonNC face of the protein, such as His?!8, Phe?*, and Ile>**.

The other distinct difference between TGM-1 D3 and other CCP proteins is in the lateral
expansion of the C-terminal half of TGM-1 D3. Canonical CCP domains contain a minimum of 6
[B-strands in two sheets, one including 1-f4 and comprising the main face of the protein, and the
other including 3° and B’°, which cluster in a separate sheet at the C-terminal end of the protein.
B’ exists between 32 and B3, while B’ exists at the C-terminal tail of the protein. These two [3-
strands are lacking in TGM-1 D3, which allows for a lateral expansion of the C-terminal half of
the protein away from the N-terminal half. This leads to hydrophobic residues on both faces of
TGM-1 D3 being partially exposed to solvent.

These specific adaptations are likely the reason TGM-1 D3 is capable of binding TPBRII,
with the lateral expansion allowing for the edge B-strand of TBRII to contact the hydrophobic cleft
of the nonNC face, and specifically Tyr®*. Asp>® and Glu'*? of TBRII likely form stabilizing
interactions with residues of TGM-1 D3 in a manner similar to TGF-f3, though this has not yet
been confirmed. Overall, the structure of TGM-1 D3 suggests that H. polygyrus has adapted the
canonical CCP domain structure in order to mimic the TBRII binding ability of TGF-f3 in a similar
manner as the native ligand, though this has yet to be proven.

Comparisons of the sequences of the domains in TGM-1 show a high sequence similarity,
with all the domains predicted to belong to the CCP family (Fig. 41). The main difference between
the domains of TGM-1 is within a six-residue loop extension between B3 and 4. In the TGM-1
D3 structure, this set of residues comprises an extended turn connecting B3 and 4, and in other
TGM-1 domains this loop is six residues shorter. This change may alter the lateral expansion of

the C-terminal half of the protein, altering residue eposure to allow for binding to other proteins.
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The residues that most impact binding to TBRII : Phe?*®, Val?*®, 11e**8, Tyr?>2, Tyr**? are different
in all of the other TGM-1 domains, with the exception of domain 1. It is likely that this lack of

conservation enables TGM-1 D3 to bind to TBRII, but not the other domains.
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4.5 Respective Contributions

The ITC competitions were performed by Chang Hyeock-Byeon and analyzed by Ananya
Mukundan. The TGM-1 D3 unbound and bound backbone assignments were all completed by
Ananya Mukundan. The TGM-1 D3 sidechain assignments, RDC analysis, and intramolecular
NOE assignment was performed by Chang Hyeock-Byeon and confirmed by Chang Hyeock-
Byeon and Ananya Mukundan. Initial refinement of the TGM-1 D3 structure was performed by
Chang Heycok-Byeon and the final refinement was performed by Ananya Mukundan. The TPRII
backbone assignments were completed by Ananya Mukundan. Additionally, all SPR experiments
were completed by Ananya Mukundan. The data in Figures 27-30, 33, and 35-40 were gathered
and analyzed by the Ananya Mukundan, the data in Figure 26 was gathered by Chang Hyeock-
Byeon and analyzed by Ananya Mukundan, and the data in Figures 31-32, and 34 were gathered

by Chang Hyeock-Byeon and analyzed by Chang Hyeock-Byeon and Ananya Mukundan.
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4.6 Tables and Figures

Table 7: Sequences of TGF-p and TGF-p receptor constructs.

Construct

Coding region and description (* indicates stop codon)

mmTGF-27M

Residues 331-442 of human TGF-B2 proprotein, with deletion of residues 381-400 and mutation of the
following residues K357R, R358K, L382R, A406K, C409S, L421V, 1424V, N426R, T427K, 1430V,
NCBINP_001129071

[nitiating Methionine-mmTGFB27M

MALDAAYCFRNVQDNCCLRPLYIDFRKDLGWKWIHEPKGYNANFCAGACPYRASKSPSCVSQ
DLEPLTIVYYVGRKPVEQLSNMIVKSCKCS*
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Table 8: Competitive binding between TGM-1 and TGF-p to TPRI and TPRII as assessed by ITC
Table from “Convergent evolution of a parasite-encoded complement control protein-scaffold to mimic binding of

mammalian TGF-B to its receptors, TBRI and TRRII” by Mukundan et. al.,”>” used under CC By 4.0

Cell TBRI TBRI TBRII

Syringe TGF-B(TBRID), TGM-1 D12 mmTGF-f27M
Competitor® None 6 uM TGF-B(TBRII), 0, 6, or 12 uM TGM-1 D3
Cell concentration (uM) | 5 10 15

Syringe concentration 100 110 150

(HM)

Temperature (°C) 30 25 35

Kp (nM) 61 (36 -97)° ND¢ 35 (17 —64)>4

AH (kcal mol™!) 4.2 (-4.5--4.0° ND¢ -7.4 (1.7 - -7.0)°4

AG (kcal mol!) -10 ND°¢ -11¢

-TAS (kcal mol ™) -5.8 ND°¢ -3.2¢

2Competitor was added to the sample cell

YFit for one replicate

°Unable to be fitted

4Kp and AH correspond to the parameters, derived from the global fit, for TBRII:mmTGF-B27M binding in the
absence of the competitor, uncertainty determined by 68.3% confidence interval

°AG and -TAS correspond to the parameters, derived from the global fit, for TBRII:mmTGF-f27M binding in
the absence of the competitor, calculated from AG = AH - TAS, along with the globally fitted values for Kp and
AH.
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Table 9: TGM-1 D3 NMR structural statistics. Table from “Convergent evolution of a parasite-encoded
complement control protein-scaffold to mimic binding of mammalian TGF-f to its receptors, TBRI and TBRII” by

Mukundan et. al.,”®” used under CC By 4.0.

NOE
Intramolecular NOE: i-j =0 465
Sequential NOE: i-j =1 323
Short-Range NOE:1 < i-j <5 104
Long-Range: i-j > 5 247
Angle
TALOS (¢,¢) dihedral constraints 120
3JHNHAQ 39
RDC 12
RDC: N-H 69
RDC: Ha-Ca 74
RDC: Ca-CO 66
RMSD (Deviations)
Bonds (A) 0.008 £ 0.000
Impropers (°) 1.067 + 0.159
Angles (°) 1.032 £ 0.035
Dihedral (°) 4.171 £0.441
HBDA (A) 0.025 £ 0.009
3JHNHAa (HZ) 1.349 i 0.092
Ramachandran®
Most Favored 81.2%
Additionally Allowed 11.6%
Generously Allowed 1.4%
Disallowed 2.9%
RMSDP
Secondary Structure®
Backbone 0.68A
Heavy 1.14A
Core!
Backbone 1.00A
Heavy 1.48A

*Ramachandran values from the ten lowest-energy structures
"RMSD values are computed from a mean structure
‘Residues 189-93, 217-221, 228-230, 234-241, 248-252
dResidues 178-253
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Table 10: TGM-1 D3 variant constructs bind to TBRII as assessed by surface plasmon resonance. Table from
“Convergent evolution of a parasite-encoded complement control protein-scaffold to mimic binding of mammalian

TGF-B to its receptors, TBRI and TBRII” by Mukundan et. al.,>*” used under CC By 4.0.

Surface Analyte Fitted Parameters®

kon (M s) kott (s Kq (uM) Rmax (RU)
TBRIT WTTGM-1D3  (1.6+0.1)x 10° 0.26 £ 0.01 1.6 0.1 120 £ 10
TBRIT RI198A (1.1+£0.1)x 10° 0.78 £0.01 70 £1 260 £ 10
TBRII HI199A (3.3+0.1)x 10° 0.98 £0.01 3.0£0.1 310+ 10
TBRII F235A 4.5£0.1)x 10° 1.8+£0.2 4.1£0.1 63+1
TBRII V236A (3.8£0.1)x 10° 1.8 £0.1 4.6£0.1 84 +1
TBRIT 1238A (9.4£0.1)x 10* 2.3+0.1 25+1 140 £ 10
TBRIT Y252A (7.8+0.2)x 10* 1.7+0.1 21+1 150 £ 10
TBRIL Y253A NDP NDP ND° ND?
TBRII K254A 3+2)x10° 12+6 35£1 310+ 10
TBRIT N255A (4.8+0.1)x 10° 1.3£0.1 2.7£0.1 150+ 10
TBRIT 1256A (8.8+0.1)x 10° 1.4+0.1 1.6 0.1 130 £ 10
TBRII K258A (43+0.1)x10° 1.2+£0.1 2.7£0.1 250+ 10
Fitted parameters were derived from kinetic analysis of a single injection series
"Not determined due to weak signal
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Table 11: TGM-1 D3 variant constructs bind to TBRII as assessed by isothermal titration calorimetry

Cell TGM-1 D3 13°A Y22A Y2BA I56A

Syringe TBRIL TBRIL TBRII TBRII

Cell concentration (M) 15 8.2 15 15

Syringe concentration | 300 165 300 320

(M)

Temperature (°C) 35 35 35 35

Kp (uM) 15 (7 -121)® 28¢ ND¢ 1.4 (1.0-2.1)®
AH (kcal mol™) -10.3 (-17.2-9.9)® | -4.3¢ ND¢ -8.2 (-8.8 - -7.6)®
AG (kcal mol™!) -6.9 -6.4 ND¢ -8.2

-TAS (kcal mol™!) 3.5 2.1 ND! -0.1
Stoichiometry (n) 1.2¢ ND¢ ND¢ 1.4¢

aUncertainty reported as 68.3% confidence interval

Global fit of three replicates

“Uncertainty could not be fit due to low signal
dNot determined due to weak signal
“Number of sites determined by incompetent fraction value on sedphat; set to ‘1’ for Kp analysis
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Table 12: TPRII variant constructs bind to TGM-1 D3 as assessed by surface plasmon resonance. Table from
“Convergent evolution of a parasite-encoded complement control protein-scaffold to mimic binding of mammalian

TGF-B to its receptors, TBRI and TBRII” by Mukundan et. al.,>*” used under CC By 4.0.

Surface Analyte Fitted Parameters®
kon (M s) kott (s Kq (uM) Rmax (RU)

TGM-1D3  WTTBRII  (4.1£0.1)x 10° 0.7+0.1 1.6 £0.1 240+ 10
TGM-1D3 DS55N (5.0£0.2)x 10* 3.1+£0.1 631 200+ 10
TGM-1 D3 173A (1.6 £0.1)x 10° 1.1£0.1 6.9+0.1 220+ 10
TGM-1D3 S75L (1.3+0.1)x 10* 39+09 4.1+30 250 £20
TGM-1D3 176A (4.7+0.1)x 10* 1.2+0.1 26+ 1 430 £ 10
TGM-1D3 E142Q (41£0.D)x10° 10+ 10 1741 130+ 10
Fitted parameters were derived from kinetic analysis of a single injection series
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Figure 26: TGM-1 D3 competes with mmTGFB7M for binding to TPRII as shown by ITC. A-H. Raw
thermograms for the injection of mmTGFB7M into a cell containing TPRII and injection of 0 uM TGM-1 D3 (A), 6
uM TGM-1 D3 (B), and 12 uM TGM-1 D3 (C). Corresponding integrated heats for the injection of 0 pM TGM-1
D3 (D), 6 uM TGM-1 D3 (E), and 12 uM TGM-1 D3 (F) data fit to a 1:1 binding model. Fits correspond to the
global fit over the data sets with residuals below. Error bars correspond to undertainty in the estimation of integrated
heats by NITPIC. Figure from “Convergent evolution of a parasite-encoded complement control protein-scaffold to
mimic binding of mammalian TGF-p to its receptors, TBRI and TPRII” by Mukundan et. al.,>” used under CC By

4.0.
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Figure 27: 'H-'5N Assignment of TBRIL 'H-'>N HSQC of free TBRII (A) and TBRII bound to TGM-1 D3 (B),
assigned peaks displayed on the spectra. All spectra recorded in 25 mM Na,HPO4, 50 mM NaCl, 5% *H,0, 310K.
Dashed line indicating region of HSQC corresponding to sidechain Asn/Gln residue amino groups. Figure from
“Convergent evolution of a parasite-encoded complement control protein-scaffold to mimic binding of mammalian

TGF-B to its receptors, TBRI and TBRII” by Mukundan et. al.,>>” used under CC By 4.0.
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Figure 28: TGM-1 D3 binds to TBRII using similar residues to TGF-p. Plot of the normalized composite shift
perturbations of TGM-1 D3 bound TBRII (A), with corresponding depiction onto the structure of TPRII (C) with
white indicating little perturbation and blue indicating close to 1.0 normalized composite shift perturbation. Plot of
the difference in solvent exposed surface area between free TBRII and TGF-B bound TBRII (B), with corresponding
depiction onto the structure of TPRII (D) with white indicating little composite shit perturbation and blue indicating
close to 1.0 normalized composite shift perturation. A depiction of the TBRII: TGF-B3 interface is shown in panel E
with relevant structural features annotated, TPRII colored in blue and TGF-f3 monomer colored in purple. and
TPBRIL:TGF-P structure from PDB 1KTZ. Figure from “Convergent evolution of a parasite-encoded complement
control protein-scaffold to mimic binding of mammalian TGF-p to its receptors, TBRI and TPRII” by Mukundan et.

al.,>” used under CC By 4.0.
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mouse IL15Ra CCP1 GTTCPPPVSIEHADIR--—-— VKNYSVNSRERYVCNSG--—---- FKRKAGTSTLIECVINKNTNVAHWTTPSL-KCIRDPSLA

human CR1 CCP15 ~GHCQAPDHFLFAKLKTQ-TNASDFPIGTSLKYECRPE------YYGRPF---SITCLDN----— LVWSSPKD-VCKRK---—
human CR1 CCPl6 -=-SCKTPPDPVNGMVH----VITDIQVGSRINYSCTTG-----— HRLIG--HSSAECILS-GN-TAHWSTKPP-ICQRI----
human CR1 CCP17 --PCGLPPTIANGDFIS--TNRENFHYGSVVTYRCNLGSRGRKVFELVG--EPSIYCTSN-DDQVGIWSGPAP-QCIIPN--—
human DAF CCP2 GSSCEVPTRLNSASLKQPYITQNYFPVGTVVEYECRPG--—---— YRREPSLSPKLTCLQN----— LKWSTAVE-FCKKK--—
human DAF CCP3 -—-SCPNPGEIRNGQID----VPGGILFGATISFSCNTG------YKLFG--STSSFCLIS-GS-SVQWSDPLP-ECREI---~—
human DAF ccpr4 --YCPAPPQIDNG-IIQ--GERDHYGYRQSVTYACNKG------FTMIG--EHSIYCTVN-ND-EGEWSGPPP-ECRGAAA--
human CD46 CCp1l ---CEEPPTFEAMELIG--KPKPYYEIGERVDYKCKKG- -YFYIPPLATHTICDRN-----HTWLPVSDDACYRE----—
human CD46 CCP2 --TCPYIRDPLNGQAV---PANGTYEFGYQMHFICNEG- -YYLIG--EEILYCELK-GS-VAIWSGKPP-ICEKV-

human CD55 CCP3 ~KSCPNPGQIRNGQID----VPGGILFGATISFSCNTG- -YKLFG--STSSFCLIS-GS-SVQWSDPLP-ECREI-

human CD55 Cccp4 -—YCPAPPQIDNG-IIQ--GERDHYGYRQSVTYACNKG------— FTMIG--EHSIYCTVN-ND-EGEWSGPPP-ECRG-—---—
* P * * *

Figure 29: Sequence alignment of CCP domains. Alignment of CCP domains for mouse IL-15 receptor, human
CR1 CCP domains 15 — 17, human DAF CCP domains 2 — 4, human CD46 CCP domains 1 — 2, and human CD55
CCP domains 3 — 4. “*’ indicates invariable residues, ‘:’ indicates conservation between residues with similar
properties, and °.” indicates conservation between residues with less similar properties. All analysis completed using

Clustal Omega®” and subsequent manual adjustment.
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Figure 30: Structures of Representative CCP domains. A. Alignment of multiple CCP domains (PDB: 2psm,
1ckl, 1h2p, 5f09, 5foa) aligned using UCSF Chimera: B-strands, blue; loops, gray; 310 helix, red. B-C.
Representative structure of one of the CCP domains of CD46 (B, PDB: 1ckl), and CD55 (C, PDB: 1h2p), with the

same secondary structure coloring. Key structural features are demonstrated, and conserved tryptophans shown.
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Figure 31: Solution NMR structure of TGM-1 D3. A-D. Ensemble of the five lowest-energy conformers of the
unbound TGM-1 D3, with appropriate secondary structures indicated: -strands, pink; loops, gray; 310 helix, light
blue, disulfide bonds; yellow, two different conformations of the HVL in green and in pink. Key residues are
indicated. Orientations are shown with respect to a 180 rotation about the y-axis. The orientation containing both the
N- and C-termini, the NC face is shown in (A), with a 180 rotation to the nonNC face shown in (C). Singular
representative structures from the ensemble shown to the right in B and D respectively. Figure from “Convergent
evolution of a parasite-encoded complement control protein-scaffold to mimic binding of mammalian TGF-f to its

receptors, TBRI and TBRII” by Mukundan et. al.,>’ used under CC By 4.0.
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Figure 32: Solution NMR structure of TGM-1 D3 in comparison to PECAN predictions. A-B. PECAN
prediction of TGM-1 D3 secondary structure, with positive values indicating strand probaiblity and negative values
indicating helical probability. Representative of the unbound TGM-1 D3 structure, with key structural features
indicated (B) colored according to the PECAN probability, with positive or B-strand probability indicated by a red
gradient and a negative or helical probability indicated by a blue gradient . Orientations are shown with respect to a
180 rotation about the y-axis with the NC face on the left and the nonNC face on the right.. Adapted from
“Convergent evolution of a parasite-encoded complement control protein-scaffold to mimic binding of mammalian

TGF-B to its receptors, TBRI and TRRII” by Mukundan et. al.,>” used under CC By 4.0.
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Figure 33: 5N T relaxation times for TGM-1 D3.. Per residue relaxation times plotted, structural features are
indicated above the graph. Figure from “Convergent evolution of a parasite-encoded complement control protein-
scaffold to mimic binding of mammalian TGF-B to its receptors, TBRI and TBRII” by Mukundan et. al.,”” used

under CC By 4.0.
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Figure 34: Solution NMR structure of TGM-1 D3 in comparison to canonical CCP domains. A-F. Alignment
of TGM-1 D3 secondary structure, in comparison to the top DALI hit human CD46 (PDB 1CKL) from the
orientation of the NC face (A) and nonNC face (B), or in those same orientations without the CCP overlay (C, D),
with key structural features indicated: B-strands, pink; loops, gray; 310 helix, light blue, disulfide bonds; yellow,
HVL; green. Human CD46 (PDB 1CKL) in the same orietnations as the overlay (E, F) with key structural features
indicated: B-strands, dark blue; loops, gray; disulfide bonds; yellow. Figure from “Convergent evolution of a
parasite-encoded complement control protein-scaffold to mimic binding of mammalian TGF- to its receptors, TBRI

and TPRII” by Mukundan et. al.,>” used under CC By 4.0.
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Figure 35: 'H-'>N Assignment of TGM-1 D3. 'H-'>N HSQC of free TGM-1 D3 (A) and TGM-1 D3 bound to
TBRII (B), assigned peaks displayed on the spectra. All spectra recorded in 25 mM Na;HPO4, 50 mM NaCl, 5%
2H,0, 310K. Dashed lines indicating region of HSQC corresponding to sidechain Asn/Gln residue amino groups.
Figure from “Convergent evolution of a parasite-encoded complement control protein-scaffold to mimic binding of

mammalian TGF- to its receptors, TBRI and TPRII” by Mukundan et. al.,>>” used under CC By 4.0.
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Figure 36: Composite shift perturbations of TGM-1 D3 upon binding TBRII. Plot of the normalized composite
shift perturbations of TBRII bound TGM-1 D3 (A), with corresponding depiction onto the structure of TGM-1 D3
(B) on the NC face (left) and nonNC face (right) with white indicating little-no composite shift perturbation and blue
indicating close to 1.0 normalized composite shift perturbation. Figure from “Convergent evolution of a parasite-

encoded complement control protein-scaffold to mimic binding of mammalian TGF- to its receptors, TBRI and

TBRII” by Mukundan et. al.,>>” used under CC By 4.0.
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Figure 37: 'H spectra of TGM-1 D3 and TBRII mutants. 'H NMR spectra of the amide (left) and methyl (right)
regions of TGM-1 D3 variants (A) and TPRII variants (B) compared to wild-type. All spectra recorded in 25 mM
NaHPO4, 50 mM NaCl, 5% 2H,0, 310K. Figure from “Convergent evolution of a parasite-encoded complement
control protein-scaffold to mimic binding of mammalian TGF- to its receptors, TBRI and TBRII” by Mukundan et.

al.,>” used under CC By 4.0.
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Figure 38: Binding of mutated TGM-1 D3 constructs to TBRII as shown by SPR. A-. SPR sensorgrams upon
injection of TGM-1 D3 WT (A), R'8A (B), H'?2 (C), I?*A (D), F?°A (E), VA (F), Y»?A (G), Y?A (H), KP*A
(I), N*3A (J), I?°A (K), and K?3A (L) over biotinylated avi-tagged TPRII immobilized on a streptavidin chip.
Injections were performed as a two-fold dilution series and are shown in black, with the orange traces over the raw
data showing curves fitted to a 1:1 model, when possible. The black bars over the top of the sensorgrams correlates
to the injection period, and the injection concentrations are on the bottom rihgt of each sensorgram. Figure from
“Convergent evolution of a parasite-encoded complement control protein-scaffold to mimic binding of mammalian

TGF-B to its receptors, TBRI and TBRII” by Mukundan et. al.,>” used under CC By 4.0.
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Figure 39: Binding of mutated TGM-1 D3 constructs to TBRII as shown by ITC. A-L. 'H->N HSQC of free

TGM-1 D3 1238A (A) Y252A (B), Y253A, (C), and I1256A (D), alone and overlaid with TGM-1 D3 WT (E-H)

respectively. All spectra recorded in 25 mM Na,HPO4, 50 mM NaCl, 5% 2H,0, 310K. ITC isotherms upon

injection of TPRII into cells contaning TGM-1 D3 1238A (I), Y252A (J), Y253A (K), and I256A (L). Fits

correspond to the global fit over the data sets with residuals below. Error bars correspond to undertainty in the

estimation of integrated heats by NITPIC.
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Figure 40: Binding of mutated TPRII constructs to TGM-1 D3 as shown by SPR. A-F. SPR sensorgrams upon
injection of TPRII WT (A), D*N (B), I"*A (C), S™L (D), I’°A (E), and E'*Q (F) over biotinylated avi-tagged TGM-
1 D3 immobilized on a streptavidin chip. Injections were performed as a two-fold dilution series and are shown in
black, with the orange traces over the raw data showing curves fitted to a 1:1 model, when possible. The black bars
over the top of the sensorgrams correlates to the injection period, and the injection concentrations are on the bottom
right of each sensorgram. Figure from “Convergent evolution of a parasite-encoded complement control protein-
scaffold to mimic binding of mammalian TGF- to its receptors, TBRI and TRRII” by Mukundan et. al.,>” used

under CC By 4.0.
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Figure 41: Sequence alignment of TGM-1 domains. Alignment of TGM-1 domains 1-5. Red indicates conserved
resiues and blue indicates residues with similar properties. On top are the secondary structure features of TGM-1 D3
and gray highlights correspond to regions with composite chemical shift perturbation values greater than 0.1 (from
TGM-1 D3 binding to TBRII). Asterix indicate residues of TGM-1 D3 mutation to alanine of which greatly impacts
binding to TPRII. Figure from “Convergent evolution of a parasite-encoded complement control protein-scaffold to
mimic binding of mammalian TGF-B to its receptors, TBRI and TBRII” by Mukundan et. al.,”>” used under CC By

4.0.
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5.0 Structure of the TGM-1 D3:TBRII Complex

5.1 Introduction

The lateral expansion of TGM-1 D3 caused by the lack of B’ and B’ strands and the
elongated, structured HVL likely act in concert to contribute to the binding of TGM-1 D3 to TBRII.
Mutagenesis of residues of TGM-1 D3 in both the HVL (Arg'®®) and the C-terminal B-strands
(Ile**®, Tyr*>?) led to a greater than 20-fold reduction in the binding affinity to TBRII as assessed
by SPR (Table 11). Mutagenesis of residues of TBRII known to be necessary for binding to TGF-
B showed that TGM-1 D3 was binding to the same residues of TBRII as the native ligand, making
it likely that selective pressure has allowed for these specific adaptations of TGM-1 D3 in order to
bind TRRII.

A comparison of the binding interfaces of canonical CCP domains shows no singular
common surface or set of residues is used by these proteins to bind with their ligands (Fig. 42).
The top PDB hits for proteins that were structurally similar to TGM-1 D3 were assessed for their
binding interfaces. The difference in solvent accessible surface area was calculated for the free
CCP domains in comparison to the bound CCP domains and modeled onto the PDB structure of
the domains (Fig. 42). From these structures, it is apparent that there is no one shared binding
interface used for binding; the proteins utilize the extended N-terminal region, 31, 32, and the 2-
B3 loop, along with the interdomain connections, in order to bind their ligands (Fig. 42).

From this, the following questions need to be answered: 1) what interfaces form the TGM-

1 D3:TBRII complex, 2) how are these interfaces similar and dissimilar from the TGF-B:TBRII
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interface, and 3) how the two major adaptations of the TGM-1 D3 CCP domain might play a role
in this. Understanding the similarities and differences between the binding interfaces may also
help in developing TBRII-specific binders that can act to inhibit TGF-f signaling by sequestering
TPRRII. The field of TGF-f inhibitors is vast, but subdomains of TGM-1 have potential to act as
inhibitors through its modular binding. Thus TGM-1 D3 or modified versions of TGM-1 D3 may
be able to be used as a TRRII binder and a TGF-p inhibitor.

Previous experimentation has shown that only TGM-1, TGM-2 and TGM-3 are able to
activate TGF-P signaling via the MFB-F11 assay***. However, despite a high sequence identity,
TGM-4 does not signal via the MFB-F11 assay, though it is able to convert naive CD4+ T-cells
into Tregs”*. This implies a differential ability in the TGM family members to bind to the TGF-p
receptors, which is somewhat surprising as there is a high sequence identity between domains
within the family (Table 2). It is clear that a complex structure between TGM-1 D3 and TRII
would not only solidify the inferences made by the structural and biophysical experiments made
in the previous chapter but would also generate an understanding of the TGM family of parasitic
proteins, potentially explaining why the parasite needs such a large family of highly similar

proteins, to which receptors these proteins bind, and how this family aids in parasitic pathology.
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5.2 Methods

Cloning, expression, and purification of TSRII 46-153, unlabeled and "’N-labeled
lanthanide-binding tag TGM-1 D3, and lanthanide-binding tag TPRII constructs. Constructs,
expression protocols, and protein purification protocols were the same as stated in Chapter
336,243244.

Cloning, expression, and purification of °’H N TSRII and °H >N TGM-1 D3. Constructs,
expression protocols, and protein purification protocols were the same as stated above with one
exception; expression was performed in M9 media using *H,O rather than 'H,O. Following
purification, the final solution was solubilized in 25 mM Na>HPO4 50 mM NaCl pH 6.0 5% *H.O.

Analytical size exclusion chromatography assessment of the formation of the TGM-1
D3:TPBRII complex. The size-exclusion columns utilized were Superdex 10-300 75 and Superdex
10-300 200 columns. Samples of TGM-1 D3, TBRII, and TGM-1 D3:TBRII were run with an
excess of TGM-1 D3 in buffer conditions of 25 mM Tris 150 mM NaCl pH 7.5. The column was
run at a rate of 0.5 mL min™' and relevant fractions were collected, concentrated, and analyzed by
SDS-PAGE gel to assess for protein composition.

2D NMR experiments. All NMR experiments were run in the buffers mentioned in the
figures, usually 25 mM Na;HPO4, 50 mM NaCl, pH 6.0, 310K, excepting any experiments
involving constructs with lanthanide-binding tags which were run in 25 mM MES pH 6.0. Each
sample was run in a 5 mm susceptibility-matched microtube for data collection. NMR data was
collected with Bruker 600, 700, and 800 MHz spectrometers containing a 5 mm 'H (*C, '*N) z-

gradient “TCI” cryogenically cooled probe. 'H-'>N HSQC spectra were acquired as described,
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with water flipback*>* and WATERGATE suppression pulses®!. NMR spectra were processed,
analyzed, and visualized using NMRPipe*** and NMRFAM-SPARKY?>*,

Determination of the pseudocontact shift tensors and generation of intermolecular PCS
restraints. "N TGM-1 D3 loop protein was purified and then dialyzed into 25 mM MES pH 6.0.
The sample was prepared at a concentration of ca. 60 uM in a buffer of 25 mM MES 5% 2H,O0,
with the addition of either La*" or Tb*" at a molar ratio of 1:1.1 ('’N TGM-1 D3 loop protein:
lanthanide metal). Subsequently the '"H-"N HSQC spectra were recorded at 310K in the 25 mM
MES 5% 2H,O buffer. This same process was repeated for the '’N TBRII DE construct as well,
using the same buffer and the same ratio of La®>" and Tb*", though at a concentration of 100 pM.
Differences in the 'H chemical shift (Tb** - La?") were calculated on a per residue basis for the
SN TGM-1 D3 loop LBT and the >N TBRII DE LBT samples.

These values, along with the PDB structure of either TGM-1 D3 (7SXB) or TBRII (1PLO),

were input into the program Numbat®*°, which utilizes these Adppm to calculate the tensor and gives
a list of calculated PCS values. The metal position was initially constrained to a 6A sphere around
the residues replaced by the LBT tag. If the calculated PCS value deviated significantly from the
observed PCS value, the residue assignment and Ad,pm was scrutinized and then discarded if the
residue assignment was determined to be unclear. This process was iterated until a final tensor was
determined, which included a definitive metal position. The PCS values used then formed the
intramolecular TGM-1 D3 Loop LBT PCS restraint list and the intramolecular TBRII DE LBT
PCS restraint list.

For the generation of intermolecular PCS values, two sets of samples were produced. °N

TGM-1 D3, >N TBRII, TGM-1 D3 loop LBT, and TBRII DE LBT samples were produced. The

complex ’N TGM-1 D3:TBRII DE LBT sample was produced by adding each individual
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component in a 1:1.2 molar ratio, with the labeled component at a concentration of ca. 80 uM, in
a buffer of 25 mM MES pH 6.0. Either La** or Tb** at a molar ratio of 1:1.1, and the "H-'>"N HSQC
spectrum were recorded at 310K in 25 mM MES 5% 2H,O. This same process was repeated for
the >N TBRII:TGM-1 D3 Loop LBT sample as well, using the same molar ratio of 1:1.2, at a
concentration of 40 puM, the same buffer, and the same ratio of La?>" and Tb*", as well as the
paramagnetic lanthanides europium and thulium. Differences in the 'H chemical shift were
calculated on a per residue basis for both samples and used as the intermolecular PCS restraints.

Intermolecular NOE restraints for the TGM-1 D3:TPRII complex. To calculate NOE
distance restraint data, two separate samples were made: 2H "N TGM-1 D3:TBRII, and *H °N
TRRII:TGM-1 D3, both at concentrations of 250 uM in a buffer of 25 mM Na;HPO4 50 mM NaCl
pH 6.0. NOE distance restraints were gathered using data collected from 3D 'H-''N NOESY
spectra and the distances derived using the program CCP-NMR?%. To assign the aforementioned
distance restraints, further NMR spectra were gathered for a sample of '°N *C TBRII:TGM-1 D3,
at a concentration of 400 uM, in a buffer of 25 mM Na,HPO4 50 mM NaCl pH 6.0. The spectra
gathered include 2D 'H-'C CT-HSQC, 3D HCCH-TOCSY, 3D HBHA(CO)NH, 3D
H(CCCO)NH, and 3D CC(CONH). All experiments were gathered at 310K.

Once the NOE restraints were assigned, distance restraints were calculated using the
isolated spin-pair approximation, which linearizes the relationship between NOE peak intensity
and distance?®!. In order to do so, the peak volumes for both the diagonal peaks ('H-'"N amide
hydrogen and nitrogen chemical shifts) and the NOE cross peaks were calculated. To calculate the
NOE distance, the ratio of the cross to diagonal peak intensities was used. For the purposes of this

set of experiments, a distance of 3.2 angstroms was set to a normalized peak intensity ratio of 0.06.
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c
The experimental NOE distance was thus calculated as such: 7, =1 (%) , where 1o is the
exp

reference distance of 3.2 angstroms, vy is the normalized peak intensity ratio of 0.06, vexp is the
ratio or cross peak to diagonal peak intensities. C is a constant theoretically set to 1/6, but
practically set to 1/5.2 due to spin diffusion. The accuracy of the cross-peak volume measurement
was additionally used to generate upper and lower bounds for the distances.

RDC analysis of the TGM-1 D3:TPRII complex. Two sets of residual dipolar coupling
(RDC) restraints were gathered. These RDCs were measured using a 2D IPAP-HSQC
experiment?®’, as described previously. Separate samples of 2H >N TGM-1 D3:TBRII and H '*N
TRRIL:TGM-1 D3 were buffered with 10 mg mL™! Pfl phage®® to determine the anisotropic Japp.
Similarly, separate samples of 'H '’N TGM-1 D3:TBRII and 'H '’N TBRII:TGM-1 D3 I84A were
buffered into 25 mM Na;HPO4 50 mM NaCl pH 6.0 to determine the isotropic Japp. The difference
between the two per residue was taken as the RDCs.

NMR Structure determination. PCS, RDC, and NOE restraints were input into the program
Xplor-NIH?®, and structures calculated using a rigid-docking scheme, where the backbone
residues are kept rigid and the sidechain residues allowed to vary in position. The rigid docking
scheme was edited to include PCS, RDC, and NOE restraints (Appendix A.1.2). Structure
calculations were performed using the PDB structures for free TGM-1 D3 (PDB: 7SXB) and TBRII
(PDB: 1PLO). The program PROCHECK?*-?7" was used to perform the Ramachandran analysis

and RMSD analysis were performed using Chimera.
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5.3 Results

5.3.1 Structure determination of the TGM-1 D3: TBRII complex using X-ray

crystallography

The previous chapter showed that the size of the TGM-1 D3:TBRII complex is just under
25 kDa. As such, the complex is well-within the size limits to be determined by NMR. However,
the previous two chapters also suggested few intermolecular interactions between the two proteins,
as shown via the per-residue composite shift perturbation of the structure of TRII upon binding
to TGM-1 D3 (Fig. 28A, C). Structure determination of the complex by NMR may potentially be
difficult, owing to limited intermolecular NOE distance restraints. As such, initial structure
determination was attempted by X-ray crystallography.

The construct for TGM-1 D3 used was the same as in previous chapters, beginning with
four residues comprising a GSGT tag, followed by the 85 residues of TGM-1 D3 (Table 3). The
construct was not truncated. Even though the N and C-terminal tails of the protein were showed to
have longer T> relaxation times and thus higher levels of flexibility, cleaving N-terminal residues
may impact the ability of TGM-1 D3 to fold. N-terminal residues of TGM-1 D3 are adjacent to
the invariant cysteine residues involved in disulfide bond formation, and cleaving C-terminal
residues may impact the binding to TBRII. The construct for TBRII used was truncated, including
residues 46-153 (Table 13) of the extracellular domain as opposed to residues 38-159 as in
previous chapters. These residues comprise highly flexible and disordered regions as shown in
previous structures PDB: 1PLO, 1M9Z?7*-%2 with a construct containing residues 41-159 having

) 282

previously been used to generate a crystal structure of TRRII (PDB: 1M9Z) “°°, and a construct
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containing residues 42-149 used for the TGF-B:TBRI:TPRII> heterotetrameric complex crystal
structure (PDB: 2PJY)¥.

The binding affinity for the TBRII:TGM-1 D3 interaction is somewhat weak at 0.8 uM,
with a rapid on and off-rate (Fig. 15, Table 5). The ability of the two proteins to form a complex
via size-exclusion chromatography (SEC) was first tested using analytical SEC. TGM-1 D3 and
TBRII were run in a 1.1:1 molar ratio on an analytical Superdex 10-300 200 column. The
chromatogram shows a single peak with a lagging overlapping peak at 16.5 mL and 17.5 mL
respectively, which via SDS gel correspond to TRRII (16.5 mL) and TGM-1 D3 (17.5 mL) (Fig.
43A). This aligns with how the proteins run individually, with the TGM-1 D3 eluting at 17.5 mL
and the TPRII eluting at 16.5 mL (Fig. 43A-B), congruent with the MW of TGM-1 at ca. 10 kDa
and the MW of TPBRII at ca. 13 kDa. Hence TPRII and TGM-1 D3 cannot be isolated from a peak
do not form a stable complex that can be isolated separately from peaks containing TRII or TGM-
1 D3.

To generate the crystallographic stock, TGM-1 D3 and TBRII were dialyzed into the same
buffer: 25 mM Tris, 50 mM NaCl, pH 8.0. Following this the two proteins were added in equimolar
amounts and concentrated, to a total concentration of 50 mg mL'. The two proteins are highly
soluble under those solution conditions and no precipitate was visible. The concentrated stock was
assessed for protein identity via SDS gel; both proteins were clearly present (Fig. 43C). The
concentrated stock was then sent for crystallographic screening (1200 conditions); however, the
proteins did not crystallize under any of the conditions tested.

However it should be noted that after the stock was sent for crystallization screening,
attempts to isolate the TGM-1 D3:TPRII complex via analytical SEC were re-performed,

specifically using the 10-300 75 Superdex column, which did end up showing separation of the
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complex from its individual components, with the TGM-1 D3:TRII complex eluting at 11.7 mL,
TBRII eluting at 13.0 mL, and TGM-1 D3 eluting at 13.8 mL which corroborates with the

previously stated molecular weights of each of the individual proteins (Fig. 43D-E).

5.3.2 NMR was utilized for the structure determination of the TGM-1 D3:TBRII complex

Due to the inability to obtain crystals of the TGM-1 D3:TBRII complex under the
conditions screened, NMR was utilized to determine the structure of the complex by docking the
two individual proteins. This could be feasibly done as both the structure of TGM-1 D3 (PDB
7SXB)*7 and the structure of TBRII (PDB: 1PLO, 1M9Z)*"*?%? have been already determined.
Both of the partner proteins can be easily produced with isotopic labeling in sufficient quantities
in E. coli, as has been mentioned in the previous chapters. The stoichiometry is 1:1 and so the total
molecular weight is less than 30 kDa, making determining the complex of the structure achievable.
The construct of TGM-1 D3 used for all measurements was the wild-type construct as has been
previously described (Table 3), while the construct of TBRII used was the wild-type construct from
residues 38-159 (Table 4). For the structure calculation, the lowest energy conformer from the
previously published TGM-1 D3 structure was used (PDB: 7SXB), as was a modified version of
a previously published structure of TBRII (PDB: 1PLO). The TRRII structure was modified to start
at residue Lys*® rather than at Val* due to the lack of convergence between the NMR conformers
in this region. The NMR structure (1PLO) was used as it contained residues 153-159, which were
not present in the crystallographically-derived TBRII structure (1M9Z).

Three different sets of restraints were used to determine the complex structure via NMR:

pseudocontact shift (PCS) restraints, which gives information about per-residue distance from a
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paramagnetic center , residual dipolar coupling (RDC) restraints=*", and a few intermolecular
nuclear Overhauser enhancement (NOE) restraints®®?*7. The existing TGM-1 D3 and TBRII
structures, along with the aforementioned restraints, were docked using rigid-body conditions for
structural determination, which has been shown to be fruitful even when few intermolecular NOE

286,288

restraints and RDC restraints are available using the program Xplor-NIH?3,

5.3.2.1 Pseudocontact shifts were obtained for both partner proteins

For the purposes of NMR, paramagnetism is relevant as the presence of unpaired electrons
result in an electronic spin (§ ) that is then associated with a magnetic moment (i) via the equation

i= cg§ , where ¢ is a constant and g is the electron tensor?®*. This tensor can be isotropic or
anisotropic, the latter occurring when the spin magnetic moment couples to the electron orbital
magnetic moment?®*. Pseudocontact shifts occur due to the dipolar interactions between an
anisotropic paramagnetic metal and NMR-active nuclear spins, interacting through-space over a
distance of up to 40 A.

The change in chemical shift can be expressed as a function of the axial and rhombic
components of the anisotropy tensor?®*. Eight constraints are needed to define the PCS tensor:
coordinates of the paramagnetic center (X, y, z position), the axial and rhombic components of the
PCS tensor (Ax,, and Ax,., respectively), and the orientation of the PCS tensor with respect to the
protein of interest (a., B, ¥)**°. Additionally, paramagnetic metals can also result in paramagnetic
relaxation enhancement (PRE), which leads to signal broadening. Thus, to utilize PCS restraints
for structure determination, metals with high anisotropy but minimal PRE should be chosen, which

is the case for anisotropic lanthanides, which have a free electron in the f orbital.
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For practical utilization of PCS restraints, a protein is labeled with a lanthanide-binding tag
(LBT, sequence: YIDTNNDGWIEGDELY, PDB 1TJB)*® and the residue chemical shifts are
determined for the protein in the presence of a diamagnetic lanthanide (lanthanum) and a
paramagnetic lanthanide (terbium, thulium, etc.). The per-residue chemical shift perturbation is
determined, and the PCS is calculated from the difference in the chemical shift in the presence of
a diamagnetic and paramagnetic lanthanide. The eight tensor parameters are then determined by

fitting the measured PCS and the known structure to the PCS-fitting equation:

Abpes = 1 (Axax(ZZiz—xiz—yiz) + EAxrh(xiZ—yiz)>

12mr;3 ;2 2 r?

where 1; is the distance between the spin and the lanthanide metal, the coordinates of the
lanthanide metal are (xi, yi, zi), and the axial and rhombic components of the PCS tensor are Ax,,
and Ax, respectively. The Euler angles o, 3, and y are further used as parameters to orient the
tensor with respect to the protein®?.

The partner protein is labeled with NMR-active isotopes (usually '°N is sufficient for the
acquisition of "H-'>N HSQC spectra), titrated with equivalent molar amounts of the unlabeled
partner but modified with the lanthanide-binding tag. The chemical shifts of the partner protein are
then calculated with and without the paramagnetic lanthanide to derive PCS and the tensor is

utilized to generate distance restraints. This process can then be repeated with the partner protein,

allowing for two sets of intramolecular and intermolecular PCS restraints.

5.3.2.1.1 TGM-1 D3 was modified with a lanthanide-binding tag to generate PCS
restraints
To generate a set of intra- and intermolecular PCS restraints, a high affinity lanthanide-

289

binding peptide=*” was inserted into TGM-1 D3. The previously determined interactions between
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TGM-1 D3 and TBRII, along with the structure of TGM-1 D3 (Fig. 31, 38), indicated that TGM-
1 D3 is likely utilizing the C-terminal half of the non-NC face of the protein, specifically 4 and
the residues Arg'®®, 11e?*8, Tyr>>, and Lys***, to bind TBRII. Thus, we hypothesized that replacing
the B3-B4 loop (6 residues) with an LBT tag would not disrupt the overall protein structure nor
interfere with the residues involved in binding TBRII, while also bringing the LBT tag somewhat
close to the expected binding residues. The construct, called the TGM-1 D3 Loop LBT construct,
was cloned into E. coli and the protein was expressed and purified in a similar manner as has been
previously described for the purification of wild-type TGM-1 D3 (Chapter 3.2).

To calculate the tensor parameters, °’N TGM-1 D3 Loop LBT was expressed and purified
in E. coli. "H-">N spectra were recorded for the construct in the presence of equimolar amounts of
either diamagnetic lanthanum (La*") or paramagnetic terbium (Tb?"). Using the amide hydrogen
and nitrogen assignments of free TGM-1 D3, the amide hydrogen chemical shifts of select residues
of the lanthanum and terbium-bound TGM-1 D3 loop LBT were assigned, and pseudocontact
shifts between the two metal-bound forms of TGM-1 D3 loop LBT were calculated per residue as
the difference in chemical shift between the terbium and lanthanide-bound forms.

From the 'H-">’N HSQC spectra (Fig. 44A), it was apparent that with the addition of terbium
there were several peaks that shifted, mostly upfield in both the 'H and '°N axes. As the 'H-'°N
HSQC spectra of the TGM-1 D3 loop LBT construct was similar to that of the wild-type TGM-1
D3 (Fig. 44B), several of the backbone amide and hydrogen chemical shifts could be assigned,
enabling over 40 'H intramolecular restraints to be used to determine the tensor parameters. These

values were input into the program Numbat?

which fits the anisotropic magnetic susceptibility
tensors to the pseudocontact shift data using the protein structure (TGM-1 D3 PDB: 7SXB). The

LBT was inserted in the loop between the B3 and B4 strands, deleting residues T2*, T?*° and G**¢
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in the original sequence followed by a seventeen-residue insertion: GYIDTNNDGWIEGDELY.
For tensor calculations, the metal position was restricted to a 6A sphere about the residues replaced
by the LBT tag. The final calculated metal position from the PCS values is distal to the faces of
the protein but still distinctly close to the 33-4 loop (Fig. 45, Table 14).

SN TBRII was titrated with 1.2 molar equivalents of unlabeled TGM-1 D3 loop LBT, and
the 'H-"N HSQC spectra of the resultant protein complex in the presence of 1.1 molar equivalents
of lanthanum and terbium were collected (Fig. 44C). From the spectra, it was apparent that with
the addition of terbium, there were several peaks that shifted, with slight upfield or downfield
shifts in both the 'H and '°N axes. As the 'H-'>N HSQC spectra of the TGM-1 D3 loop LBT bound
TBRII was similar to that of TBRII bound to wild-type TGM-1 D3 (Fig. 44C), several of the
backbone amide and hydrogen chemical shifts could be assigned, and so over thirty 'H

intramolecular restraints were used as intermolecular restraints in structure calculation using the

PCS modules in Xplor-NIH derived from PyPara Tools*!.

5.3.2.1.2 TPBRII was modified with a lanthanide-binding tag to generate intermolecular
PCS restraints
To generate a second set of intra- and intermolecular PCS restraints, the same high affinity
lanthanide-binding peptide?®® was inserted into TBRIL TBRII likely binds to TGM-1 D3 using the
edged B-strand (B4) along with Glu142 and Asp55. Thus, without disruption of the overall protein
structure nor interference with residues involved in binding TGM-1 D3, while also being
somewhat close to the expected binding site, residues D' and E'%* in the B5-B6 loop were replaced

with the LBT: GYIDTNNDGWIEGDELY. The construct, called the TBRII DE LBT construct,
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was cloned into E. coli and the protein was expressed and purified in a manner similar to wild-
type TBRII (Chapter 3.2).

SN TBRII DE was expressed and purified in E. coli, and from the 'H-""’N HSQC spectrum
(Fig. 46A) it was apparent that with the addition of terbium most of the peaks experienced
significant chemical shift perturbations compared to the lanthanum-bound form. However, only a
few of the backbone amide and hydrogen chemical shifts could be easily assigned due to
assignment ambiguities. As such, nine 'H intramolecular restraints were used to determine the
tensor parameters for the TPRII DE construct. For tensor calculations, the metal position was
restricted to a 6A sphere about the residues replaced by the LBT tag. The calculated metal position
from the PCS values is distal to the faces of the protein, but still distinctly close to the 5-f6 loop
where the LBT tag was inserted (Fig. 47, Table 14). For PCS tensor determination, the NMR-
derived structure of TBRII was utilized as this structure contains hydrogen atoms as opposed to an
X-ray structure of TBRIIL.

After determining the TBRII DE tensor upon titration with terbium (Tb**), >N TGM-1 D3
was titrated with 1.2 molar equivalents of unlabeled TBRII DE, and the 'H-'>N HSQC spectra of
the resultant protein complex in the presence of 1.1 molar equivalents of lanthanum and terbium
were collected (Fig. 46D). From the spectra, it was apparent that with the addition of terbium, there
were several peaks that shifted, however the magnitude of the shifts were quite small, making it
easy to assign a majority of the backbone amide and hydrogen chemical shifts. Thus over sixty 'H
intramolecular restraints were used as intermolecular restraints in structure calculation using the
PCS modules in Xplor-NIH derived from PyPara Tools*".

Along with determining the tensor using the terbium-bound form of TRRII DE, '’N TBRII

DE was titrated with thulium and europium, both of which are paramagnetic lanthanides, and >N
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TGM-1 D3 bound to TRRII DE was also titrated with both thulium and europium (Fig. 46 B-C, E-
F). However, even though there were measurable shifts in the >N TBRII DE 'H-'N HSQC spectra
upon titration with thulium and europium, the intermolecular PCS with wild-type TGM-1 D3 were

hard to detect and thus these PCS were not utilized as restraints.

5.3.2.2 Intermolecular NOEs and residual dipolar couplings restraints were obtained

In addition to the PCS restraints, a few intermolecular NOE distance restraints were used
for the complex structure determination. Two separate samples were made: *H "N TGM-1
D3:TPBRII, and *H >N TBRIL:TGM-1 D3, both at concentrations of 250 uM in a buffer of 25 mM
NaxHPO4 50 mM NaCl pH 6.0. NOE distance restraints were gathered using data collected from
3D 'H->N NOESY spectra and the distances derived using the program CCP-NMR?%. To assign
the aforementioned distance restraints, further NMR spectra were gathered for a sample of '’N °C
TPRII:TGM-1 D3, at a concentration of 400 uM, in a buffer of 25 mM Na;HPO4 50 mM NaCl pH
6.0. The spectra gathered include 2D 'H-'3C CT-HSQC, 3D HCCH-TOCSY, 3D HBHA(CO)NH,
3D H(CCCO)NH, and 3D CC(CONH). All experiments were gathered at 310K.

Seven intermolecular NOEs were assigned from backbone amide hydrogen atoms of TGM-
1 D3 to sidechain hydrogen atoms of TRRII (Table 15). Once the NOEs were assigned, distance
restraints were calculated using the isolated spin-pair approximation, which linearizes the
relationship between NOE peak intensity and distance?®!. The backbone amide atoms of TGM-1
D3 that were close enough to sidechain hydrogen atoms of TBRII were clearly limited in the
complex structure, with two restraints from Ile**® of TGM-1 D3 and three restraints from Tyr?>* of
TGM-1 D3 to sidechain hydrogen atoms of Ile”® of TBRII, and two restraints from Lys*** of TGM-

1 D3 to sidechain hydrogen atoms of Asp>> and Phe® of TBRII. Distances measured ranged from
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3.0 —5.0 A. There were other potential intermolecular NOEs identified, but only these eight could
be accurately assigned. The residues involved are consistent with the mutagenesis SPR data in
Chapter 4, as I1e**® and Tyr*>? were key residues for maintaining the binding affinity between
TGM-1 D3 and TBRIL That the intermolecular partner of these residues was Ser”> and Ile’® of
TBRII was equally as expected, as these residues belong to 4 of TPRII, the edged B-strand that
TBRII uses to bind TGF-f.

Along with the aforementioned distance restraints orientation restraints were also used for
structure calculation, specifically >’N-'"H RDCs. Two sets of residual dipolar coupling (RDC)
restraints were gathered. These RDCs were measured using a 2D IPAP-HSQC experiment®®’, as
described previously. Separate samples of ?’H "N TGM-1 D3:TBRII and *H "N TBRII:TGM-1 D3
were buffered with 10 mg mL™! Pfl phage®®® to determine the anisotropic Japp. Similarly, separate
samples of 'H >N TGM-1 D3:TBRII and 'H >N TBRIL:TGM-1 D3 I84A were buffered into 25
mM Na;HPO4 50 mM NaCl pH 6.0 to determine the isotropic Japp. The difference between the two

per residue was taken as the RDCs, with over 50 RDCs used for the final structure calculation.

5.3.3 The structure of the TGM-1 D3:TBRII complex demonstrates how TGM-1 D3 acts as

a structural mimic of TGF-

5.3.3.1 Structure of the TGM-1 D3:TBRII Complex

Structure calculations of the TGM-1 D3:TBRII complex from XPLOR-NIH?* yielded an
ensemble of 10 lowest energy structures, five of which are plotted in Fig. 48. Of the ten lowest
ensemble structures, nine converged to a common fold while one deviated slightly, though with

the same general orientation of the two proteins at the interface, likely due to the fewer NOE
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distance restraints utilized for structure determination. The backbone root-mean-square deviation
(RMSD) for the ensemble of nine converging lowest energy structures was calculated as 0.46 A
when aligned to secondary structure regions, or 0.84 A when aligned over the entire core region,
while the heavy atoms RMSD was calculated as 2.83 A when aligned to secondary structure
regions and 2.49 A when aligned over the entire core (Table 16). Experimental versus calculated
RDC values and PCS values for the lowest-energy structure were plotted as well (Fig. 49), with
major outliers noted. While there were outliers, the general trend for this singular structure yields
a correlation between the experimentally derived RDC and PCS values and the XPLOR-NIH
calculated values.

Per the structure calculation method, the backbone structures of TGM-1 D3 and TBRII in
the complex did not differ from the free solution structures of the individual proteins while the
side chains were allowed to vary. From the structures there are three distinct interactions that form
the composite interface of the TGM-1 D3:TBRII structure: 1) Arg'®® of TGM-1 D3 and Lys” and
Pro®® of TBRII, 2) 1le**® and Tyr*>* of TGM-1 D3 and Ile’® of TBRII, and 3) Lys*** of TGM-1 D3
and Asp>® and Phe> of TRRII (Fig. 50A-D). One thing to note is that there were limited restraints
constraining the sidechain orientations. The only restraints that constrained sidechain residues
were the HY NOEs from TGM-1 D3 that correlated to sidechain hydrogen residues of TBRII. Thus,
it was up to the NOE and repulsion terms to govern sidechain orientation. From this, there are a
few residues within the interface that varied slightly in position amongst low energy conformers,
specifically Tyr®*® and Arg!®® of TGM-1 D3 and Glu’®, Lys”, and GIn®! of TBRIL.

Mutagenesis of Arg!”® of TGM-1 D3 had been shown to reduce the binding affinity by over
50-fold (Table 12) and thus it had been hypothesized to form a hydrogen bond with Glu'#* of

TBRIL. Surprisingly this was not the case, with TGM-1 D3 Arg'*® interfacing with Lys” and Pro®
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of TPRRII (Fig. 50B). The stretch of residues of TBRII is Glu’8-Lys”-Pro®’-Gln®!. Ideally, Arg'*®
would interact with Glu’®, electrostatically and with a hydrogen bond. However, the distance
between these two residues is too great, making Arg!®® much closer to Lys’-Pro*>-Gln®!. As a
result, the sidechain of Arg!'?® is placed further from the sidechain of Lys” to avoid electrostatic
repulsion, and thus forming hydrophobic interactions with Pro®. In the ten conformers, the
locations of the Arg!®® and Glu’-Lys”’-Pro®-GIn®! sidechains vary slightly, but still follow the
pattern of minimizing electrostatic repulsion by similarly charged sidechains.

The second set of interactions is between Ile?*® and Tyr*>* of TGM-1 D3 and Ile’® of TBRII.
From the lowest energy structure, it is clear that Ile’® of TBRII inserts itself into the hydrophobic
core of TGM-1 D3, bracketed by Ile**® of TGM-1 D3 and Tyr*>* of TGM-1 D3. However, while

the sidechain position of Ile**8

of TGM-1 D3 remains constant amongst conformers, the position
of Tyr*>3 of TGM-1 D3 does not. In other conformers, Tyr?> points away from the two Ile residues
but towards other residues, interacting with Glu”® of TBRII and Phe** of TBRII, belonging to the
first and third interface respectively. This positional variation suggests that either there are simply
not sufficient constraints in the calculations to determine the sidechain orientation of Tyr®** or that
Tyr?3 acts transiently to support multiple binding interactions.

The final set of interactions is between Lys*** of TGM-1 D3 and Asp> and Phe’* of TBRII.
The proximity of Lys*** and Asp™>, along with the dramatic impact of mutagenesis of either residue
on the binding of TGM-1 D3 to TPRII suggests that there is a hydrogen bond or electrostatic
interaction between the two sidechains. In two of the ten lowest-energy conformers, the distance
between the two sidechains is appropriate for both a hydrogen bond and a salt bridge, with another

conformer being the appropriate length for a salt bridge but not a hydrogen bond. Thus though it

is not definitive that there is a hydrogen bond or electrostatic interaction between these two

148



residues, due to the drastic impact of mutagenesis on binding, along with this initial structural data,
this interaction is likely to occur as well. In addition, the sidechain of Phe™ is close to that of Lys*>*
and likely stabilizes the residue via hydrophobic interactions with the carbon sidechain of Lys®**

while the charged nitrogen interacts with Asp™.

5.3.3.2 Comparison of the TGM-1 D3:TBRII and TGF-B:TBRII binding interfaces

As shown in Figure 28, there are three key interactions forming the composite interface
utilized by TGF- in order to bind TBRII: 1) Asp>® of TBRII and A¢*** of TGF-B, 2) Ile’® of TBRII
and Tyr*, Trp**?, and Trp**® of TGF-B, and 3) Glu'** of TBRII and Arg*** of TGF-B. TGF-p forms
two hydrogen-bonded ion pairs with TBRII, through the Asp>-Arg** pair and the Glu'**-Arg**
pair (Fig. 51). This is both similar and distinct from the binding of TGM-1 D3 to TPBRII as in the
case of the latter, TGM-1 D3 only forms a potential bond with Asp>> of TBRII and does not seem
to interact with Glu'** of TBRII. This may be in part why the affinity of TGM-1 D3 for TBRII is
weaker than the affinity of TGF-f for TBRII. What the two interfaces have in common is the
insertion of Ile’® into a hydrophobic region on the ligand, being Val**? Tyr**° Trp***, and Trp>*?
of TGF-B and I11e**® and Tyr?>* of TGM-1 D3 (Fig. 51). Additionally, there is a minor interface
with the TGM-1 D3:TBRII complex that is not recapitulated in the TGF-B: TBRII complex, that of
Arg'”® of TGM-1 D3 and Glu’8-Lys”-Pro**-GIn®! of TBRII. Due to the charged nature of this
segment, the sidechain of Arg!®® is guided due to steric hindrance and charge repulsion towards
Pro®, likely forming hydrophobic interactions with Pro® and with the carbon sidechains of Lys”

and GIn®!, generating an additional binding interface to further stabilize the complex.
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5.3.3.3 Mutagenesis of key residues of TBRII is in agreement with structural information

The plot of the composite shift per residue for >N *C TBRII was shown in the previous
chapter (Fig. 28A). In particular, on a scale normalized to 1.0, only one region showed significant
chemical shift perturbation, including residues Thr’* — Ile’®. This corroborates with the structural
data of the TGM-1 D3:TBRII complex. Along with this TGF- also interacts with TBRII Asp>>
and Glu'*, forming two hydrogen-bonded ion pairs with these residues. To assess the roles of
these residues on the TRRII:TGM-1 D3 interface, binding of mutated constructs were assessed
using SPR. Biotinylated avi-tagged TGM-1 D3 was captured on a streptavidin-conjugated CM5
SPR chip, and mutated TPRII constructs were injected over the surface. Five mutants were tested:
DN, 1A, S”L, I’°A, and E'**Q. The Kp values were derived by fitting the sensorgrams to a 1:1
kinetic model (Table 12, Fig. 40). All of the mutants showed attenuated responses with respect to
wild-type TBRIIL, but were still fit, indicating a weaker binding affinity. The Asp>Asn, Ser”°Leu,
and the Ile’°Ala mutants showed a weaker-affinity Kp by 20-fold or more, at a 60, 310, and 25 uM
binding affinity respectively, in comparison to 1.5 uM for wild type. This, along with the structural
data, indicates that disruption to the interactions between TPRII’s edged B-strand and the
hydrophobic cleft of TGM-1 D3 formed by the hydrophobic residues Ile**® and Tyr?** will disrupt
the binding interface. Additionally, the significant impact of the Asp>*>Asn indicates the importance
of the Asp*>-Lys** interaction, which is likely so significant for the TGM-1 D3:TBRII interaction
to make up for the lack of interaction with the Glu'#* residue of TBRII.

Mutagenesis of Ile”*Ala and Glu'**GIn were less significant, with a four-fold difference
and a fifteen-fold difference in affinity respectively. Surprising was the impact of the Glu'**Gln
mutant, as the NMR structure did not indicate an interaction between TGM-1 D3 and TRRII Glu'*.
It may be that there is a transient interaction that was overlooked due to the lack of intermolecular
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NOE restraints used in the structure calculation, or that the mutation of Glu'**Gln may cause a
charged interaction that would disrupt nearby interactions with TGM-1 D3. Overall, the data
corroborates the structural information, highlighting the importance of the edge p-strand and of
the Asp>-Lys** interaction. To gain a more thorough understanding of the functional impacts of
TPRII residues, further SPR experiments may be performed in the future, particularly assessing
the role of the N-terminal segments of TRRII and the region immediately C-terminal to the edge

B-strand in interacting with the N-terminal half of the hypervariable loop of TGM-1 D3.

5.4 Discussion

The previous chapter noted distinct differences between the structure of TGM-1 D3 and
that of the canonical CCP domain, mainly the extension of the hypervariable loop of the protein
by over ten residues, and the lateral expansion of the C-terminal half of TGM-1 D3. Canonical
CCP domains contain a minimum of 6 [3-strands in two sheets, two of which cluster in a separate
sheet at the C-terminal end of the protein. These two -strands are not present in TGM-1 D3, which
allows for a lateral expansion of the C-terminal half of the protein away from the N-terminal half.
This leads to hydrophobic residues on both faces of TGM-1 D3 being partially exposed to solvent.
It had thus been hypothesized, along with the inclusion of SPR data, that these specific adaptations
are the reason why TGM-1 D3 can bind TPBRII. The lateral expansion would allow for the edge 3-
strand of TPRII to contact the hydrophobic cleft of the nonNC face.

The goal of this chapter was thus to determine the interacting interfaces between TGM-1

D3 and TBRII and compare that to those between TGF-3 and TPBRIIL. The binding of TGM-1 D3
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to TPRII is both similar and distinct from the binding of TGF-3 to TBRII. TGM-1 D3 interfaces
with TBRII using three interactions, one involving Lys’® and Pro®® of TBRII, another involving
I1e7® of TRRII, and a final interaction including Asp> and Phe> of TRRII. TGF-B also shares with
the latter two interaction but not the former, while having an additional interaction with Glu'** of
TRRII that TGM-1 D3 lacks. While there are some slight differences, the sidechain of Ile’® of
TRRII inserts into a hydrophobic pocket formed by Ile?*® and Tyr*>* of TGM-1 D3 in a similar
manner as this same sidechain would insert between the hydrophobic fingers of TGF-f. Similarly,
as TGF-B would form a hydrogen-bonded ion pair with Asp®> of TBRIIL, TGM-1 D3 Lys** likely
forms a salt bridge with Asp®” that is stabilized by the hydrophobic sidechain of Phe>?. In addition,
Tyr?>? likely acts to stabilize the Lys?**-Asp°® interaction, thereby serving a dual role. Thus the
structure of the TGM-1 D3:TBRII complex highlights the structural mimicry of the TGM proteins.
Though there are some minor differences in how TGM-1 D3 and TGF-f bind to TRRII, the main
binding interface, the insertion o the edge -strand of TRRII into a hydrophobic cleft, remains the
same, indicating that TGM-1 D3 has evolutionarily adapted to binding TBRII, which is supported

by mutagenesis data.

5.5 Respective Contributions

Most experiments in this chapter, and all analyses of these experiments were performed in
their entirety by the author Ananya Mukundan, with the exception of the RDC experiments and
some of the 3D experiments. 2H "N protein samples for the 3D NOESY experiments were

prepared and spectra recorded by Chang-Hyeock Byeon, and samples for the HCCH-TOCSY
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experiment were prepared by Chang-Hyeock Byeon and the spectra recorded by Andrew Hinck.
2H N protein samples for the anisotropic RDC experiments were produced by Chang Hyeock-
Byeon and recorded by Andrew Hinck, and subsequent analyses performed by Ananya Mukundan.
Samples for the isotropic RDC experiments were produced, recorded, and analyzed by Ananya

Mukundan.
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5.6 Tables and Figures

Table 13: Sequences of lanthanide-binding tag domain constructs, and truncated TBRII constructs.

Construct Coding region and description (* indicates stop codon)

TGM-1 D3 | Residues 177-262 of H. polygyrus TGF-f Mimic, with residues 243-246 substituted with a lanthanide-

Loop binding tag, NCBI MG(099712

Lanthanide ) ) ) ] o ) o

Binding Tag Thioredoxin- -Linker-Thrombin Cleavage Site-Linker-TGM-D3-Lanthanide Binding Tag-TGM-D3
MSDKIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNP
GTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHM SSGLVPR
GSGTGCPPLPDDGIVFYEYYGYAGDRHTVGPVVTKDSSGNYPSPTHARRRCRALSQEADPGEFV
AICYKSGYIDTNNDGWIEGDELYESHWEY YKNIGKCPDP*

TPBRII DE | Residues 38-154 of the extracellular domain of human TGF-f type II receptor, with residues 102-103

Lanthanide substituted with a lanthanide-binding tag, NCBI NP_001394056

Binding Tag o o _ o
Initiating Methionine-TBRII-Lanthanide Binding Tag-TBRII
MVTDNNGAVKFPQLCKFCDVRFSTCDNQKSCMSNCSITSICEKPQEVCVAVWRKNGYIDTNNDG
WIEGDELYNITLETVCHDPKLPYHDFILEDAASPKCIMKEKKKPGETFFMCSCSSDECNDNIIFSEE
YN*

TPBRII 46-153 Residues 46-153 of the extracellular domain of human TGF-f type II receptor, NCBI NP_001394056

Initiating Methionine-TBRII

MKFPQLCKFCDVRFSTCDNQKSCMSNCSITSICEKPQEVCVAVWRKNDENITLETVCHDPKLPYH
DFILEDAASPKCIMKEKKKPGETFFMCSCSSDECNDNIIFSEEY
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Table 14: TGM-1 D3:TBRII Complex LBT tensor parameters.

TGM-1 D3 Loop LBT

Axae (1032 m?) 6.63
Axen (1072 m3) 3.98
Xi 31.84
Y, 23.02
Z; -11.15
@) 26.89
8(9) 153.96
v ) 105.08
TBRII DE LBT

Axy (10732 mP) 21.25
Axan (1072 m?) 16.71
Xi -15.98
Yi -9.36
Z; 20.00
@) 323.61
B () 12.71
v 8.42
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Table 15: TGM-1 D3:TBRII Complex NOE restraints.

TGM-1 D3 TBRII Distance Upper Bound Lower Bound
Ile 238 HN Ile 76 HG2 5.4 3.6 1.3
Ile 238 HN Ile 76 HD1 4.1 2.3 1.3
Tyr 253 HN Ile 76 HG1 4.2 2.4 1.3
Tyr 253 HN Ile 76 HG2 4.6 2.8 1.3
Tyr 253 HN Ile 76 HD1 4.9 3.1 1.3
Lys 254 HN Asp 55 HB 3.6 1.8 0.3
Lys 254 HN Phe 53 HB 3.4 1.6 0.3
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Table 16: TGM-1 D3:TBRII Complex NMR structural statistics.

NOE
Intermolecular NOE restraints 7
PCS
D3 Loop (Intramolecular, Intermolecular) 56
TBRRII DE (Intramolecular, Intermolecular) 70
RDC
RDC: N-H TGM-1 D3 65
RDC: N-H TBRIL 24
RMSD (Deviations)
Bonds (A) 0.012 £ 0.003
Impropers (°) 5.188 + 1.059
Angles (°) 2.149 £+ 0.282
Ramachandran?®
Most Favored 78.0%
Additionally Allowed 16.2%
Generously Allowed 2.9%
Disallowed 2.9%
RMSDP
Secondary Structure®
Backbone (Ca., N, CpB) 0.46A
Heavy 2.83A
Core?
Backbone 0.84A
Heavy 2.49A

*Ramachandran values from the lowest-energy structure

"RMSD values are computed from the lowest-energy structure

‘Residues TGM-1 D3: 189-93, 217-221, 228-230, 234-241, 248-252,
TBRIIL: 50-52, 55-58, 74-76, 83-89, 95-103

dResidues TGM-1 D3: 178-253, TRRII: 46-148
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Figure 42: CCP domain binding interfaces. A-D. Structures of CCP domains (IL-15, PDB: 2psm (A). MASP,
PDB:4fxg (B). CR1, PDB: 5f09 (C). CD55, PDB: 6la5 (D)) with the NC (left) or nonNC (right) faces forward with

amino acids involved in binding surfaces colored by threshold of dSAS > 20A2,
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Figure 43: Isolation of the TGM-1 D3:TBRII complex by analytical SEC. A-E. A. SEC chromatogram of TGM-

1 D3 (red), TBRII (blue), and the TGM-1 D3:TBRII complex (black) in a 1.1:1 titration on a 10-300 200 column.

Left axis indicates absorbance at 280 nM, which is plotted with respect to elution volume. B. SEC chromatogram

(left) of the TGM-1 D3:TBRII complex on a 10-300 200 column with dashed lines indicating fractions of the

chromatogram assessed via SDS gel (right), labeled as fractions a-d. C. SDS gel confirming composition of

crystallization stock, with TGM-1 D3 control to the right. D. SEC chromatogram of TPRII (blue), and the TGM-1

D3:TBRII complex (black) on a 10-300 75 column. Left axis indicates absorbance at 280 nM, which is plotted with

respect to elution volume. E. SEC chromatogram (left) of the TGM-1 D3:TBRII complex (black) with an excess of

TGM-1 D3 on a 10-300 75 column with dashed lines indicating fractions of the chromatogram assessed via SDS gel

(right) labeled as fractions a-f.
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Figure 44: Addition of metals to TGM-1 D3 loop LBT construct demonstrates measurable pseudocontact

shifts in '"H-'*N HSQC spectra. A-C. A-B. 'H-"*N spectra of "N TGM-1 D3 loop LBT construct with 1.1 molar equivalents of

lanthanum (La*") (red) overlaid with the "H-'"N spectra of the same protein bound to 1.1 molar equivalents of terbium (Tb?") (blue, A) or overlaid

with the spectra of wild-type TGM-1 D3 (green, B). C. 'H-"N spectra of '’'N TBRII bound to 1.2 molar equivalents of TGM-1 D3 loop LBT with

1.1 molar equivalents of lanthanum (La*") (red) overlaid with the "H-'"N spectra of the same protein complex bound to 1.1 molar equivalents of

terbium (Tb*") (blue). Arrows in A and C indicate pseudocontact shifts of marked residues. All spectra were recorded in 25mM sodium

phosphate, 50mM sodium chloride, 5% *H,O, pH 6.0, 310K.
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Figure 45: NMR structure of TGM-1 D3 with position of metal indicated. A-B. Structure of unbound TGM-1
D3, with appropriate secondary structures indicated: B-strands, pink; loops, gray, lanthanide metal, light blue,
residues of TGM-1 D3 replaced by lanthanide binding tag, light blue. Orientations are shown with respect to a 180
rotation about the y-axis. The orientation containing both the N- and C-termini, the NC face is shown in (A), with a

180 rotation to the nonNC face shown in (B).
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Figure 46: Addition of metals to TBRII DE LBT construct demonstrates measurable pseudocontact shifts in

TH-5N HSQC spectra. A-F. A-C. 'H-"*N spectra of "N TBRII DE loop LBT construct with 1.1 molar equivalents of lanthanum (La*")
(red) overlaid with the 'H-'N spectra of the same protein bound to 1.1 molar equivalents of terbium (Tb?") (blue, A) europium (green, B), or
thulium (purple, C). D-F. 'H-"*N spectra of "N TBRII bound to 1.2 molar equivalents of TBRII DE LBT with 1.1 molar equivalents of lanthanum
(La*") (red) overlaid with the 'H-'N spectra of the same protein complex bound to 1.1 molar equivalents of terbium (Tb*") (blue, D), europium
(green, E), or thulium (purple, F). Arrows in A and C indicate pseudocontact shifts of marked residues. All spectra were recorded in 25mM MES,

5% 2H,0, pH 6.0, 310K.
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180°

Figure 47: NMR structure of TBRII with position of metal indicated. A-B. Structure of unbound TRII (PDB
1PLO), with appropriate secondary structures indicated: -strands, pink; loops, gray, lanthanide metal, light blue,
residues of TPRII replaced by lanthanide binding tag, light blue. Orientations are shown with respect to a 180

rotation about the y-axis.
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TGM-1 D3 TRRII

TBRII TGM-1 D3

Figure 48: Ensemble of solution NMR structures of the TGM-1 D3: TBRII Complex. A-B. Ensemble of the five
lowest-energy conformers of the TGM-1 D3:TBRII (labeled) complex, with appropriate secondary structures

indicated. Orientations are shown with respect to a 180 rotation about the z-axis.
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Figure 49: Plots of experimental vs. calculated RDCs and PCS values. A. Experimental v. Calculated NH RDC
values for the lowest energy structure generated from the top 10 energetically favored structures were plotted, with
outlier residues noted in blue (TBRII) or magenta (TGM-1 D3). B. Experimental v. Calculated PCS values for the

lowest energy structure generated from the top 10 energetically favored structures were plotted, with outlier residues

noted in magenta (TGM-1 D3 loop LBT construct) or blue (TBRII DE LBT construct).
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A TGM-1D3 TARII

Figure 50: Structure of the TGM-1 D3:TBRII Complex. A-D. A. Lowest-energy conformer of the TGM-1 D3
(magenta) :TPRII (blue) complex, with appropriate secondary structures indicated. Dotted boxes indicate regions
that are expanded on in B (orange) C (green) D (purple). Labels for residues of TGM-1 D3 are colored magenta

while labels for residues of TBRII are colored blue.
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Figure 51: Comparison of the TGM-1 D3:TBRII and TGF-B:TBRII Complexes. A. Lowest-energy conformer
of the TGM-1 D3 (magenta) :TBRII (blue) complex, with appropriate structural features indicated. B. Structure of

the TGF-B (purple): TBRII (blue) complex, with appropriate structural features indicated.
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6.0 TGM-1 D12 binding to TBRI

6.1 Introduction

The binding of TGM-1 to the TGF-P receptors is modular and separable, i.e. domains 1
and 2 are responsible for binding the type I receptor through a shared binding interface. Though it
is known that the TGM-1 D3 contacts the same residues of TBRII as TGF-, it is unknown whether
TGM-1 is contacting the same residues of TBRI as TGF-B. If so, TGM-1 D12 could act as a
competitive inhibitor of TGF-3, which would make TGM-1 of high interest towards development
of a TPRI-specific inhibitor.

The details of the TGM-1 D12:TBRI structure would give insight into the details of TGF-
B receptor specificity and show how the parasite has adapted to bind specific TGF-[3 receptors.
This chapter looks to investigate the following questions: 1) do TGM-1 D12 and TGF-B:TBRII
compete for binding to TPRI, 2) if so, are TGM-1 D12 and TGF-B:TBRII binding to similar or
different sites on TPRI, 3) how has the structure of the TGM-1 D12 adapted from the canonical
CCP domain to enable binding of TGM-1 D12 to TBRI over TBRII, and 4) how does the structure

of the TGM-1 D12:TPBRI complex differ from that of the TGF-:TRII complex.
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6.2 Methods

Cloning, expression, purification, and assembly of the TGF-£3:TPRII> binary complex.
DNA inserts coding for TGF-B3 were inserted into a modified pET32a vector between the Ndel
and HindlII sites (Table 17). Constructs were expressed in BL21 (DE3) cells and cultured at 37 °C.
When the light scattering at 600 nm was 0.8, protein expression was induced by adding 0.8 mM
Isopropyl B-D-1-thiogalactopyranoside (IPTG). Purification of TGF-f3 from LB was performed in
a similar manner as the purification of mmTGFB27M (Chapter 4.2). Expression and purification
of TPRII was performed as described in previous chapters (Chapter 3.2). Complex formation was
performed by adding two molar equivalents of monomeric TPRRII for every one molar equivalent
of homodimeric TGF-$33.

Cloning, expression, and purification of TGM-1 D123, TGM-1 D12, TGM-1 D2, and TPRI.
Expression and purification of TGM-1 D123, TGM-1 D12, TGM-1 D2, and TBRI were performed
as described in previous chapters (Chapter 3.2).

ITC Competition Experiments. All ITC experiments were performed with a Microcal
PEAQ-ITC system. Cell and syringe conditions are indicated in Table 8. All experiments were
performed in 25 mM Na>HPO4, 50 mM NaCl, pH 6.0 at 25 °C (for the TBRI, TGM-D12, TGF-
B:TPRII experiment) on 30°C (for the TPRI, TGF-B:TBRII experiment) with 13 3.0 uL injections
with a duration of 5 s, a spacing of 150 s, and a reference power of 10. All samples were dialyzed

against the same ITC buffer before loading into the system. Data was globally fit using the

programs NITPIC?**¢, SEDPHAT?**7** and GUSSI**.
NMR backbone assignment. Samples were comprised of N 3C TBRI:TGM-1 D2 in a
1:1.2 molar ratio at a concentration of ca. 200 uM in buffer 25 mM HEPES, 50 mM NacCl, 0.02%
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sodium azide, 5% *H,O pH 6.0, and all spectra recorded at 300K. Each sample was run in a 5 mm
susceptibility-matched microtube for data collection. NMR data was collected with Bruker 600,
700, and 800 MHz spectrometers containing a 5 mm 'H ('*C, '°N) z-gradient “TCT” cryogenically
cooled probe. Assignments of the TBRI backbone residues as bound to TGM-1 D2 were made by
recording, processing, and analyzing the following triple-resonance spectra: 3D HNCACB, 3D
CBCA(CO)NH, 3D HNCA, 3D HN(CO)CA, 3D HNCO, and 3D HN(CA)CO, along with the 2D
'H-1N HSQC spectrum. 'H-'>N HSQC spectra were acquired as described, with water flipback?>°
and WATERGATE suppression pulses®'. Assignment was performed semi-automatically using
PINE?*?2% and then manually corrected using NMRFAM-SPARKY?** and PECAN?¢!,

NMR chemical shift perturbation calculations. The backbone residues of TPRI were
assigned in the TGM-1 D2-bound form. The magnitude of the difference in chemical shift value
between the unbound and bound forms of TBRI was calculated for the five backbone nuclei: "N,
THN, BCo, BCB, 13CO, and normalized to the largest chemical shift perturbation value per nuclei.
These normalized values were summed up for all of the nuclei per residue and then normalized
once more by dividing the number of nuclei contributing to the total chemical shift perturbation.

NMR solvent accessible surface area calculations. Solvent accessible surface area was
calculated for the structure of the extracellular domain of TBRI using PDB 2PJY using the program
UCSF Chimera®®2. The solvent accessible surface area was calculated for TBRI in the presence of
the TGF-B:TPRII complex and in the absence, and the difference plotted per-residue of TBRI.
Chimera calculates the solvent accessible surface using an approximation of spheres.

Analytical size exclusion chromatography isolation of the TGM-1 DI123:TPRI:TPRII
complex. Samples of TGM-1 D123 and TBRII were combined with a 1.1 molar excess of TGM-1

D123 at pH 7.5 on a Superdex 10-300 200 column. The column was run at a rate of 0.5 mL min
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"in a buffer consisting of 25 mM Tris 150 mM NaCl and relevant fractions were collected,

concentrated, and analyzed by SDS-PAGE gel to assess for protein composition. Similarly,
samples of TGM-1 D123 and TBRI were combined on a Superdex 10-300 75 column with a molar
excess of TGM-1 D123 in 25 mM Tris 150 mM NaCl pH 7.5, at a rate of 0.5 mL min™! and relevant
fractions were collected, concentrated, and analyzed by SDS-PAGE gel to assess for protein
composition.

Analytical size exclusion chromatography isolation of the TGM-1 D12:TSRI and the TGM-
1 D2:TPBRI complexes. Samples of TGM-1 D12 and TPBRI were run with a 2-fold molar excess of
TGM-1 D12 in 25 mM Tris 150 mM NaCl pH 7.5 on a Superdex 10-300 75 column. The column
was run at a rate of 0.5 mL min’!, and relevant fractions were collected, concentrated, and analyzed
by SDS-PAGE gel to assess for protein composition.

Crystal screening of the TGM-1 DI12:TPRI and the TGM-1 D2:TSRI complexes. Crystal
screening was performed using hanging drop vapor diffusion. Drops of the 15.9 mg mL™! TGM-1
D12:TBRI stock and the 8.9 mg mL™! stock of TGM-1 D2:TBRI were set against conditions in the
Hampton ProComplex screen. 400 nL of protein stock was added to 400 nL of buffer with a well
volume of 300 pL. Samples were left at 25 °C and assessed for crystal growth after 1 day, 2 days,

3 days, 1 week, 2 weeks, and 3 weeks.
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6.3 Results

6.3.1 TGM-1 D12 and the TGF-B:TBRII binary complex compete for binding to TBRI

Competition between TGM-1 D12 and the TGF-B:TBRII complex for binding to the
extracellular domain of TPRI was assessed using isothermal titration calorimetry (ITC). For this
set of experiments, ligands included TGM-1 D12 and the TGF-B:TPRII complex. The TGF-
B:TRRII complex was titrated into a cell containing TBRI (Table 8, Fig. 52). The Kp was fitted to
be 61 nM with a fitted AH of -4.2 kcal mol™. This high binding affinity is in line with what has
previously been measured>®*>>3 (Table 6, Table 8). The binding affinity for this interaction was
quite similar, with TGM-1 D12 binding to TBRI with an affinity of 25 nM (11 — 48 nM, 95% CI)
(Table 6). Despite the similarities in binding affinities, due to the difference in the change in
enthalpy, assessment of competition was performed by titrating TGM-1 D12 into a cell containing
TPRI and TGF-B:TPRII. When this experiment was performed, there was no heat detected,
indicating competition between TGM-1 D12 and the TGF-B; TBRII binary complex for binding to

TBRI (Fig. 52).

6.3.2 TGM-1 D2 and the TGF-B:TBRII binary complex bind to similar residues on TRRI

TGM-1 D12 and the TGF-:TBRII complex compete for binding with TBRI. To identify
the residues of TBRI that TGM-1 D12 binds, NMR chemical shift perturbation experiments (CSP)
were performed. TGM-1 D12 has a molecular weight of 18.8 kDa, while TBRI has a molecular

mass of 9.6 kDa. At a 1:1 stoichiometry the combined mass is nearly 30 kDa, which while
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permissible for NMR experiments, could make residue assignment difficult. TGM-1 D2 is half the
molecular weight of TGM-1 D12 at 9.3 kDa, which makes assignment of the TGM-1 D2 bound
TPRI easier. In addition, TGM-1 D12, including a GSGTGSGSGS tag, contains 174 residues,
eleven of which are prolines, thus having 162 expected amide backbone residues visible on HSQC.
However, not only were far fewer than the expected number of resonances detected, but the
resonances that were visible were clustered in the random coil region (7.8 -8.6 ppm in the 'H
dimension) (Fig. 53A). This is likely due to sample aggregation as was the case for TGM-1 DI
(Fig. 12). To alleviate any potential aggregation, 10 mM CHAPS was added (Fig. 12B-D). Upon
the addition of 10 mM CHAPS, the resonances were more dispersed, with several signals
appearing outside of the random coil region. Though this was not tested, it is likely that reduction
of the sample concentration would perform a similar effect, indicating that the TGM-1 D12 was
natively folded but aggregated under NMR sample conditions.

The propensity of TGM-1 D12 to aggregate would make assignment of TGM-1 D12 bound
TRRI difficult, as CHAPS would be needed. This is shown with an overlay of the 'H-'"N HSQC
spectra of TGM-1 D12 bound N TBRI and free !N TBRI (Fig. 54). When >N TBRI was titrated
with TGM-1 D12 without the presence of CHAPS, there was a visible change in the 'H-'"N HSQC
of TPRI. Though there were significant chemical shift perturbations for several of the residues,
(Fig. 54), more importantly there was a weakening in intensity for a majority of the amide
backbone peaks. This indicates that TGM-1 D12 is forming an aggregated species, but that there
are enough interactions between TGM-1 D12 and N TPRI that the latter is being drawn into this
aggregate. Without the presence of CHAPS, it is unlikely that a well-dispersed spectra of TGM-1

D12 bound "N TBRI could be produced.
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For these reasons, CSP experiments of >N TBRI were performed with binding to TGM-1
D2. TBRI was "N and !*C-labeled and bound to 1.2 equivalents of unlabeled TGM-1 D2.
Backbone chemical shift values for the unbound "N 3C TPBRI had already been assigned,
deposited under BMRB code 17276* (Fig 55A). The chemical shift values for the amide nitrogen
and hydrogen, along with the carbonyl, alpha and beta carbons, were assigned to the TGM-1 D2
bound TBRI (Fig. 56B). The plot of composite shift per residue for >N 3C TBRI is striking in that
there are several regions in which there is significant chemical shift perturbation detected (Fig.
56A). On a scale normalized to 1.0, three distinct regions have a normalized composite shift
perturbation higher than 0.4, spread across the entire face of the protein, though more so in the C-
terminal half. This likely signifies that there are multiple regions of TPRI involved in binding
TGM-1 D2: the C-terminal end of 1 and the subsequent turn (t1) comprising amino acids 32-40,
turn 5, aka the pre-helix extension mentioned previously (t5) and the subsequent helix comprising
amino acids 78-87, and B5, turn 6, and the C-terminal tail (ect), comprising residues 97-110.

To compare the binding interface between TGM-1 D2:TBRI and TGF-B: TBRIL:TPRRI, the
per residue composite shift perturbations from the binding of TGM-1 D2 to TBRI were compared
to the difference in per residue solvent accessible surface area (ASAS) of residues of TPRI in the
unbound and TGF-B:TBRII bound forms, which was used to demonstrate the residues key in the
TGF-B:TPRII binding interface (Fig. 56B). The plot of per residue ASAS shows that there are two
regions of TBRI whose surfaces are buried upon binding to TGF-: TBRII: 1) the region comprising
the pre-helix extension and the following helix (residues 77-84), and 2) the region including B35,
turn 5 and the reaming C-terminal region (residues 98-106). The first region, the prehelix extension
and the subsequent turn, specifically residues R77 and D78, contacts the TGF-B:TBRII shared

interface, including D141 of TRRII and K397 of TGF-B. The second C-terminal region contacts
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the ordered N-terminal tail of TPRII, specifically V45 and F47 of TRRIIL. The composite shift
perturbation plot of TGM-1 D2 bound TPBRI has these specific residue contacts, but also includes
a third contact region B1 and the subsequent turn t1, that the TGF-B:TBRII interface lacks. This
indicates that while there are some shared residues between the TGM-1 D2:TBRI binding interface
and the TGF-B:TPRIL:TPRI binding interfaces, that TGM-1 D2 likely contacts more residues of
TPRI throughout the entire protein. The hypothesis that the TGM-1 D2:TBRII interface is more
extensive as the TGF-B:TBRIL:TRRII interface would explain the increased affinity of TGM-1 to

TBRI over the TGF-B: TRRII complex.

6.3.3 Structure determination of TGM-1:TBRI by X-ray crystallography

6.3.3.1 Crystallization of the TGM-1 D123: TRRI:TBRII Complex

Attempts were made to crystallize the TGM-1:TBRI complex for structure determination.
The first attempt used the TGM-1 D123:TBRI:TBRII complex. Not only would this confirm the
TGM-1 D3:TBRII structure determined via NMR, but this would also confirm whether there is
any interaction between TBRI and TBRII in the TGM-1 D123:TBRI:TBRII complex, and how the
TGM-1 domains are oriented with respect to each other. Previous attempts had been made to
crystallize TGM-1 D123, a construct containing the first three domains of TGM-1, but this had
been a construct that included a his-tag and a myc-tag (Table 3), and so for the determination of a
TGM-1 D123:TBRI:TPRII complex, a separate construct of TGM-1 D123 without the myc-tag
and with a thrombin cleavable his-tag was expressed and produced in mammalian cells.

TGM-1 D123 was assessed for complex formation with TBRI and TBRII via analytical

SEC. Analytical 10-300 200 SEC was run for the TGM-1 D123:TBRII complex (Fig. 57A). As
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indicated, TGM-1 D123 eluted at 14.2 mL, while TBRII eluted at 16.6 mL. The elution volume of
the TGM-1 D123:TBRII complex peak was unchanged from that of the TGM-1 D123 peak eluting
at 14.3 mL, indicating a lack of separable complex via SEC. Attempts to isolate the TGM-1
D123:TBRI complex were subsequently performed on the 10-300 75 column. TGM-1 D123 eluted
at 11.7 mL in this instance and the complex peak eluted at 12.0 mL (Fig. 57B). Since the complex
could not be isolated via SEC, in order to generate the TGM-1 DI123:TBRL:TPRRII complex,
equimolar amounts of TGM-1 D123, TBRI, and TPRII were combined and concentrated,
generating a stock at a concentration of 7.6 mg mL™! (Fig. 57C).

The complex was sent for crystallization screening of 1200 conditions over a variety of
screens, with a robot pipetting 200 nL of the protein stock and 200 nL of the condition in question.
Of the conditions screened, one of them produced a crystal under the conditions: 0.056 M sodium
phosphate monobasic monohydrate (NaH.PO4eH,0) 1.344 M potassium phosphate dibasic
K>HPO4 pH 8.2. The crystal diffracted to 5-6 angstroms, but the crystal structure could not be

solved due to lattice translocation defects.

6.3.3.2 The TGM-1 D12:TBRI and the TGM-1 D2:TBRI complexes are being optimized

As mentioned previously, on analytical SEC 10-300 75 the TGM-1 D12:TBRI complex
eluted at 11.0 mL, while TGM-1 D12 eluted at 12.2 mL, and the TBRI eluted at 13.8 mL (Fig.
23B). The elution volume of the TGM-1 D12:TBRI complex peak was distinct from that of the
TGM-1 D12 indicating a separable complex formation via SEC. A stock of TGM-1 D12:TBRI

complex was generated at a concentration of 6.1 mg mL'. The complex was sent for crystallization

screening of 1200 conditions over a variety of screens, with a robot pipetting 200 nL of the protein
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stock and 200 nL of the condition in question. One condition produced a crystal that diffracted to
12 angstroms, which was not deemed sufficient for further attempts at optimization.

More TGM-1 DI12:TBRI complex was produced (Fig. 58) but at a much higher
concentration, as at neutral pH, both components of the complex are soluble. TGM-1 D12:TRI
complex was generated at a concentration of 15.9 mg mL"' and tested over a variety of
crystallization conditions. At this stock concentration, over the course of 2-3 days at room
temperature, several conditions produced thin needle-like crystals, and some small plate-like
crystals. None of the looped crystals diffracted. The conditions that produced the most well-formed
crystals are currently being optimized for growth.

Similarly, the TGM-1 D2:TBRI complex was produced at a concentration of 8.9 mg mL"!
and tested over a variety of crystallization conditions. At this stock concentration, over the course
of 1-2 days at room temperature, while most of the wells were clear or produced light precipitate,
two conditions produced plate-like crystals: 1) 0.1 M lithium chloride, 0.1 M HEPES pH 7.5, 20%
PEG 400, and 2) 0.1M ammonium sulfate, 0.1 M Tris pH 7.5, 20% PEG 1500. The crystals formed
in the latter condition were tested to see if they contained one, or both of the proteins present (Fig.
58C), which they clearly did, while the crystals in the latter condition were looped as the condition
included the cryoprotectant PEG 400. None of the looped crystals diffracted. Optimization has

been limited, due to difficulties in reproducing the crystal conditions.
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6.3.4 Subsequent attempts at TGM-1 D12:TBRI complex structure determination were

performed using NMR

The backbone residues of TPRI had been previously assigned (Fig. 56), both in the
unbound and TGM-1 D2 bound forms, indicating complex structure determination may be
permissive to NMR methods. The difficulties in doing so comes from the conformational
heterogeneity of free TGM-1 D2, likely due to cis-trans proline isomerization, that leads to
observable conformational doubling (Fig. 18). This doubling makes assignment of TGM-1 D2
difficult, though not impossible. Currently, the backbone assignments of free and TBRI-bound
TGM-1 D2 are in progress.

With the CSP determination for both the TGM-1 D2-bound TBRI and the TBRI-bound
TGM-1 D2, along with the crystal structure of TBRI and the alphafold generated structure of TGM-
1 D2, docking simulations could be performed, using a program such as Haddock?*?>. Without any
intermolecular restraints, PCS, NOE, etc., this would generate a varying set of potential structures
rather than a converged set. However, were the backbone assignment to be successful, PCS
restraints and RDC restraints could be generated in the future, keeping in mind that attempts to
modify TPRI with lanthanide-binding tags would likely prove difficult, yielding constructs that
would not readily fold into a native conformation, even less so than wild-type TBRI. Still, NMR
structure determination of this complex would potentially be feasible if crystallography was to be

unsuccessful.
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6.4 Discussion

Currently, structure determination of the TGM-1:TBRI complex is in progress and will
likely include more months of crystal growth optimization and NMR restraint generation. Thus,
the structure determination remains incomplete, and so the specific residues involved in the TGM-
1 D12:TBRI interface cannot yet be determined with confidence. Nonetheless, this chapter did
yield some insights about the formation of the TGM-1:TBRI:TBRII complex.

The ITC experiments show clear evidence of competition, supported by negligible change
in enthalpy upon injection of TGM-1 D12 into a cell containing both the TGF-B:TBRII binary
complex and TBRI. This is supported by the NMR CSP experiments comparing the chemical shifts
of TGM-1 D2 bound TPRI to free TPRI, which indicate that there are three regions of TPRI
perturbed by binding to TGM-1 D2: 1) the C-terminal end of 1 and the subsequent turn (t1)
comprising amino acids 32-40, 2), turn 5, aka the pre-helix extension mentioned previously (t5)
and the subsequent helix comprising amino acids 78-87, and 3) 5, turn 6, and the C-terminal tail
(ect), comprising residues 97-110. The latter two regions are canonically used to bind the TGF-
B:TPRII complex, with the prehelix extension inserting into the interface made by TGF-3 and
TPRII, and the C-terminal tail and B5 strand contacting the N-terminal residues of TBRIIL. These
experiments suggest that the parasite has evolved to utilize similar binding residues of TBRII as
the human ligand, though according to the CSPs the contacts seem to be more extensive in the
TGM-1 D2:TBRI interface as compared to the TGF-B:TBRIL: TPRI interface, which may account
for the ability of TGM-1 to bind to TBRI without the need of TRRII.

These results highlight that TGM-1 is a true molecular mimic of TGF-f, as it binds to
similar residues of TPRI as does TGF-p. Still there are several unanswered questions about the
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characterization of the TGM family proteins, not only in the structure of the TGM-1:TBRI
complex, but with other matters such as the functional characterization of domains 4 and 5, which
are not required for binding to TBRI and TPRII. The role of these domains will be discussed in
Chapter 8. Additionally, discussion of other TGM family members will be present in the following

chapter.

6.5 Respective Contributions

All experiments in this chapter, and all analyses of these experiments were performed in
their entirety by the author Ananya Mukundan, with the exception of the ’N TGM-1 D12 'H-'°N
HSQC experiments (Fig. 12), which were performed by Andrew Hinck. In addition, the initial
crystal screen of the TGM-1 DI23:TRRI:TBRI complex, as well as the crystal looping and
diffraction of the crystal produced by this complex, as well as the initial crystal screen of the ca.
5mg mL' TGM-1 D12:TBRI complex were performed by Alexander Taylor at the University of

Texas San Antonio.
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6.6 Tables and Figures

Table 17: Sequences of constructs used in this chapter.

cleavable His tag

Construct Coding region and description (* indicates stop codon)

TGF-B3 Residues 331-442 of human TGF-B3 protein, NCBI ABQ59024
Initiating Methionine-TGF-B3
MALDAAYCFRNVQDNCCLRPLYIDFRKDLGWKWIHEPKGYNANFCAGACPYRASKSPSCVSQ
DLEPLTIVYYVGRKPVEQLSNMIVKSCKCS*

TGM-1 D123, | Residues 16-262 of H. Polygyrus TGF-§ Mimic, NCBI MG099712

Signal Peptide- - Linker-Thrombin Cleavage Site-TGM-D1-D3

MKWVTFLLLLFISGSAFSGSGS GSLVPRGSDDSGCMPFSDEAATYKY VAKGPKNI
EIPAQIDNSGMYPDYTHVKRFCKGLHGEDTTGWFVGICLASQWYYYEGVQECDDRRCSPLPT
NDTVSFEYLKATVNPGIIFNITVHPDASGKYPELTYIKRICKNFPTDSNVQGHIIGMCYNAEWQF
SSTPTCPASGCPPLPDDGIVFYEYYGYAGDRHTVGPVVTKDSSGNYPSPTHARRRCRALSQEAD
PGEFVAICYKSGTTGESHWEY YKNIGKCPDP*
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Figure 52: TGM-1 D12 competes with the TGF-3; TBRII complex for binding to TBRII as shown by ITC. A-
D. Raw thermograms for the injection of the TGF-:TBRII complex into a cell containing TRRI (A) and injection of
TGM-1 D12 into a cell containing TRRI and the TGF-B:TBRII complex (B). Corresponding integrated heats for the
aforementioned data (A-C, B-D) fit to a 1:1 binding model. Fits correspond to the global fit over the data sets with
residuals below. Error bars correspond to undertainty in the estimation of integrated heats by NITPIC. Figure from
“Convergent evolution of a parasite-encoded complement control protein-scaffold to mimic binding of mammalian

TGF-B to its receptors, TBRI and TRRII” by Mukundan et. al.,>*” used under CC By 4.0 / Edited from original.
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Figure 53: Recombinantly produced TGM-1 D12 aggregates under NMR sample conditions. A-B. 'H-'"N
spectra of >N TGM-1 D12 (A) in 25mM sodium phosphate, S0mM sodium chloride, 5% 2H,O, pH 6.0, 310K, with

(B) and without (A) the addition of 10mM CHAPS.
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Figure 54: TGM-1 D12 binds to TBRI under NMR sample conditions. 'H-'>N spectra of '’N TPBRI (red) overlaid

with the 'H-'*N spectra of the same protein bound to 1.3 molar equivalents of unlabeled TGM-1 D12. The spectrum
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was recorded in 25mM sodium phosphate, 50mM sodium chloride, 5% 2H,O, pH 6.0, 310K.
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Figure 55: 'H-'>N Assignment of TBRI. 'H-'>N HSQC of free TBRI (A) and TBRI bound to TGM-1 D2 (B),
assigned peaks displayed on the spectra. All spectra recorded in 25 mM Na,HPO4, 50 mM NaCl, 5% *H,0, 310K.
Dashed line indicating region of HSQC corresponding to sidechain Asn/Gln residue amides. Figure from

“Convergent evolution of a parasite-encoded complement control protein-scaffold to mimic binding of mammalian

TGF-B to its receptors, TBRI and TBRII” by Mukundan et. al.,”” used under CC By 4.0.
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Figure 56: TGM-1 D2 binds to TBRI using similar residues to the TGF-: TBRII complex. Plot of the
normalized composite shift perturbations of TGM-1 D2 bound TBRI (A), with corresponding depiction onto the
structure of TPRI (C) with white indicating little-no composite shift perturbation and red indicating close to 1.0
normalized composite shift perturbation. Plot of the difference in solvent exposed surface area between free TRI
and TGF-B:TBRII bound TPRI (B), with corresponding depiction onto the structure of TBRI (D) with white
indicating little composite shit perturbation and red indicating close to 1.0 normalized composite shift perturation. A
depiction of the TBRI:TBRIL:TGF-B3 interface is shown in panel E with relevant structural features annotated, TPRI
colored in red, TBRII colored in blue, and TGF-f monomer colored in purple. and TBRI: TBRIL:TGF-B structure
from PDB 2PJY. Figure from “Convergent evolution of a parasite-encoded complement control protein-scaffold to
mimic binding of mammalian TGF-p to its receptors, TBRI and TPRII” by Mukundan et. al.,>” used under CC By

4.0. / Edited from original.
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Figure 57: The TGM-1 D123:TBRII and TGM-1 D123:TBRI complexes do not readily separate from their

individual components on 10-300 200 analytical SEC. A-C. A. SEC chromatogram of TGM-1 D123 (red) and the

TGM-1 D312:TBRII complex (black) in a near 1:1 titration run on a 10-300 200 column. Left axis indicates

absorbance at 280nM, which is plotted with respect to elution volume. B. SEC chromatogram of TGM-1 D123 (red)

and the TGM-1 D312:TBRI complex (black) in a near 1:1 titration run on a 10-300 75 column. Left axis indicates

absorbance at 280nM, which is plotted with respect to elution volume. C SDS gel confirming composition of

crystallization stock, with labels as indicated.
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Figure 58: The TGM-1 D12: TBRI complex readily separates from its individual components on 10-300 75
analytical SEC A-C. A. SEC chromatogram of TGM-1 D12 (red) and the TGM-1 D12:TBRII complex (black) in a
near 1:1 titration run on a 10-300 75 column. Left axis indicates absorbance at 280nM, which is plotted with respect
to elution volume. B. SDS gel confirming composition of TGM-1 D12:TBRI crystallization stock, with labels as
indicated. TGM-1 D12* indicates TGM-1 D12 with minor proteolytic cleavage. C. SDS gel confirming composition
of TGM-1 D2:TBRI crystal, with labels as indicated, blue boxes surrounding bands in lane containing resolubilized

crystal.

188



7.0 Characterization of the functional properties of TGM-4

7.1 Introduction

TGM-1 is part of a larger family of H. polygyrus proteins, the first six of which (TGM-1
through TGM-6) are present in the adult worm, while the other three proteins, TGM-7 through
TGM-10 are found in the L4 larval proteome?*?. To identify the members of this protein family,
mass spectrometric data of peptide fragments were compared to a currently existing transcriptomic
database*. The first three adult worm TGM family proteins (TGM-1 through TGM-3) share over
90% identity, and all three arise from the same genetic locus. TGM-4 has 80% identity TGM-1,
TGM-2, and TGM-3, and contains all five domains D1-D5. TGM-5 and TGM-6 contain one or
two fewer domains, TGM-5 lacking domain 4 and TGM-6 lacking domain 1-2?*>. The larval
TGMs differ dramatically in composition; TGM-7 and TGM-8 contain two extra domains
following domain 3, and TGM-9 and TGM-10 lack two domains each, domains 1-2 for TGM-9
and domains 3-4 for TGM-10. This indicates the adaptability of the TGM family, with different
domain compositions likely contributing to different TGF-3 receptor pairings.

Along with these differences in domain and sequence identity, the other proteins in the
TGM family differentially activate the TGF-p signaling pathway, as assessed via the MFB-F11
alkaline phosphatase reporter assay mentioned previously?**?*2. Of the ten TGM family proteins,
only TGM-1 through TGM-3 are able to activate the TGF-f3 signaling pathway and convert naive
CD4+ T-cells into Tregs”**. However, despite TGM-4 being unable to activate TGF-p signaling, it
is able to induce the conversion of naive T-cells to Tregs ***. Additionally, initial studies have

suggested that TGM-4 binds to TRRI with high affinity (Fig. 59). Thus, there are several potential
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hypotheses to clear these discrepancies: 1) it could be that TGM-4 interacts with activin receptors,
as activin signaling has been correlated to Treg induction®*2**, or 2) TGM-4 may not be able to
bind with high enough affinity to TBRII in the MFB-F11 assay, but may be able to utilize avidity
to stimulate conversion of CD4+ T-cells into Tregs. The former hypothesis is supported by studies
showing that the ES products of a fox tapeworm Echinococcus multilocularis contain an activin
homologue that expands host Tr, populations®”.

The difference in TGF-f receptor binding between the two TGM isoforms indicates that
the different TGM family members have likely evolved towards different roles in the parasite.
TGM-4 offers an exciting opportunity for therapeutic benefit. Due to its high affinity for TBRI and
domains 1 and 2 of TGM-4 may be used to bind TBRI with higher efficacy in a cell context than
TGM-1. Thus, chimeras of TGM-4 and TGM-1 may be produced that act to stimulate the TGF-f3
signaling pathway more efficiently than either TGF- or TGM-1. Thus the goals of this chapter
are to clarify the binding properties of TGM-4, and then to attempt to engineer TGM-1 and TGM-
4, from what is currently known about their structural and functional properties, into developing
an efficacious TGF- signaling therapeutic. Due to the modular nature of the TGM domains and
depending on the affinity of TGM-4 for the TGF-f receptors, therapeutics targeting different TGF-

[ receptors may be developed.
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7.2 Methods

Cloning, expression, and purification of TGM-4 D2 and TGM-4 D3. DNA inserts coding
for TGM-4 were inserted into a modified pET32a vector between the Ndel and HindlI) sites (Table
18). Constructs were expressed in BL21 (DE3) cells and cultured at 37 °C. When the light
scattering at 600 nm was detected to be 0.8 protein expression was induced by adding 0.8 mM
Isopropyl B-D-1-thiogalactopyranoside (IPTG),and were produced in LB. Purification of TGM-4
D2 and TGM-4 D3 was performed in a similar manner as the purification of TGM-1 D2 and TGM-
1 D3 respectively (Chapter 3.2).

Cloning, expression, and purification of TGM-1 FL and TGM-4 FL. DNA inserts coding
for TGM-1 FL and TGM-4 FL were inserted into a pSecTag vector between the Ascl and Apal
sites (Table 18). Constructs were expressed in expi293 cells, transfected, and cultured at 37 °C.
The solutions were collected after one week. Purification was performed in a similar manner as
described for in previous sections (Chapter 3.2 Methods).

Cloning, expression, and purification of TGF-p family type Il receptors. DNA inserts
coding for the extracellular domains of ActRII, ActRIIB, and BMPRII, preceded by a
hexahistidine tag and a thrombine cleavage site, were inserted into a pcDNA 3.1+ vector between
the Notl and Xhol sites. The pcDNA 3.1 vector was modified with a signal peptide followed by a
Notl site. The resultant construct had the following components: Signal Peptide-Hiss-thrombin
cleavage site-Receptor (Table 3). Constructs were expressed in expi293 cells, transfected, and
cultured at 37 °C. Purification was performed in a similar manner as mentioned for TGM-1 FL.

NMR 2D experiments. All NMR experiments were run in the buffers mentioned in the

figures/text, usually 25 mM NaxHPO4, 50 mM NacCl, pH 6.0, 310K. Each sample was run in a 5
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mm susceptibility-matched NMR microtube for data collection. NMR data was collected with
Bruker 600, 700, and 800 MHz spectrometers containing a 5 mm 'H (**C, '°N) z-gradient “TCI”
cryogenically cooled probe. 'H-""N HSQC spectra were acquired as described, with water
flipback®® and WATERGATE suppression pulses?>!. NMR spectra were processed, analyzed, and
visualized using NMRPipe** and NMRFAM-SPARKY?>*,

SPR measuring TGM-4 binding to TPRI and TPRII. All SPR experiments were performed
with a BIAcore X100 system. Neutravidin was coupled to the surface of a CM5 chip and
biotinylated avi-tagged TPRI and biotinylated avi-tagged TPRII were captured onto the chip
surface, at a maximum density of 150 RU. Neutravidin coupling was performed by EDC-NHS
activation of the chip, followed by neutravidin (buffer: sodium acetate, pH 4.5) injection over the
surface until the RU increased by 6000-15000 RU. All experiments were run in the same buffer:
25 mM HEPES, 150 mM NacCl, 0.005% P20 surfactant, pH 7.4, at an injection rate of 100 pL min
!, The surface was regenerated in between each injection with a 30 second injection of 1 M
guanidine hydrochloride. The experimental sensorgrams were obtained with double referencing
with a control cell coated similarly with neutravidin but lacking the captured receptor and 8 blank
buffer injections at the beginning of the run before injection of the samples. The data was analyzed
by fitting the results to a 1:1 kinetic model using the SPR analysis software Scrubber .

ITC measuring TGM-4 FL binding to type Il TGF-p receptors. All ITC experiments were
performed with a Microcal PEAQ-ITC system. All experiments were performed in 25 mM
Na>HPO4, 50 mM NaCl, pH 6.0 at 35 °C, with 15 2.5 uL injections with a duration of 5 s, a spacing
of 150 s, and a reference power of 10. All samples were dialyzed against the same ITC buffer
before loading into the system. Data was globally fit using the programs NITPIC?4S,

SEDPHAT?*-*# and GUSSI?*¥.
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MFB-F11 TGF-p stimulatory assays. The MFB-F11 TGF-$ bioassay was previously
reported by Tesseur et al.>*. Confluent cells (8 x 10° cells/mL) were resuspended in DMEM with
2.5% FCS, 100 U/mL penicillin, 100 pg/mL streptomycin and 2 mM L-glutamine. To each cell of
a 96-well plate, 4x10* cells were added. Purified proteins at the stated concentrations were added
to the wells (volume 50 pL) in triplicate and incubated overnight at 37 °C. After incubation, 20
puL were added to an ELISA plate with 180 pL of reconstituted Sigma FastTM p-nitrophenyl
phosphate substrate and incubated at room temperature in the dark for 12 h — 18 h. Plates were
read on at 405 nm on an Enax precision microplate reader.

Regulatory T-cell conversion assays. The Ty conversion assay was performed as
previously described?°. CD4+ CD25- GFP- CD62Lhi cells were sorted by FACS, washed and
resuspended in RPMI, and added to CD3/CD28-coated 24 well plates. IL-2 and variable amounts
of TGM family members were added to the plates and cells analyzed by flow cytometry after 96

hrs of incubation.
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7.3 Results

7.3.1 TGM-4 domains 2 and 3 can be expressed and purified as native proteins in E. coli

In previous chapters, TGM-1 D2 was shown to be the main binding partner of TBRI, and
TGM-1 D3 was shown to be the primary binding partner of TBRII. Thus, it was hypothesized that
TGM-4 D2 would be the primary binding partner of a TGF-f3 family type I receptor, and that
TGM-4 D3 would be the primary binding partner of a TGF-3 family type II receptor. To test this
hypothesis, TGM-4 D2 and TGM-4 D3 were expressed recombinantly in E. coli. In a similar
manner as in chapter 3, the individual domains were expressed as thioredoxin fusions with a
thrombin-cleavable internal His-tag. (Table 18).

The proteins were produced in a similar manner as the native TGM-1 domains, and due to
their high sequence identity, their soluble-insoluble partitioning as well as their charge properties
were similar. The proteins were produced in inclusion bodies via incubation at 37 °C and were
expressed as unfolded monomers. The inclusion bodies were solubilized in 8M Urea, 25 mM
NaHPO4 and 50 mM NaCl pH 8.0, and the resultant solute purified on an NiNTA column. The
fractions corresponding to the thioredoxin fusion domain were folded by diluting into a Tris buffer
using reduced and oxidized glutathione, 2 mM and 0.5 mM respectively. Following the folding,
the thioredoxin tag was cleaved from the protein and the resulting protein was further purified to
homogeneity using ion-exchange chromatography.

The results were validated by SDS and mass spectrometry, the former for homogeneity,
and the latter for protein identity. Mass spectrometry for the individual domains showed a mass

equivalent to the calculated molecular weight with a variance of 0.5 Da. The proteins were then
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validated for native folding via 'H NMR. Both domains showed distinct shifts in the expected
methyl and amide regions without any evidence of nonnative structures, as would be evident by

shifts condensed in the 0.8-1.0 ppm and in the 7.8-8.6 ppm region (Fig. 60).

7.3.2 TGM-4 binds TBRI

To test whether TGM-4 binds TPRI, SPR was utilized. This was done as previous attempts
at testing TGM-4 FL binding to TPRI via ITC were inconclusive due to small changes in enthalpy
that prevented accurate quantitation of the binding affinity. The sequence of TGM-4 diverges from
TGM-1 mostly in domains 1 with 71% sequence identity of TGM-4 D1 to TGM-1 D1. However,
the expected binding domain to TBRI, domain 2, shares 90% identity with TGM-1. To measure
the binding affinity of TGM-4 to TPRI, biotinylated avi-tagged TBRI was captured on a
neutravidin-coated SPR chip, and TGM-4 FL was injected as the analyte. Due to the high affinity
of TBRI to TGM-1 FL and the hypothesized high affinity of TGM-4 FL to TPRI, the analyte
concentration used varied between 12.5 nM and 250 nM (Fig. 59A-D).

A clear concentration-dependent response was present when both TGM-1 FL and TGM-4
FL were injected over the TBRI chip surface, (Fig. 59). The binding affinity as derived by fitting
the sensorgrams to a 1:1 binding model were 70 = 6 nM for the former and ranging from 3 — 5 nM
for the latter (Table 19). The binding affinity of the TGM-1 FI to TPRI interaction is consistent
with previously attained ITC data in Chapter 3, which shows a binding affinity of 52 nM (Table
6). From this data, it is clear that TGM-4 FL not only binds to TBRI, but does so with a higher

affinity than TGM-1 FL by roughly an order of magnitude.
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7.3.3 TGM-4 does not bind the TGF-p family type I receptor Alk4

While TGM-1 has been shown to not be promiscuous for other TGF-[3 receptors (Fig. 24),
unpublished ELISA data suggested that there was a potential interaction between TGM-1 and Alk4
(data not shown). This is supported by structural similarities between Alk4 and TPRI, both of
which contain a prehelix extension, albeit with a somewhat different amino acid composition:
PAGKP for Alk4 and PRDRP for TBRI. To test for binding between TGM-4 and Alk4, 'H-">N
HSQC experiments were performed with >N-labeled Alk4 in the absence or presence of TGM-4
D2 (Fig. 61). As TGM-1 D2 was the primary domain responsible for the TGM-1 FL:TPRI
interaction, it was hypothesized that were TGM-4 FL to bind to Alk4, TGM-4 D2 would be the
primary domain responsible. However, the NMR results clearly show that there is no binding
between TGM-4 D2 and Alk4, which is consistent with the lack of binding between TGM-1 D2
and Alk4. Although this doesn’t preclude binding of other domains of TGM-4 to Alk4, this is
unlikely based on previous data. Binding to the other type I receptors was not tested due to the
difficulties in producing adequate amounts of these receptors over a reasonable timescale, but these
receptors are unlikely to bind to TGM-4 as well, as they are less similar in sequence and structure

to TPRI than Alk4. This data suggests that TGM-4 FL, in a manner similar to that of TGM-1 FL,

is both specific for TBRI over other type I receptors and binds with a very high affinity.

7.3.4 TGM-4 weakly binds TBRII

TGM-4 FL is unable to activate TGF-f signaling in the MFB-F11 alkaline phosphatase

reporter assay yet is still able to convert naive CD4+ T-cells into Tregs (Fig. 62). As TGM-4 binds
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to TPRI with even higher than TGM-1, this cannot be because of a lack of type I receptor binding.
The prevailing hypothesis then was that TGM-4 does not bind to TBRII or binds to TBRII so
weakly that it is unable to activate TGF-f signaling in MFB-F11 cells. However, the regulatory T-
cell conversion assay requires incubation with the TGM protein over a period of 96 hours, rather
than the 12-18 hours of the MFB-F11 assay. Additionally, the Tr; conversion assay utilizes other
co-factors to prime the CD4+ T-cells such as IL-2, which may aid in maximizing T, conversion
despite weaker TGF-f signaling.

There is unpublished data to support this hypothesis, which shows a difference in signaling
ability dependent upon the construct of TGM-4 used. When monomeric, or wild-type TGM-4 is
used, there is little to no TGF-f3 signaling detected via the MFB-F11 assay. However, when a
dimeric construct of TGM-4 is made using an Fc-fusion, there is detectable TGF-f signaling via
the assay. This signaling is not as high as that of monomeric TGM-1 FL, but the detection of any
signaling at all would indicate that TGM-4 does bind to TBRII, albeit with a very weak affinity,
and that this affinity is likely strengthened by avidity.

To evaluate this hypothesis, TGM-4 was tested for binding to TBRII by NMR and by SPR.
NMR was initially used to determine whether there was binding to TBRII. To do this, TGM-4 D3
was isotopically labeled with °’N and a 'H-'>N HSQC was recorded on this sample with and
without the presence of equimolar equivalents of TPRII (Fig. 63A-B). This showed that some
backbone amide signals of the 'H-'>N spectrum of >N TGM-4 D3 shift upon the addition of wild-
type TBRII, albeit slightly. All of the peaks are in fast exchange, as shown by the change in average
peak position rather than the presence of two peaks, indicative of weak binding (Fig. 63C).
Following this, to quantitate the binding of TGM-4 to TBRII, varying concentrations of full-length

TGM-4 were injected over captured biotinylated avi-tagged TPRII on a neutravidin-coated chip.
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Though high concentrations of TGM-4 analyte were required to attain SPR sensorgrams, based on
the concentrations evaluated, the binding affinity of the TGM-4 FL:TBRII interaction is over 100
uM (Fig. 63B). Notably this Kp was determined using the SPR sensorgram and the program
Scrubber but it is not present in the SPR data as the Kp is an approximation based on the maximum
response over the sensor surface, which was determined based off of the maximum response of a
similarly sized protein over the same chip, TGM-1, which the sample series never reached.
However, from the NMR and SPR data, it is apparent that while TGM-4 does bind to TBRII, using
TGM-4 D3, it does so weakly and TGM-4 is likely only able to signal due to avidity or other in-

cell effects that effectively maximize the local concentration.

7.3.5 TGM-4 does not bind any other type II TGF-f receptors

TPRII clearly binds TGM-4, albeit weakly, and thus is it possible that TGM-4 may bind
another type II TGF-f family receptor, such as ActRIIl, ActRIIB, BMPRII, or MISRII. Due to the
role of MISRII in the reproductive system, it is unlikely to be a target of parasitic molecular
mimicry, and thus binding of TGM-4 to MISRII was not assessed. In addition, due to the high
sequence identity between the extracellular domains of ActRIl and ActRIIB, only binding of
TGM-4 to ActRII was assessed. Binding of the extracellular domains of ActRIIB and BMPRII to
TGM-1 and other TGM isoforms was assessed via ITC (Fig. 64). TGM-4 FL was placed in the
cell at a concentration of 10 — 15 uM. ActRII and BMPRII were placed in the syringe at 150 — 200
UM and titrated into the cell. It is clear from the ITC thermograms that there is no change in heat
detected upon titration of the receptors into TGM-4 FL, indicating a lack of binding. This likely

indicates that TGM-4 FL does not bind to any other type II TGF- receptors outside of TPRII,
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though there is the possibility that the binding is weak enough that under the concentrations tested,

the change in enthalpy over the course of the injection series was too small to be detected.

7.3.6 TGM-1:TGM-4 chimeras and TGF-f signaling

TGM-4 FL binds to both TBRI and TBRII, the former with an order of magnitude stronger
binding affinity than TGM-1 FL, and the latter two order of magnitudes weaker than TGM-4 FL.
Additionally, assessment of binding to other TGF-3 family receptors indicates that TGM-4 FL is
specific for binding to TBRI and TPRII, similar to TGF-p and TGM-1. TGM-4 FL has a very high
affinity for TBRI, and while TGM-1 FL has a weaker affinity for TBRII than TGF-f, the affinity
is still submillimolar. Thus, a chimeric construct of TGM-1 and TGM-4 could be developed to
generate a high affinity binder of the TGF-f receptors, and thus a high affinity TGF-3 mimic.

To test this, collaborators in the Maizels lab generated a series of TGM-1 and TGM-4
mutants and chimeras, with both positive (TGM-1 FL WT, TGF-) and negative controls (TGM-
4 FL WT, non-transfected cells). The fusion constructs tested were: TGM-4 D12:TGM-1
D3:TGM-4 D45 and TGM-1 D12:TGM-4 D3:TGM-1 D45. These proteins were expressed in
HEK293 cells, and the resultant supernatant transfected into MFB-F11 cells. The hypothesis was
that the TGM-4 D12:TGM-1 D3:TGM-4 D45 construct would signal with greater amplitude than
TGM-1, due to inclusion of the domains with the high affinity to both TBRI and TBRII, and the
TGM-1 D12:TGM-4 D3:TGM-1 D45 construct would likely signal with lesser amplitude than
TGM-1, due to the minimal affinity of TGM-4 D3 for TBRII. However, the actual data showed the
opposite (Fig. 65). The TGM-4 D12:TGM-1 D3:TGM-4 D45 construct signaled only minimally

through the assay. There was some detectable signal at the highest concentrations of this construct,
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which was more than seen for the TGM-4 FL alone, but the signal was minimal and not comparable
to native TGF-P signaling nor to TGM-1 signaling. The TGM-1 D12:TGM-4 D3:TGM-1 D45

construct signaled in a similar manner to wild type TGM-1 (Fig. 65).

7.4 Discussion

TGM-4 is unique as in previous studies it was shown to not be able to activate the Smad-
sensitive alkaline phosphatase reporter in the MFB-F11 murine fibroblast cell line yet was still
able to convert naive CD 4+ T-cells into Tregs (Fig. 63). The initial hypothesis was that TGM-4
was binding a type I or a type II receptor in the activin arm of the TGM family, thus activating
Tregs via a different mechanism than TGM-1. However, upon testing of the promiscuity of binding
of TGM-4 to the various receptors of the TGF-3 family, it was apparent that TGM-4 did bind TBRI
and TBRII, and not the activin type I receptor Alk4 or the activin type II receptor ActRIIB, though
more in-depth studies into promiscuity should be completed. TGM-4 binds to TBRI with an order
of magnitude stronger binding affinity than TGM-1, and approximately two orders of magnitude
weaker affinity to TPRII. This answers the initially posed question, as TGM-4 still binds both
receptors, TBRI and TPRII, and is thus able to trigger the downstream effects of TGF-f signaling,
but due to the weak affinity to TBRII, signaling via the MFB-F11 reporter assays showed no effect.

TGM-4 binds to TPRI with high affinity, but only barely binds TBRII, while TGM-1 binds
to both TBRI and TPRII with submicromolar or micromolar affinity. A chimeric construct of
TGM-1 and TGM-4, including domain 3 of TGM-1 but all other domains of TGM-4, would thus

be hypothesized to be even better at stimulating TGF-f signaling than TGM-1, and likely be better
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at converting naive CD 4+ T-cells into Tregs. To test this hypothesis, a TGM-4 D12:TGM-1
D3:TGM-4 D45 construct was tested for signaling via the MFB-F11 assay. This hypothesis was
proven to be mostly false as addition of supernatant containing the TGM-4 D12: TGM-1 D3:TGM-
4 D45 protein did not signal sufficiently through the TGF-B pathway; there was some Smad2/3
detected, but only barely stimulating above negative controls and TGM-4 FL. The reverse chimera,
TGM-1 D12:TGM-4 D3:TGM-1 D45, unexpectedly, signaled as well or comparably as TGM-1
FL.

This would indicate that there is some element of the interaction between TGM proteins
and their receptors that is being overlooked. For example, there may be a promiscuous binder for
TGM-4 D12 such that it does not bind solely TPRI and is thus taken up by other partners,
minimizing TGF-f signaling. That the substitution of TGM-4 D3 into TGM-1 did not interrupt
signaling drastically also indicates that the strength of the binding interaction between the TGM
and TPBRII is not relevant, only that there is a binding interaction, indicating a potential role for
avidity. This indicates a potential role for domains 4 and 5 which have thus far not been studied.
It is likely that domains 4 and 5 of the TGM proteins act to bind a coreceptor, and likely one that
targets the TGM to the cell surface, allowing for avidity, thus overcoming weaker binding affinities

such as the TGM-4 D3:TBRII interaction.

7.5 Respective Contributions

A majority of the experiments in this chapter were performed in their entirety by the author

Ananya Mukundan, with the exception of the in vitro TGF-f3 signaling assays: the stimulation of
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the TGF-P signaling pathway by TGM-1 TGM-4 chimeric constructs were performed by Tiffany
Campion, and the T conversion and MFB-F11 stimulation assays of full-length TGM family
members were performed by Danielle Smyth. Thus the data in figures 60-62, and 64-65 was
gathered by the author Ananya Mukundan, the data in figure 63 was gathered by Danielle Smythe
formerly of the Maizels lab, and the data in figure 66 was gathered by Tiffany Campion in the

Maizels lab.
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7.6 Tables and Figures

Table 18: Sequences of TGM-4 domain constructs

Construct

Coding region and description (* indicates stop codon)

TGM-4 D2

Residues 97-176 of H. polygyrus TGF-f Mimic 4, NCBI MG429739
Thioredoxin-!lis.-Linker-Thrombin Cleavage Site-Linker-TGM-4 D2

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNP
GTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHM SSGLVPR
GSGTCSPLPTNDTVTYEYLKATVNAGINFNITVHPDASGKYPELTYIKRICKNFPADSKVQGHIIG
MCYNAEWRFSSTPTCPPS*

TGM-4 D3

Residues 177-262 of H. Polygyrus TGF-$3 Mimic 4, NCBI MG429739
Thioredoxin-!1is.-Linker-Thrombin Cleavage Site-Linker-TGM-4 D3

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNP
GTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHM SSGLVPR
GSGTGCPPLPDDGIVFYEYYGYAGNRHTVGRAVSKDSSGNYPPQTHARRRCRALSQKADPGEFV
GICYKSGTTGESHWDYYSHIRKCPDP*

TGM-4 FL

Residues 16-422 of H. Polygyrus TGF-f3 Mimic 4, NCBI MG429739
Signal Peptide-TGM-FL-Linker-Myc-Linker-

MLLIVLIGLLEVAATDASGCMPFSDETASYKYLTERSRNDETPAQNDSSGAYPDHTHVKRFCKGL
HGEEKTGRYVGICLGSEWVYYQGVQECQDRRCSPLPTNDTVTYEYLKATVNAGINFNITVHPDA

SGKYPELTYIKRICKNFPADSKVQGHIIGMCYNAEWRFSSTPTCPPSGCPPLPDDGIVFYEYYGYA

GNRHTVGRAVSKDSSGNYPPQTHARRRCRALSQKADPGEFVGICYKSGTTGESHWDYYSHIRKC
PDPRCKPLETNVSVHYEYFTMTNETGRKEGTPAEVDKGGKYPQHTCVRKFCDKSPYTCSVKGPIF
GECLDGQWNFTALDECLNARGCNSDDLFDKLGFEGVMVREEEGSDSYKDDFVRFYATGSKVNA
ECKGKTVQLECSDGEWHDPGTKTVHRCTKEGIRALAAARGGPEQKLISEEDLNSAVD *
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Table 19: TGM-1 and TGM-4 binding to TBRI as assessed by surface plasmon resonance.

Surface Analyte Fitted Parameters?®
(Concentrations)
kon (M-l S-]) Fkott (S_l) Ka (HM) Rmax (RU)
TPRI? TGM-1 FL (6.4+0.6)x10* (44+0.1)x 103 70£6 232+2
(31.25 nM — 1000 nM)
TBRI? TGM-4 FL (22£0.1)x10° (7.3£0.1)x 10*  3.2+0.1 222+38
(62.5 nM — 250 nM)
TPRI* TGM-4 FL (1.9£0.1)x 10° (9.6 +0.7)x 10* 5.0+0.1 184 + 1
(31.25 nM - 250 nM)
TPRRI® TGM-4 FL (4.6+0.6)x10° (1.8+£0.1)x 10? 38+1 67+t1

(12.5 nM — 100 nM)

*Fitted parameters were derived from kinetic analysis of a single injection series

"Measured with lower analyte concentrations compared to that used for the other experiments
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Figure 59: Binding of TGM-1 and TGM-4 to TRRI as shown by SPR. A-D. SPR sensorgrams upon injection of
TGM-1 FL (A), and three repeats of TGM-4 FL (B-D) over biotinylated avi-tagged TBRI immobilized on a
streptavidin chip. Injections were performed as a two-fold dilution series and are shown in black, with the orange
traces over the raw data showing curves fitted to a 1:1 model, when possible. The black bars over the top of the
sensorgrams correlates to the injection period, and the injection concentrations are on the bottom right of each

sensorgram.
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Figure 60: 'H spectra of TGM-4 domains. 'H NMR spectra of the amide (left) and methyl (right) regions of

TGM-4 D2 and TGM-4 D3. All spectra recorded in 25 mM Na,HPO,, 50 mM NaCl, 5% 2H,0, 310K.
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Figure 61: TGM-4 D2 does not bind to Alk4 under NMR sample conditions. 'H-'>N spectra of N Alk4 (A,
red) overlaid with the "H-'">N spectra of the same protein bound to 1.2 molar equivalents of unlabeled TGM-4 D2

(B, blue). The spectrum was recorded in 25mM sodium phosphate, 50mM sodium chloride, 5% 2H,O, pH 6.0, 310K.
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Figure 62: TGM family member conversion of Tres and signaling in the MFB-F11 assay . A. Conversion of
naive CD4+ T-cells into regulatory T-cells upon administration of TGM family members in a concentration
dependent manner. B. TGF-f stimulation in MFB-F11 cells as measured via a secreted phosphatase alkaline reporter
upon administration of different TGM family members. All data collected by Danielle Smyth of the Maizels lab, and

reported here with permission of the Maizels lab.
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Figure 63: TGM-4 D3 binds to TBRII. A-C A. 'H-°N spectra of >'N TGM-4 D3 (red) overlaid with the 'H-'"N
spectra of the same protein bound to 1.2 molar equivalents of unlabeled TPRII (B, blue). Expansion of intermediate
titration points (1:0, 1:0.4, 1:0.8, 1:1.2 "N TGM-4 D3:TBRII) of boxed residue in panel C. The spectra were
recorded in 25mM sodium phosphate, S0mM sodium chloride, 5% 2H,O, pH 6.0, 310K. B. SPR sensorgram upon
injection of TGM-4 FL over biotinylated avi-tagged TPRII immobilized on a streptavidin chip. Injections were
performed as a two-fold dilution series and are shown in black, with the orange traces over the raw data showing

curves fitted to a 1:1 model, when possible. The black bars over the top of the sensorgrams correlates to the injection

period, and the injection concentrations are on the bottom right of each sensorgram.
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Figure 64: TGM-4 does not bind to ActRII nor BMPRII as shown by ITC. A-B. Raw thermograms for the
injection of ActRII (A) or BMPRII (B) into a cell containing TGM-4 FL. Corresponding integrated heats for the

aforementioned data (A-C, B-D) fit to a 1:1 binding model.
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Figure 65: TGM-1 TGM-4 chimeras and their signaling in the MFB-F11 Assay. MFB-F11 assay measurement
of TGF-B signaling for TGF-p (100 ng/mL, red), TGM-1 (100ng/mL blue), TGM-1 D123 (100ng/mL, purple),
100%, 10%, and 5%of cells transfected with TGM-4 D12:TGM-1 D3:TGM-4 D45 (gray), and 100%, 10%, and 5%
of cells transfected with TGM-1 D12:TGM-4 D3:TGM-1D45 (green). Data collected by Tiffany Campion of the

Maizels lab, and reported here with permission from the Maizels lab. Data the result of one biological replicate.
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8.0 Co-receptor studies

8.1 Introduction

The previous chapters have characterized the function of proteins in the TGM family, along
with determining the structure of free TGM-1 D3 and the TGM-1 D3:TBRII complex. The
structure of free TGM-1 D3 confirmed that TGM-1 D3 has high structural similarities to proteins
in the CCP domain family, containing several B-strands, along with conserved tryptophan residues
and disulfide bonds. The differences between the structure of TGM-1 D3 and the canonical CCP
domain show how TGM-1 D3 had two main adaptations: the extended hypervariable loop, and the
lack of the B’ and B’ strands, both of which allow for the exposure of key residues involved in
binding to TPRII. The structure of the TGM-1 D3:TBRII complex shows that TGM-1 D3 closely
mimics TGF-B and uses this exposed surface to engage the same structural motifs of TPRII as
TGF-B.

This data, along with the high affinity binding of TGM-4 to TBRI, led to the hypothesis
that TGM-1 — TGM-4 chimeras could be generated to stimulate TGF-f3 signaling with a potentcy
that exceeded that of TGM-1. However, TGM-1 — TGM-4 chimeras which replaced the domain 3
of one TGM with the other did not significantly impact TGF-f3 signaling as measured via the MFB-
F11 assay. Thus, it became clear that there was some portion of the mechanism that had not yet
been understood that was contributing to these differences.

To account for these discrepancies, it was hypothesized that there is an alternate receptor

that binds domains 4 and 5 of TGM-1, and that this alternate receptor targets TGM-1 to the cell
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membrane. This would allow for a higher local concentration of TGM-1 on the cell membrane,
thus increasing the protein-receptor affinity through avidity. This would explain why a chimera of
TGM-1 D12:TGM-4 D3:TGM-1 D45 would still act as a TGF-f3 stimulator despite the low affinity
of TGM-4 D3 to TBRII. Likely the avidity imbued by TGM-1 D45 would make up for the 100-
fold lesser affinity of TGM-4 D3 to TPRII. Similarly, the TGM-4 D12:TGM-1 D3:TGM-4 D45
would likely have an alternate co-receptor, with domain 4 of TGM-4 being 73% identical to TGM-
1 D4 and domain 5 of TGM-4 is 84% to TGM-1 DS5. This alternate co-receptor would likely not
be present on MFB-F11 cells and thus not increase the potency of the TGM-4 D12:TGM-1
D3:TGM-4 D45 chimera in comparison to wild-type TGM-4 FL.

Thus this chapter aims to do the following: identify the binding partner for TGM-1 domains
4 and 5, demonstrate whether this binding partner increases the inhibitory efficacy of individual
TGM domain constructs, and attempt to utilize these potential co-receptor binding domains for the

development of TGF-f inhibitory therapeutics.

8.2 Methods

Cloning, expression, and purification of TGM-1 D45, TGM-1 D123, TGM-4 D45, and
TGM-6 D45. DNA inserts coding for TGM-1 D45, TGM-1 D123, TGM-4 D45, and TGM-6 D45
were inserted into a pSecTag vector between the Ascl and Apal sites (Table 20). Constructs were
transfected into expi293 cells and cultured at 37 °C. The conditioned media was collected after 4-

5 days. Purification was performed in a similar manner as described in previous sections (Chapter

3.2 Methods).
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Cloning, expression, and purification of mCD44 and hCD44. DNA inserts coding for the
ordered hyaluronan-binding domains of mCD44 and hCD44 (residues 21-159 NCBI
XP 047283851 and residues 21-169 NCBI XP 047283851 respectively) were inserted into a
pcDNA vector between the BamHI and Xhol sites (Table 20) and cloned downstream of a
hexahistidine tag and a thrombin cleavage site. Constructs were transfected into expi293 cells,
transfected, and cultured at 37 °C. The conditioned media as collected after 4-5 days. Purification
was performed in a similar manner as described in previous sections (Chapter 3.2 Methods).

Cloning, expression, and purification of R2MPB:TGM-1 D45. DNA inserts coding for
R2MPB:TGM-1 D45 fusion protein were inserted into a modified pET32a vector between the
Kpnl and HindlII sites (Table 20). Constructs were expressed in BL21(DE3) cells and cultured at
37 °C. When the light scattering at 600 nm was 0.8, protein expression was induced by adding 0.8
mM Isopropyl B-D-1-thiogalactopyranoside (IPTG). Purification was performed in a similar
manner as described for TGM-1 D3, as described in previous sections (Chapter 3.2 Methods).

Cloning, expression, and purification of 7M2R:TGM-1 D45. DNA inserts coding for
TM2R:TGM-1 D45 fusion protein were inserted into a modified pET32a vector between the Ndel
and HindlIII sites (Table 20). Constructs were expressed in BL21 (DE3) cells and cultured at 37
°C. When the light scattering at 600 nm was 0.8, protein expression was induced by adding 0.8
mM Isopropyl B-D-1-thiogalactopyranoside (IPTG). Purification was performed in a similar
manner as described for 7M2R, as described in in previous sections (Chapter 4.2 Methods).

MFB-F11 TGF-p stimulatory assays. The MFB-F11 TGF-$ bioassay was previously
reported by Tesseur et al.>*. Confluent cells (8 x 10° cells/mL) were resuspended in DMEM with
2.5% FCS, 100 U/mL penicillin, 100 pg/mL streptomycin and 2 mM L-glutamine. To each cell of

a 96-well plate, 4x10* cells were added. Purified proteins at the stated concentrations were added

214



to the wells (volume 50 pL) in triplicate and incubated overnight at 37 °C. After incubation, 20
uL were added to an ELISA plate with 180 puL of reconstituted Sigma FastTM p-nitrophenyl
phosphate substrate and incubated at room temperature in the dark for 12 h — 18 h. Plates were
read on at 405 nm on an Emax precision microplate reader.

HEK?293T TGF-p inhibitory assays. TGF-f inhibitory assays were performed in a similar
manner to the MFB-F11 TGF- stimulatory assays, with the exception of a 30-minute incubation
period with varying concentrations of 7M2R, 7M2R-45, R2ZMPB, or R2MPB-45 prior to overnight
incubation with 10 pM TGF-B3. This HEK293T cell line utilizes a CAGA-LUC reporter line stably

transfected with a TGF-P sensitive CAGA-LUC expression cassette>®,
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8.3 Results

8.3.1 Domains 4 and 5 of TGM-1 play a key role in in vitro signaling

Due to the modular nature of the TGM domains, they can be potentially used to develop
TGF- inhibitors, by using some, but not all of the domains to sequester either TBRI or TBRI.
Thus, TGM-1 D12 and TGM-1 D3 FC-linked dimers were generated and tested for inhibition,
with the hypothesis being that TGM-1 D12 would be able to inhibit TGF-f3 and TGM-1 signaling
more potently than TGM-1 D3. Inhibition of TGF-f3 signaling by either TGM-1 D12 or TGM-1
D3 was tested via the MFB-F11 assay. Addition of TGM-1 D12 or TGM-1 D3 in increasing
amounts to MFB-F11 cells stimulated TGF-f did not inhibit TGF-f signaling at all in the case of
TGM-1 D12, and only at the highest of concentrations, in the case of TGM-1 D3 (Fig. 66 A-B).
This was surprising due to the two-fold order of magnitude stronger binding affinity in the case of
the TGM-1 D12:TBRI interaction as compared to the TGM-1 D3:TBRII interaction. TGM-1 D3
was only able to inhibit at a concentration greater than 10 uM incongruous with its micromolar
Kp. Thus the data shows that the TBRI and TPRII-binding domains of TGM-1 cannot by
themselves be used as TGF-f inhibitors.

That neither domain deletion constructs were able to inhibit TGF-3 signaling points to a
role for domains 4 and 5 in binding a co-receptor that would target the TGM proteins to the cell
surface and increase potency by avidity. This was further suggested by the TGF-f signaling
functionality of TGM-1 D3 mutants. The 1238A and Y252A mutants were shown by SPR to
decrease binding affinity to TPBRII by ca. 20-fold while the Y253 A mutant nearly completely

abrogated binding (Table 10, Fig. 38). The [256 A mutant was shown to have no effect on binding
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and as such was used as a positive control. These mutations were studied in two different contexts,
one in which the mutations were made in the full-length protein, and another in which the
mutations were made in a TGM construct lacking domains 4 and 5, TGM-1 D123.

In the truncated TGM-1 background (TGM-1 D123), mutagenesis of either 1238A or
Y252A moderately decreased TGF-f signaling potency with respect to the wild-type control (ECso
of as 4.6 ng mL! for the wild-type, 11.0 ng mL"! for the I238A mutation, and 8.2 ng mL! for the
Y252A mutation, while Y253A nearly completely abrogated signaling, except at the highest
concentrations tested. The positive control, I256A, had an ECso nearly the same as wild-type of
5.1 ng mL! (Fig. 67, Table 21). However, in the background of full-length TGM-1, the 1238A,
Y252A, and 1256A mutants showed little apparent change in signaling potency in comparison to
wild-type TGM-1 FL (Fig. 67, Table 22). The ECso of the wild-type TGM-1 FL, 1238A, Y252A,
and 1256 were 0.56 ng mL!, 1.73 ng mL!, 2.15 ng mL!, and 0.43 ng mL"! respectively. The
Y253A mutant showed a moderate decrease in potency with an ECso of 4.69 ng mL™,
approximately 10-fold weaker than wild-type TGM-1 FL. The clear attenuation of the effects of
the TGM-1 D3 mutations in the full-length background relative to the truncated background

strongly suggests that TGM-1 D45 binds to a coreceptor that amplifies TGM signaling.

8.3.2 CD44 acts as a co-receptor for TGM-1

The next step in studying was to test for the identity of the potential TGM co-receptor. This
was spear-headed by collaborators in the ten Dijke lab who approached this using orthogonal
methods. Initially mass spectrometry was utilized to generate a set of multiple potential co-
receptors. Biotinylated TGM-1 D45 was added to NM18 cells (murine epithelial cell line) and the
resultant complex was pulled from the lysate using neutravidin. Mass spectrometry-based
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proteomics found the TGM-1 D45-binding receptor to be CD44, a transmembrane glycoprotein
expressed near ubiquitously in human tissues, but with particularly high expression levels on
immune cell types. Confirmation of binding to CD44 was performed using immunoprecipitation
with an anti-CD44 antibody, which showed staining for TGM-1 FL pulldowns but not for TGM-
1 D123 pulldowns.

These binding interactions however could be an artifact, with CD44 potentially interacting
with TBRI, as has been previously suggested®’. Thus the potential binding between TGM-1 and
CD44 was investigated via biophysical and biochemical methods. TGM-1 was tested for binding
to both mouse and human CD44 using isothermal titration calorimetry (ITC). Both mouse and
human CD44 ectodomains were expressed in expi293 cells (Table 20) and purified in a manner
similar to what has been described in previous methods sections. These proteins, along with TGM-
1 FL, TGM-1 D45, and TGM-1 D123, were dialyzed into 25 mM Na,HPO4, 50 mM NaCl, pH 6.0
and ITC experiments were performed with the concentrated CD44 in the syringe and with the
TGM-1 constructs in the cell (Table 23, Fig. 68-69). These experiments confirmed binding of
TGM-1 to CD44, with TGM-1 FL binding with a Kp of 64 nM and 92 nM for mouse and human
CD44 respectively, and with TGM-1 D45 binding with a Kp of 62 nM and 140 nM respectively.
Though this data does show a weaker binding affinity for human over mouse CD44, this difference
is within a 68.3 % confidence interval (Table 23), and thus not largely significant. Additionally,
as expected, there was no binding detected between TGM-1 D123 and either CD44 ectodomain,
highlighting that TGM-1 D45 is the main binding partner for CD44. The stoichiometry was
approximately 1.0 for all of these interactions, indicating a 1:1:1:1 complex of TGM-

L:TBRI:TBRIL:CD44. Overall this data shows that CD44 is the coreceptor for TGM-1, and binds

to TGM-1 D45 with high affinity, comparable to the affinity of TGM-1 for TBRI.
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8.3.3 CD44 binds to TGM-4, but not to TGM-6

A subsequent question then arose as to whether other proteins in the TGM family bound
CD44. TGM-4 domains 4 and 5 are 73% and 84% identical to TGM-1 domains 4 and 5
respectively, suggesting that TGM-4 could possibly bind CD44. TGM-6 domains 4 and 5, share
only 42% and 32% identity with TGM-1 domains 4-5, and thus are not as likely to bind CD44.
TGM-4 and TGM-6 were therefore tested for binding to both mouse and human CD44 using
isothermal titration calorimetry (ITC). TGM-4 D45, and TGM-6 D45, along with mouse and
human CD44 were dialyzed into 25 mM Na,HPO4, 50 mM NacCl, pH 6.0 and ITC experiments
were performed with the concentrated CD44 in the syringe and with the TGM constructs in the
cell (Table 24, Fig. 70-71). These experiments confirmed binding of TGM-4 to CD44, with TGM-
4 D45 binding with a Kp of 20 nM and 56 nM for mouse and human CD44 respectively. However,
there was no measurable binding between TGM-6 and CD44 (Fig. 70-71). Though this data does
show a weaker binding affinity for human over mouse CD44, this difference is within a 68.3 %
confidence interval (Table 24) and thus is not largely significant. These values, additionally, are
not statistically significant from that of the binding of TGM-1 D45 to CD44 (Table 20). The
stoichiometry was approximately 1.0 for all of these interactions, indicating a 1:1:1:1 complex of
TGM-4:TBRI:TPRII:CD44. Overall, this data shows that CD44 can bind TGM-4, though whether
this acts as a coreceptor to potentiate TGM-4 function has yet to be determined. This data,
however, also shows that CD44 does not bind TGM-6 D45 and thus does not likely function as a

co-receptor for TGM-6.
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8.3.4 Murine, but not human CD44 acts to promote TGM-induced TGF-f8 signaling

The next question then became as to whether the presence of CD44 would potentiate TGM-
1 signaling. This is hypothesized from the data showing that the TGM-1 D3 Y?>A mutant nearly
abolished TGM-1 signaling in the background of truncated TGM-1 but not full-length TGM-1
(Fig. 68, Table 21-22). This data suggests that the binding interaction between TGM-1 D45 and
CD44 is sufficient to overcome weak binding between the TGM-1 D3 Y?**A mutant and TBRII.

The next step was to test whether human and mouse cell lines were equally responsive to
TGM-1, and whether addition of the co-receptor potentiated TGM-1 signaling in multiple cell
lines. TGM-1 signaling was assessed in a variety of both mouse and human cell lines via gel blot
intensity of phosphorylated SMAD2, with TGF-f3 utilized as a control sample (Fig. 72). Of the six
human cell lines and eight mouse cell lines tested for phosphorylated SMAD?2, the majority of the
mouse cell lines showed intense phosphorylated SMAD2 bands for both TGF- and TGM-1
ligands, whereas the human cell lines did not or did so weakly (Fig. 72). There are multiple
explanations for why this may have occurred, including a potential lack of extracellular CD44
expression in the human cell lines. However, this would not explain the weak intensity of the TGF-
B-stimulated controls. For this reason, for future experiments a control cell line for which high
expression of TBRI and TPRRII is known, such as the MFB-F11 cell line mentioned previously,
should be used, if only for there to be another positive control to determine the significance of the
phosphorylated SMAD2 band intensity in other human cell lines.

Knowing that these human cell lines were less responsive to TGM-1 stimulation, the next
logical step was to determine whether the addition of exogenous CD44 would increase the

maximum amplitude of TGM-1 stimulation from baseline in these cell lines, or whether the reverse
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would occur — that the deletion of CD44 from cell lines would decrease the amplitude of TGM-1
stimulation. NM18 cells, a murine epithelial cell line known to express CD44, were modified to
be CD44 knockouts, and then tested for signaling via incubation of both TGM-1 and TGF-3. Both
the wild-type and CD44 KO cells were able to signal via TGF-f3, as measured using a fluorescent
reporter cell line; however, with TGM-1, while it was apparent that TGM-1 was able to signal in
the two CD44 KO cell lines, the signaling was closed to three times more intense in the wild-type
compared to the CD44 KO cells (Fig. 73A). To test this dependence on CD44 further, HEK293
cells, a human embryonic kidney cell line with low CD44 expression, were transfected with a
doxycycline-inducible CD44 construct, and tested for signaling with TGF-3 or TGM-1. TGF-f3
signaling showed no dependence on doxycycline concentration, but TGM-1 showed an increase
in fluorescence intensity as the doxycycline concentration increased (Fig. 73B). Despite the lack
of a significant difference in binding affinity between TGM-1 D45:mCD44 and TGM-1
D45:hCD44, when the HEK293 cells were transfected with a doxycycline-dependent human CD44
construct, very little TGM-1 signaling was present, except at the highest concentrations of both
TGM-1 and doxycycline tested. Thus, in this context, hCD44 has a lessened ability to potentiate

signaling, the reason for which is yet to be determined (Fig. 73C).

8.3.5 TGM1D45 fusion constructs inhibit TGF-f signaling in HEK293T cell lines

The previous sections showed that mouse and human CD44 bind to TGM-1 D45 and TGM-
4 D45, but not to TGM-6 D45. Overexpression of mouse CD44 was also shown to increase TGM-
1 signaling output. Though the mechanism by which CD44 potentiates TGM-1 signaling has not

been investigated, hypotheses include potentiation via avidity or via improving binding affinity to
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TPRI and/or TPRRII. Additionally, from the limited data it can be hypothesized that different
proteins in the TGM family utilize different co-receptors, as TGM-6 D45 did not show a
measurable binding affinity to CD44 by ITC (Fig. 70-71). Thus, the utility of domains 4 and 5 is
potentially two-fold: the ability to potentiate TGF-B signaling through avidity, and more
interestingly the ability to target the TGMs to different cell types that express the cognate co-
receptor for that TGM.

TGF-P is a highly pleiotropic cytokine. Untargeted inhibition of TGF-J is undesirable due
to the potential off-target side-effects. Thus, one aspect currently missing from TGF-J3 therapeutics
is the ability to target TGF-f inhibition to a specific cell type or set of cells. This is where the TGM
domains 4 and 5 may play a role. The addition of TGM-1 D45 to an existing TGF-f inhibitory
therapeutic could potentiate the ICso of these therapeutics in cell types with high CD44 expression.
Similarly, were the coreceptor targets for other TGM isoforms identified, multiple TGF-f3
inhibitors with different cell targets could be generated, creating a set of cell-type specific TGF-3
inhibitors.

To test this hypothesis, two separate TGF-3 inhibitory molecules were utilized: mmTGF-
B27M2R, which had been previously mentioned in Chapter 4, and R2ZMPB. mmTGF-$27M2R,
otherwise called 7M2R, is an engineered monomer of TGF-B2, with residue substitutions to
improve binding to TPRII to that of TGF-B1 or TGF-B3. 7M2R only binds TBRII with high-
affinity, thus acting as an inhibitor of TGF-f signaling. Structurally, 7M2R acts in a similar manner
to TGF-P, interacting with 34 of TBRII, along with forming electrostatic interactions with Asp55
and Glul42 of TRRII (PDB 5TX4). R2MPB, a ca. 14 kDa protein, is a computationally designed

TGF-B inhibitor that acts to sequester TPRII through high-affinity binding with a similar
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mechanism to that of TGF-/7M2R. This protein was developed by collaborators in the Baker lab.
Structurally, R2MPB engages the edge B-strand, 4 of TPRII, and Ile76 specifically (PDB
unreleased). Due to the known binding mechanism and the ability to readily produce these
proteins, these two inhibitors were selected for the generation of TGM-1 D45 fusion constructs.
7M2R and the TGM-1 D45 fused 7M2R (7M2R-45, Table 20) were purified in a similar
manner. E. coli cells were transformed with a pET32a plasmid and cells were grown at 37 °C. At
OD 0.8 the cells were induced with 200 mg L' IPTG and spun down after six hours. The cell
pellets were solubilized, and the inclusion bodies solubilized in 8M urea. This solution was
reduced with 50 mM DTT, and after acidification, an initial purification was performed using an
SP sepharose column (pH 4.2) with a salt gradient (0 — 0.5M NaCl). Appropriate fractions were
identified by SDS-PAGE gel, and the combined fractions were folded at a final concentration of
0.1 mg mL! in a solution of 100 mM Tris, 30 mM CHAPS, 5mM reduced glutathione, 1M NaCl,
20% w/v DMSO pH 9.5. The folding mixture was concentrated after 48 hours at 4 °C and final
purification was performed via ion-exchange chromatography and reverse phase chromatography.
R2MPB and the TGM-1 D45 fused R2MPB (R2MPB-45, Table 20) were also purified
similarly. E. coli cells were transformed with a pET32a plasmid and cells were grown at 37 °C. At
OD 0.8 the cells were induced with 200 mg L' IPTG and spun down after six hours. The cell
pellets were solubilized and the inclusion bodies were solubilized in 8M urea. The protein was
initially purified using a NiNTA column (pH 8.0) with an imidazole elution gradient (0 — 0.5M
imidazole). Appropriate fractions were identified by SDS-PAGE gel and the combined fractions
folded at a concentration of 0.1 mg mL™! in a solution of 100 mM Tris, 1 mM EDTA, 0.5 mM

oxidized glutathione, pH 8.0 after initial reduction with 2 mM reduced glutathione. The folding
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mixture was concentrated after 12 hours at 4 °C and final purification was performed via ion-
exchange chromatography.

All of these proteins were produced in minimal media with '°N isotopic labeling and thus
confirmation of native folding and identity was performed using '’N-'H HSQC. To attain an NMR
spectrum with well-dispersed signals, the 7M2R-D45 was prepared in 10 mM Na,HPO4, 20 mM
CHAPS pH 4.7 and the spectrum recorded at 310K. Two samples were taken from the final
chromatogram and assessed for native folding. 7M2R-D45 is a 29 kDa protein with 259 residues.
While not all of these residues were visible on the HSQC spectra, both samples assessed showed
a wide dispersion of signals ranging from 6 — 11 ppm on the 'H axis (Fig. 74). Similarly, R2ZMPB-
D45 was buffered at 25mM CHES 50mM NaCl pH 8.5 and the spectrum recorded at 310K. Two
samples were taken from the final chromatogram and assessed for native folding. RZMPB-D45 is
a 30 kDa protein with 274 residues. While not all of these residues were visible on the HSQC
spectra, both samples assessed showed a wide dispersion of signals ranging from 6 — 11 ppm on
the 'H axis (Fig. 75).

Whether the addition of domains 4 and 5 of TGM-1 would increase the inhibitory capacity
of 7M2R and R2MPB was assessed using a TGF-3 CAGA-LUC reporter assay in which HEK293T
cells were stimulated with 10 pM TGF-3 and increasing amounts of inhibitor added. All of the
samples tested showed inhibition of TGF-f signaling to varying degrees. The control 7M2R
protein inhibited at an ICsp of 31.6 nM (95% CI 18.4 — 50.9 nM), and the two 7M2R-D45 samples
inhibited at an ICso of 11.6 nM (95% CI1 9.2 — 15.5 nM) and 44.1 nM (95% CI 21.8 — 124.1 nM)
respectively (Fig. 76A, Table 25). The confidence intervals suggest that there is little significant
difference in the ICso of the 7M2R and the 7M2R-D45 samples, which corresponds with the low

cell surface expression of CD44 on HEK293T cells. Similarly, the control RZMPB protein
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inhibited at an 1Csp of 270.7 nM (95% CI 107.8 — 728.5 nM), and the two R2MPB-D45 samples
inhibited at an ICsp 0f 9.7 nM (5.1 — 19.8 nM) and 26.6 nM (95% CI 14.1 — 48.6 nM) (respectively
(Fig. 76B, Table 25). While it appears as though the RZMPB-D45 samples are much more potent
than R2MPB alone, based on the reported ICso values, it is clear that the nonlinear fit to the data
was suboptimal, and thus this experiment should be repeated for a more accurate quantification of
the R2ZMPB 1Cso.

Thus this data reveals that 7M2R and R2MPB are both capable of inhibiting TGF-3
signaling, and that addition of the fused TGM-1 D45 domains does not negatively impact the
ability of either protein to inhibit TGF-f signaling in a low CD44 expression cell line. The CD44
expression on the HEK293T cells is likely too low to significantly impact the ICso, which would
explain why the D45 domains did not potentiate inhibition for either fused construct. In addition,
the 7M2R may be a strong enough inhibitor that addition of domains 4-5 would not increase
inhibition, particularly if the cell expression of CD44 is low. Further studies into the inhibition of
TGF-B signaling by these constructs are needed, including measurement of binding affinity of
R2MPB and 7M2R to TPRII, as well as testing of these fused constructs in a variety of cell types,
including those with higher levels of CD44 expression, before any definitive statements can be
made. It could also be that since HEK293T cells are human cells, and that previous data has shown
that potentiation of signaling only occurs with mouse CD44 that switching to a murine cell line

may show more signal potentiation.
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8.4 Discussion

It was hypothesized based on the results presented in earlier chapters that TGM-1 could be
isolated into its modular domains and be targeted to bind one of the two TGF-f3 receptors: TPRI
for domains 1-2 and TPRII for domain 3. Binding only one of the two TGF-f receptors would thus
lead to signaling inhibition, with domain deletion constructs of TGM-1 acting as TGF-f inhibitory
molecules. However, when TGM-1 D12 and TGM-1 D3 Fc-linked dimers were generated and
tested for inhibition in a TGF-P signaling assay, none of the constructs were shown to inhibit
signaling, with the TGM-1 D3 dimer construct only inhibiting at the maximal concentration which
was orders of magnitude greater than its binding affinity to TPRII (Fig. 64).

Following this, TGM-1 D3 mutations were made in the full-length TGM-1 background and
a truncated (TGM-1 D123) background, which showed that only in the truncated TGM-1 D123
background did the mutations significantly impact the ECso. TGM-1 D3 Y%A mutation in the
full-length background weakened the ECso by four-fold whereas in the truncated background this
same mutation nearly abrogated binding (Fig. 65, Table 21-22). This data, along with the lack of
inhibition of TGF-f signaling by the TGM-1 D12 and TGM-1 D3 dimers, suggested a role for
domains 4 and 5 of TGM-1. Thus, it was hypothesized that TGM domains 4 and 5 played an
alternate role that would allow for increased signaling potency in an in vitro context. Specifically,
it was hypothesized that TGM-1 domains 4 and 5, and likely domains 4 and 5 of other TGM family
proteins, was involved in binding a co-receptor that would target TGM-1 to the cell surface,
increasing the local concentration of TGM-1 through avidity and improving potency.

The putative co-receptor was identified by mass spectrometry and immunoprecipitation to

be CD44, a transmembrane glycoprotein expressed heavily on immune cell types. Using ITC it
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was confirmed that CD44 binds to TGM-1 D45 with a high affinity, and does not bind to TGM-1
D123 (Table 23). Both mouse and human CD44 were shown to bind to TGM-1 D45, with ca. 60
nM and 90 nM affinity respectively (Table 23, Fig. 69-70). The difference in binding affinity
between the mouse and human CD44 proteins for TGM-1 D45 was shown to be minimal, with
TGM-1 D45 binding with a slightly weaker affinity to human CD44. Mouse CD44 was
additionally shown through cell studies to potentiate TGM signaling in a concentration-dependent
manner (Fig. 73). Interestingly, while TGM-4 D45 was shown to be able to bind to human and
mouse CD44, TGM-6 D45 was not, with studies in-progress to identify coreceptors for TGM-4
D45 and TGM-6 D45 under way (Table 23, Fig. 71-72). This data led to the hypothesis that
different members of the TGM family bind to different co-receptors, and that these co-receptors
target the parasitic protein to different cell types depending on the expression of the co-receptor.
As the TGM proteins are modular with separable domains, and as the D45 domains are
hypothesized to target the TGM family members to different cell types, it was hypothesized that
conjugating TGF-B inhibitors to TGM-1 D45 would improve the inhibitory capacity of these
inhibitors. Specifically, two inhibitors, R2ZMPB and 7M2R, both of which bind to TPBRII, were
studied. These two proteins were purified natively as a fusion protein containing an additional
TGM-1 D45 separated by a short linker (Fig. 75-76). These proteins were then tested for TGF-3
inhibitory capacity in comparison to the parent proteins without fusion to the TGM-1 D45 fusion.
Neither fusing TGM-1 D45 to 7M2R nor fusing TGM-1 D45 to R2ZMPB showed any gross impact
on ICso in HEK293T cells, neither weakening nor strengthening the ICso (Fig. 77), likely due to
the low cell surface CD44 expression. Future experiments would thus involve testing in cells with
higher expression of CD44, such as the MFB-F11 cell line. This chapter opens up questions as to

the potential use of TGM domains in acting as targeting mechanisms for TGF-f3 inhibitors. TGF-
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[ inhibition has been shown to be broadly ineffective due to pleiotropic effects depending on the
cell-context. Development of fusion inhibitors utilizing the domains of TGM-1 could potentially
eliminate this problem, as it would direct the inhibitor to a cell type with high levels of expression

of the co-receptor of interest, thus eliminating these pleiotropic effects.

8.5 Respective Contributions

The experiments in this chapter were performed in combination by the author Ananya
Mukundan and by collaborators. The inhibition of the TGF- inhibitory pathway by TGM-1 D12
and by TGM-1 D3, was performed by Cynthia Hinck of the Hinck laboratory (Fig. 67). TGM-1
binding assays in Fig. 68 were performed by Kyle Cunningham of the Maizels laboratory. The
ITC studies (Fig. 69-72) were performed by Ananya Mukundan, as was the purification of the
R2MPB-D45 and the 7M2R-D45 constructs (Fig. 75-76). The cell studies assessing the ability of
mouse and human CD44 to potentiate TGM signaling were performed by Maarten van Dinther of
the ten Dijke laboratory (Fig. 73-74), as was the identification of CD44 as the TGM-1 co-receptor.
Finally, the 7M2R-D45 and the RZMPB-D45 inhibition assays in HEK293T cells were performed

by Cynthia Hinck of the Hinck lab (Fig. 77).
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8.6 Tables and Figures

Table 20: Sequences of constructs used in this chapter.

Construct

Coding region and description (* indicates stop codon)

TGM-1 D45

Residues 263-422 of H. Polygyrus TGF-p Mimic, NCBI MG099712
Signal Peptide-TGM-D45-Linker-Myc-Linker-
METDTLLLWVLLLWVPGSTGDAAQPARRACKPLEANESVHYEYFTMTNETDKKKGPPAKVGKSGKYPEHTCVKKVCSKW

PYTCSTGGPIFGECIGATWNFTALMECINARGCSSDDLFDKLGFEKVIVRKGEGSDSYKDDFARFYATGSKVIAECGGKTVR
LECSNGEWHEPGTKTVHRCTKDGIRTLGPEQKLISEEDLNSAVD

TGM-1
cleavable His tag

D123,

Residues 16-262 of H. Polygyrus TGF-p Mimic, NCBI MG099712

Signal Peptide- - Linker-Thrombin Cleavage Site-TGM-D1-D3

MKWVTFLLLLFISGSAFSGSGS GSLVPRGSDDSGCMPFSDEAATYKYVAKGPKNIEIPAQIDNSGMYPDYTHV
KRFCKGLHGEDTTGWFVGICLASQWYYYEGVQECDDRRCSPLPTNDTVSFEYLKATVNPGIIFNITVHPDASGKYPELTYIK
RICKNFPTDSNVQGHIIGMCYNAEWQFSSTPTCPASGCPPLPDDGIVFYEYYGYAGDRHTVGPVVTKDSSGNYPSPTHARRR
CRALSQEADPGEFVAICYKSGTTGESHWEY YKNIGK CPDP*

mCD44

Residues 23-174 of mouse CD44 isoform X4, NCBI XP_006498712

Signal Peptide- - Linker-Thrombin Cleavage Site-mouse CD44

MKWVTFLLLLFISGSAFSGSGS GSLVPRGSHQQIDLNVTCRYAGVFHVEKNGRYSISRTEAADLCQAFNSTLPT
MDQMKLALSKGFETCRY GFIEGNVVIPRIHPNAICAANHTGVYILVTSNTSHYDTYCFNASAPPEEDCTSVTDLPNSFDGPVT
ITIVNRDGTRYSKKGEYRTHQEDID*

hCD44

Residues 21-169 of human CD44 isoform X27, NCBI XP_054226560

Signal Peptide- - Linker-Thrombin Cleavage Site-human CD44

MKWVTFLLLLFISGSAFSGSGS GSLVPRGSQIDLNITCRFAGVFHVEKNGRYSISRTEAADLCKAFNSTLPTMA
AQMEKALSIGFETCRYGFIEGHVVIPRIHPNSICAANNTGVYILTSNTSQYDTYCFNASAPPEEDCTSVTDLPNAFDGPITITIV
NRDGTRYVQKGEYRTNPEDIY*

TGM-4 D45

Residues 263-422 of H. Polygyrus TGF-$ Mimic 4, NCBI MG429739
Signal Peptide-TGM-4 D45-Linker-Myc-Linker-
METDTLLLWVLLLWVPGSTGDAAQPARRARCKPLETNVSVHYEYFTMTNETGRKEGTPAEVDKGGKYPQHTCVRKFCDK

SPYTCSVKGPIFGECLDGQWNFTALDECLNARGCNSDDLFDKLGFEGVMVREEEGSDSYKDDFVRF YATGSKVNAECKGK
TVQLECSDGEWHDPGTKTVHRCTKEGIRALGPEQKLISEEDLNSAVD

TGM-6 D45

Residues 103-254 of H. Polygyrus TGF-p Mimic 6, NCBI MG429741
Signal Peptide-TGM-6 D45-Linker-Myc-Linker-

METDTLLLWVLLLWVPGSTGDAAQPARRA
RCKPLEKNDSVSYEYFTKPTKGLKMGSITKPDKSGKYPEETFVRRYCNDLPRNSLAQGKTYAECLDSEWKLKNLPDCRFAA
GCDEEYLLEKLMFVDISYWGKDAAKFSDDKTYRYYRPGSKVTAKCKGKSVKLTCVDGGYWVTVDGRKALCTGPEQKLIS
EEDLNSAVD *

R2MPB- TGM-1
D45

Residues 1-101 of synthetic TBRII binding protein fused to Residues 263-423 of H. polygyrus TGF-B Mimic, with residues 243-246
substituted with a lanthanide-binding tag, NCBI MG099712

Thioredoxin-! s .-Linker-Thrombin Cleavage Site-Linker-R2MPB-Linker-TGM-1 D45
MSDKIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFK
NGEVAATKVGALSKGQLKEFLDANLAGSGSGHM SSGLVPRGSGTGLKELLKELNKAIASGDTETVRRILEELLEL
LKEAFEKGDYDLAISIASMAVKAASYIGDTETLKELLEILKKIKEKLKKEGDEAALKAVERNIKVVEKVAGGSGGSGGRCKP
LEANESVHYEYFTMTNETDKKKGPPAKVGKSGKYPEHTCVKKVCSKWPYTCSTGGPIFGECIGATWNFTALMECINARGCS
SDDLFDKLGFEKVIVRKGEGSDSYKDDFARFYATGSKVIAECGGKTVRLECSNGEWHEPGTKTVHRCTKDGIRTL

TM2R-TGM-1
D45

Residues 331-442 of human TGF-B2 proprotein, with deletion of residues 381-400 and mutation of the following residues K357R,
R358K, L382R, A406K, C409S, L421V, 1424V, N426R, T427K, 1430V, NCBI NP_001129071 fused to Residues 263-423 of H.
polygyrus TGF-B Mimic, with residues 243-246 substituted with a lanthanide-binding tag, NCBI MG099712

Initiating Methionine-7M2R- Linker-TGM-1 D45

MALDAAYCFRNVQDNCCLRPLYIDFRKDLGWKWIHEPKGYNANFCAGACPYRASKSPSCVSQDLEPLTIVYYVGRKPVEQ
LSNMIVKSCKCSGSGTGNRCKPLEANESVHYEYFTMTNETDKKKGPPAKVGKSGKYPEHTCVKKVCSKWPYTCSTGGPIFG
ECIGATWNFTALMECINARGCSSDDLFDKLGFEKVIVRKGEGSDSYKDDFARFYATGSKVIAECGGKTVRLECSNGEWHEP
GTKTVHRCTKDGIRTL
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Table 21: TGF-f Signaling of mutated TGM-1 D123 constructs

Construct TGM-1 WT TGM-11238A | TGM-1 Y252A | TGM-1 Y253A | TGM-1 I1256A

Concentrations | 0.0625, 0.625, | 0.0625, 0.625, | 0.0625, 0.625, | 0.0625, 0.625, | 0.0625, 0.625,

(ng mL™) 1.25,2.5,25,50, | 1.25, 2.5, 25, | 1.25, 2.5, 25, 1.25,2.5,25,50, | 1.25, 2.5, 25,
100 50, 100 50, 100 100 50, 100

EC50 (ng mL7) | 4.62 11.03 8.19 NDP 5.07

EC50 95% CI | (3.45, 6.38) (8.32,14.70) | (5.91, 11.58) NDP (3.91, 6.75)

(ng mL™)

aGlobal fit of three replicates
"Not determined due to weak signal
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Table 22: TGF-f Signaling of mutated TGM-1 FL constructs

Construct TGM-1 WT TGM-11238A | TGM-1 Y252A | TGM-1 Y253A | TGM-1 I1256A
Concentrations | 1, 2.5, 5, 10,25, | 1, 2.5, 5, 10, | 1,2.5,5, 10,25, | 1,25,5, 10,25, | 1, 2.5, 5, 10,
(ng mL™") 50, 100 25, 50, 100 50, 100 50, 100 25, 50, 100
EC50 (ng mL™) | 0.56 1.73 2.15 4.69 0.43

EC50 95% CI | (0.17, 1.06) (0.95, 2.86) (1.43, 3.10) (3.51, 6.24) (0.16, 0.75)
(ng mL™)

Global fit of three replicates
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Table 23: TGM-1 binding to mouse and human CD44 as assessed by isothermal titration calorimetry

Cell mCD44 hCD44 mCD44 hCD44 mCD44 | hCD44
Syringe TGM-1 FL TGM-1 FL TGM-1 D45 TGM-1 D45 TGM-1 | TGM-1
D123 D123

Cell concentration | 15 10 12 8 10 10

(M)

Syringe 100 100 90 100 90 100

concentration

(M)

Temperature (°C) | 35 35 35 35 35 35

Kp (nM) 64 (28, 123)® | 92 (32,219)® 62 (28, 117)® | 140 (86,221)* | ND¢ ND¢

AH (keal mol™) -17.5 (-18.8, - | -10.3 (-11.8, - | -19.4 (-20.5,- | -9.6 (-10.2, - | ND°¢ ND¢
16.3)® 9.1)® 18.4)® 9.0)®

AG (kcal mol) -10.1% -9.92b -10.2¢b -9.7% ND¢ ND¢

-TAS (kecal mol ™) 7.3% 0.4% 9.2% -0.1% ND¢ ND¢

Stoichiometry (n) | 0.8¢ 1.24 1.44 1.24 ND¢ ND¢

aUncertainty reported as 68.3% confidence interval
Global fit of two replicates

“Not determined due to weak signal
dNumber of sites determined by incompetent fraction value on sedphat; set to ‘1 for Kp analysis
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Table 24: TGM-4 and TGM-6 binding to mouse and human CD44 as assessed by isothermal titration

calorimetry
Cell mCD44 hCD44 mCD44 hCD44
Syringe TGM-4 D45 TGM-4 D45 TGM-6 D45 TGM-6 D45
Cell concentration | 5.5 5 8 10
(M)
Syringe concentration | 60 75 90 100
(uM)
Temperature (°C) 35 35 35 35
Kp (nM) 20 (7, 41)® 56 (28, 99)® ND¢ ND¢
AH (kcal mol™) -21.7 (-23.0,-20.5)® | -16.6 (-17.9, -15.5)® | ND¢ ND¢
AG (keal mol™!) -10.9%° -10.28° ND¢ ND¢
-TAS (kcal mol™!) 10.8% 6.4 ND¢ ND¢
Stoichiometry (n) 1.2¢ 1.59 ND°¢ ND°¢
aUncertainty reported as 68.3% confidence interval
®Global fit of two replicates
“Not determined due to weak signal
YNumber of sites determined by incompetent fraction value on sedphat; set to ‘1’ for Kp analysis
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Table 25: Inhibition of TGF-f signaling by 7M2R and R2MPB Fusion Constructs

Inhibitor TM2R 7M2R-45 7M2R-45 R2MPB R2MPB-45 | R2MPB-45
Sample 1 Sample 2 Sample 1 Sample 2

Inhibitor 0.32,1,3.2, 10, 0.32,1,3.2, 0.32,1,3.2, 10, 0.1,032,1,3.2, | 0.1,0.32,1,3.2, | 0.1,0.32,1,3.2,

Concentradons | 2,030 | 02100 | 32 o, 052 o0, | 10:2 0| 10521003

(nM) 10000 3200, 10000 10000 10000 3200, 10000 10000

ICS50 (nM) 31.56 11.63 44.15 270.70 9.83 26.34

IC50 95% CI | (18.40,50.88) | (9.2,15.50) | (21.80, 124.1) | (107.8,728.5) | (5.09, 19.76) | (14.10, 48.60)

(nM)

*TGF-f concentration at 10 pM
bFit of three technical replicates
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TGM-1 D3 Dimer inhibition

TGM-1 D12 Dimer inhibition
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Figure 66: TGM-1 domain deletion dimers do not inhibit TGF-f signaling . A-B. Inhibition of TGF-f signaling
as measured via the MFB-F11 assay, with constant amounts of TGF-B (10pM) and increasing amounts of dimeric

TGM-1 D12 (A) or dimeric TGM-1 D3 (B). Data collected and analyzed by Dr. Cynthia Hinck, Hinck Lab.
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Figure 67: TGM-1 D3 mutations functionally impact TGM-1 signaling. A-B. Effect of TGM-1 D3 mutations on
TGM-1 FL (A) or TGM-1 D123 (B) signaling, measured via the MFB-F11 TGF-f responsivve bioassay. Relevant
mutations are noted in the key. Adapted from “Convergent evolution of a parasite-encoded complement control
protein-scaffold to mimic binding of mammalian TGF-p to its receptors, TBRI and TBRII” by Mukundan et. al.,?’

used under CC By 4.0 / Edited from original
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Figure 68: Raw thermograms of TGM-1 binding to mouse and human CD44 by ITC. A-F. Thermogram for the

injection of mCD44 into TGM-1 FL (A), TGM-1 D45 (C), TGM-1 D123 €, or the injection of hCD44 into TGM-1

FL (B), TGM-1 D45 (D), or TGM-1 D123 (F).
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Figure 69: Isotherms of TGM-1 binding to mouse and human CD44 by ITC. A-F. Integrated heats for the
injection of mCD44 into TGM-1 FL (A), TGM-1 D45 (C), TGM-1 D123 €, or the injection of hCD44 into TGM-1
FL (B), TGM-1 D45 (D), or TGM-1 D123 (F), together with the fit (smooth line) and residuals (below) to a 1:1

binding model. Error bars indicate bias in the NITPIC estimation of the integrated heats.
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Figure 70: Raw thermograms of TGM-4 and TGM-6 binding to mouse and human CD44 by ITC. A-D.
Thermogram for the injection of mCD44 into TGM-4 D45 (A), TGM-6 D34 (B) or the injection of hCD44 into

TGM-4 D45 (C), TGM-6 D45 (D).
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Figure 71: Isotherms of TGM-4 and TGM-6 binding to mouse and human CD44 by ITC. A-D. Integrated heats
for the injection of mCD44 into TGM-4 D45 (A), TGM-6 D45 (C), or the injection of hCD44 into TGM-4 D45 (B),
TGM-6 D45 (D), together with the fit (smooth line) and residuals (below) to a 1:1 binding model. Error bars indicate

bias in the NITPIC estimation of the integrated heats.
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Figure 72: TGM-1 and TGF-f signaling in various mouse and human cell lines. Cell lines incubated with either

media, TGF-B (1ng mL™"), or TGM-1 (10 ng mL™) for 1 hour, and the resultant lysates identified on Western Blot

using an anti-phospho SMAD antibody or a control GADPH antibody. Data collected and analyzed by the Maizels

lab and the ten Dijke lab submitted for revision in PNAS under the title “CD44 acts as a co-receptor for cell-specific

enhancement of signaling and regulatory T cell induction by TGM1, a parasite TGF-f mimic”
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Figure 73: Role of CD44 in TGF-P and TGM-1 signaling in vitro. A-C. A. mCHERRY reporter NM18 cells,
CD44 KO or WT, incubated with either control media, TGF-f, or TGM-1. B-C. mCHERRY reporter with
doxycycline inducible mouse CD44 (B) or human CD44 (C) HEK293 cells incubated with either control media,
TGF-B, or TGM-1 (1 ng ml"!, 5 ng mL"!, or 25 ng mL"") Data collected and analyzed by the Maizels lab and the ten
Dijke lab, submitted for revision in PNAS under the title “CD44 acts as a co-receptor for cell-specific enhancement

of signaling and regulatory T cell induction by TGM1, a parasite TGF-B mimic”.
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Figure 74: Native 7M2R-D45 can be purified to homogeneity. 'H-'N spectra of '’N 7M2R-D45 sample 1 (A,

red) and sample 2 (B, red). The spectrum was recorded in 10mM sodium phosphate, 20mM CHAPS, 5% *H,0, pH

4.7, 310K.

243



-t : r - 105
A B
15N R2MPB-D45 c e 15N R2MPB-D45 ° .
Sample 1 oo - Sample 2 . 110
S . o - 115 E
s o ‘. Sa’® o % ee ’ . :‘.: g
. " Sof o»f e . '-";b",gfs.aﬂza.
& — ) . o - =2
S L. L S S
‘ - - : - 125
B : — 130
T T T
7 6 10 9 8 7
1
H (ppm)

10
1
H (ppm)
Figure 75: Native R2ZMPB-D45 can be purified to homogeneity. 'H-">’N spectra of "’N R2MPB-D45 sample 1

(A, red) and sample 2 (B, red). The spectrum was recorded in 25mM CHES, 60mM NaCl 5% *H,O, pH 8.5, 310K.
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Figure 76: 7TM2R and R2MPB fusion constructs inhibit TGF-p signaling. A-B. Inhibition of TGF-f signaling as
measured via the CAGA-LUC assay, with constant amounts of TGF-P and increasing amounts of 7M2R and 7M2R-
D45 (A), along with R2MPB and R2ZMPB-D45 (B). N=1 with three technical replicates. Data collected by Dr.

Cynthia Hinck, Hinck Lab.
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9.0 Conclusions and Future Directions

H. polygyrus TGM or TGF- mimic is aptly named as it functionally mimics the activity
of mammalian TGF-f. Despite broad sequence dissimilarity between TGM-1 and TGF-f3, analysis
of the TGM-1 D3 structure, both alone and in a complex with TGF-f3 type 2 receptor TRRII showed
that TGM has adapted from the canonical CCP domain structure in order to bind TBRII. TGM-1
D3 lacks two of the canonical CCP domain (-strands, which allows for an expansion of the lateral
half of the protein and partial exposure of several core hydrophobic residues. In particular,
exposure of both 17*® and Y>> is key as these residues interact with I’® of TBRII, creating the main
binding interactions. This interaction mimics the insertion of I’® of TBRII into a hydrophobic cleft
formed between the fingers of TGF-P, including residues such as Trp*** and Tyr**°. Thus, TGM-
1 D3 mimics the contact residues of TGF-f3, utilizing similar hydrophobic residues to bracket the
inserted 1’° from TRRII. Additional mimicked interactions include the TGF-p R¥** - TBRII D*°
hydrogen bonded ion-pair with the TGM-1 D3 K** - TBRII D> ion pair, while the similar
hydrogen bonded ion pair with TGF-B R¥?° - TBRII E'* is not mimicked by TGM-1 D3, indicating
that there are some slight differences between the two interfaces, though with enough similarities
that the two ligands compete for binding with TBRII. TGM-1 was also shown to compete with the
TGF-B:TBRIL> complex for binding to TPRI; though the interface has yet to be elucidated, it is
likely that TGM-1 is similarly mimicking the binding residues of TGF-3 in order to bind TBRI.

Unlike TGF-p, the binding ability of TGM-1 can be separated by its distinct domains.
TGM-1 D3 is the sole binding domain for TBRII while TGM-1 D12 are the two binding domains

responsible for binding TPRI in a multivalent manner, with TGM-1 D2 being the main binding
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partner. This means that the ability of TGM-1 to bind the TGF-J receptors is modular and domain-
separable, particularly as the individual domains of TGM-1 can be purified separately. This has
implications for the potential of developing TGM-1 as a TGF- targeting therapeutic. This can
occur in two manners: as an inhibitory or a stimulatory therapeutic. The latter is evident, with the
use of constructs containing TGM-1 D123 to bind to both TBRI and TRRII and thus act to stimulate
the TGF-P signaling pathway, which may be of use in pathogenic contexts with downregulated
TGF-B signaling, such as wound healing contexts. For the inhibitory context, if the receptor
binding capabilities of TGM can be distinctly isolated, then soluble TGM-1 constructs can be
produced and utilized to sequester away either the type I or the type Il receptor, thus prohibiting
TGF-pB signaling. This has clinical applications in a variety of pathologic contexts including
overexpression of TGF-f in the context of autoimmune disease and soft-tissue cancers. Inhibition
of TGF-B has been shown to be a highly effective adjuvant to PD-1 and PD-LI1 therapy in

comparison to monotherapy in vivo'!-14?

, and engineered domain deletion constructs of TGM-1
may be able to perform a similar role as a chemotherapeutic or immunosuppressive adjuvant.
With this in mind, different constructs of TGM-1 were studied for efficacy as either TGF-
[ stimulatory or inhibitory therapeutics. This was done in part as one of the members of the family,
TGM-4 was shown to bind to TBRI with a close to 10-fold higher affinity than TGM-1, despite
binding with very weak affinity to TPRII. First, the potential utility of TGM domain deletion
constructs as inhibitors was tested. Constructs of TGM-1 D12, TGM- D12, and TGM-1 D3 were
tested for their ability to inhibit TGF-[ signaling. However, despite these hypotheses, none of these
constructs inhibited TGF-f3 signaling, indicating a separate component to the signaling mechanism

that has yet to be determined. Additionally, in theory, a combination of domains from TGM-1 and

TGM-4 would create a construct that would be maximized for binding to the TGF-3 receptors and
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thus act as a more potent signaling molecule. Using the MFB-F11 assay, chimeric constructs of
TGM-4 D12: TGM-1 D3: TGM-4 D45 and TGM-1 D12: TGM-4 D3: TGM-1 D45 constructs were
created. It was hypothesized that the former construct would maximize TGF-f3 signaling due to the
high affinity of TGM-4 D12 for TBRI and of TGM-1 D3 for TRRII. Thus conversely the latter
construct, due to the particularly weak affinity of TGM-4 D3 for TBRII would minimally signal
through the TGF-f pathway. However, the TGM-4 D12: TGM-1 D3: TGM-4 D45 construct did
not show significant activity in the MFB-F11 TGF-p signaling assay, while the TGM-1 D12:
TGM-4 D3: TGM-1 D45 construct did show significant activity in the assay, despite the weak
binding affinity of TGM-4 D3 to TBRII. From this data, it was clear that domains 4 and 5 were
key to the activity of TGM-1, and that this role needed to be studied.

It was hypothesized that TGM-1 domains 4-5, and in consequence, domains 4 and 5 of all
of the TGM family members, bound to a coreceptor separate from TRI and TBRII but integral to
the in vitro signaling, likely due to effects of avidity. Mass spectrometry, immunoblotting, and
ITC experiments demonstrated that CD44, a glycoprotein heavily expressed on T-cells, was this
co-receptor, binding to TGM-1 D45 and TGM-4 D45, but not TGM-6 D45. A cell line was
generated with dox-inducible CD44, both the human and the mouse isoforms. As the amount of
doxycycline increased, corresponding to increased expression of CD44, TGM-1 signal was
potentiated, in a doxycycline-dependent manner, indicating the potentiation of TGM-1 signaling
by CD44, though this effect was most pronounced for the mouse CD44 isoform over the human
CD44 isoform. With this in mind, it was clear that TGM-1 was binding a co-receptor whose
purpose appeared to be the further potentiation of TGM-1 signaling in a cell context. The TGM
family members, additionally, were hypothesized to bind to different coreceptors as well, as TGM -

6 D45 showed no binding to CD44, and current in-progress studies have identified an alternate co-
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receptor. While CD44 is ubiquitously expressed, albeit moreso in T-cells, the potential TGM-6
coreceptor is more highly expressed in fibroblasts. This then led to the hypothesis that the purpose
of domains 4 and 5 in the TGM family was to target the TGM protein of interest to certain cell
types, thus acting as a targeting mechanism for different parasitic proteins.

Chimeric proteins were generated by fusing known TGF-f inhibitors with TGM-1 D45.
Two chimeric proteins were tested: RZMPB-D45, and 7M2R-D45; both TGF-f inhibitors act by
sequestering TBRII. The chimeric proteins were tested for TGF-B signaling inhibition in in
HEK293T cells, a human embryonic cell line with low levels of CD44 expression. The HEK293T
cells were stimulated with TGF-33 and then increasing amounts of either R2ZMPB, R2ZMPB-D45,
TM2R, or 7TM2R-45 were added. Both 7M2R and R2MPB are both capable of inhibiting TGF-f3
signaling, but addition of the fused TGM-1 D45 domains did not seem to potentiate inhibition in
a low CD44 expression cell line. However, these are initial studies, and further studies in cells with
higher surface expression of CD44 needs to be performed in order to assess inhibitory capacity of
these fusion proteins.

Future experiment include further efforts to characterize the TGM domains and their
interactions with the TGF-f receptors. Though NMR CSP experiments were performed showing
that the residues of TBRI perturbed by binding to TGM-1 D2 were similar to the residues perturbed
by binding to the TGF-B:TBRIL complex, the specific residues involved in the TGM-1 D2:TBRI
interface have yet to be elucidated. Future experimentation involves the reverse set of chemical
shift perturbation experiments looking at the chemical shift differences between apo and TBRI-
bound TGM-1 D2, and then utilizing biophysical methods to assess for key interface residues,

along with either crystallographic or NMR methods for further complex determination. Ideally,
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this would lead to the development of a TBRI-targeting therapeutic, though much more protein
engineering work would have to be involved for TGM-1 D12 to be of any use therapeutically.
Additionally, the interaction between CD44 and TGM-1 D45 must be further studied.
There has been little biophysical work done to characterize the mCD44:TGM-1 D45 complex,
outside of some SEC and native gel experimentation. The residues involved in the binding
interface should be elucidated, either via NMR or crystallographic methods supported by SPR or
ITC biophysical binding studies. This would help in the generation of CD44 binders, whether these
are based on TGM-1 D45 or otherwise. There also needs to be more in vitro work involved in the
characterization of this interaction. Though initial studies support a model of avidity, suggesting
that the potentiation of TGM-1 signaling from CD44 comes from its ability to target TGM-1 to the
cell surface and thus increase the local concentration and facilitate receptor binding, this has not
yet been mechanistically proven, nor has the question of why mouse CD44 is so much more potent
than human CD44 in cell-based experiments. Future directions involve studying this in more detail.
Future experimentation will also involve further studying of the TGM-1 D45 fusion
domain proteins and their ability to inhibit TGF-f signaling. Cells with higher levels of CD44
should be studied, as should cells with inducible CD44, to further understand the ability of the
fusion proteins to inhibit TGF-f signaling. If this proves successful, then in vivo studies may be
possible further down the line in immunosuppressed pathophysiologies, such as in several cancer
varieties. The co-receptors of other TGM proteins should be studied as well. If co-receptors can
be identified for TGM-2 through TGM-10, it is likely that more potential cell targets can be found.
This would expand the repertoire of targets for TGF- therapeutics, with different TGM domain
4-5 constructs leading to different cell types, thus allowing for a hopefully wider array of cell

targets, and generating a novel paradigm for the development of TGF-f3 targeting therapeutics.
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Appendix A : NMR Supplement

Appendix A.1 Xplor-NIH scripts

Appendix A.1.1 TGM-1 D3 structure determination script

The script for the determination of the TGM-1 D3 structure is based off of the script
provided with Xplor-NIH version 2.52 by Charles D. Schweiters, the director of the Computational
Biomolecular Magnetic Resonance Core at NIDDK for slow docking of simulated annealing from

an extended structure.

kokok sk

xplor.requireVersion("2.52")

# slow cooling protocol in torsion angle space for protein G. Uses
# NOE, RDC, J-coupling restraints.

&

# this script performs annealing from an extended structure.

# It is faster than the original anneal.py

i

# CDS 2009/07/24

# this checks for typos on the command-line. User-customized arguments can
# also be specified.
#

(opts,args) = xplor.parseArguments(["quick"])

quick=False
for opt in opts:
if opt[0]=="quick": #specify -quick to just test that the script runs
quick=True
pass
pass
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# filename for output structures. This string must contain the STRUCTURE
# literal so that each calculated structure has a unique name. The SCRIPT

# literal is replaced by this filename (or stdin if redirected using <),

# but it is optional.

#

outFilename = "SCRIPT _STRUCTURE.sa"

numberOfStructures=500 #usually you want to create at least 20

if quick:
numberOfStructures=3
pass

# protocol module has many high-level helper functions.

#

import protocol

protocol.initStruct('generate4/tgmd3.pst') #read in PSF file (such that disulfide bonds are included)
protocol.initParams('protein’) #read covalent and nonbonded parameters from parameter file(s)
protocol.initRandomSeed() #set random seed - by time

command = xplor.command

# generate random extended initial structure with correct covalent geometry
protocol.genExtendedStructure()

#

# a PotList contains a list of potential terms. This is used to specify which
# terms are active during refinement.

&

from potList import PotList

potList = PotList()

# parameters to ramp up during the simulated annealing protocol
i
from simulationTools import MultRamp, StaticRamp, InitialParams, [IVMAction

rampedParams=[]
highTempParams=(]

# IVM setup
# the IVM is used for performing dynamics and minimization in torsion-angle
# space, and in Cartesian space.

#
from ivm import [IVM
dyn =1VM()

minc = [VM() # minc used for final cartesian minimization
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# initialize ivm topology for torsion-angle dynamics

# compare atomic Cartesian rmsd with a reference structure

# backbone and heavy atom RMSDs will be printed in the output

# structure files

#

#from posDiffPotTools import create PosDiffPot

#refRMSD = create PosDiffPot("refRMSD","name CA or name C or name N",
# pdbFile='g xray.pdb',

# cmpSel="not name H*")

# orientation Tensor - used with the dipolar coupling term
# one for each medium
# For each medium, specify a name, and initial values of Da, Rh.

#
from varTensorTools import create VarTensor

media=>""
# medium Da rhombicity
for (medium,Da,Rh) in [ ('t', 8.54,0) ]:
# (b, -9.9,0.23)1]:
oTensor = create VarTensor(medium)
oTensor.setDa(Da)
oTensor.setRh(Rh)
media[medium] = oTensor
pass

from varTensorTools import calcTensorOrientation

highTempParams.append(StaticRamp("""

for medium in media.values():
calcTensorOrientation(medium)

"HH) )

dyn.addConfigAction( IVMAction("""
for m in media.values():
m.setFreedom("fixDa, fixRh") #fix tensor Rh, Da, vary orientation

")

minc.addConfigAction( IVMAction("""
for m in media.values():
m.setFreedom("varyDa, varyRh")  #vary tensor Rh, Da, vary orientation

HHH) )

# dipolar coupling restraints for protein amide NH.
#

# collect all RDCs in the rdcs PotList

#
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# RDC scaling. Three possible contributions.

HoFH H O H H H H H H R

from rdcPotTools import create RDCPot,scale toNH,correctGyromagneticSigns

1) gamma A * gamma B/r AB"3 prefactor. So that the same Da can be used

for different expts. in the same medium. Sometimes the data is
prescaled so that this is not needed. scale toNH() is used for this.
Note that if the expt. data has been prescaled, the values for rdc rmsd
reported in the output will relative to the scaled values- not the expt.
values.

2) expt. error scaling. Used here. A scale factor equal to 1/err”2
(relative to that for NH) is used.

3) sometimes the reciprocal of the Da”2 is used if there is a large
spread in Da values. Not used here.

#correctGyromagneticSigns()
rdcs = PotList('rdc")
for (medium,expt,file, scale) in \

[('t,'NH','tgmd3 rdc nh CHB.tbl' 1),
('t,'CAHA''tgmd3 rdc caha ave v4.tbl' ,0.1),
('t,'CACO','tgmd3 rdc caco ave v3.tbl' ,20)
#('t',)CAHA','gb1-dipo-caha4.tbl' ,1),
#('t','/CACO','gbl-dipo-cac4.tbl' 1)

#('b','NH' ,'bicelles new nh.tbl',1),

#('b',/NCO','bicelles new nc.tbl',.05),

#('b',' HNC",'bicelles_new_hnc.tbl',.108)

]:

rde = create. RDCPot("%s_%s"%(medium,expt),file,media[medium])

#1) scale prefactor relative to NH
# see python/rdcPotTools.py for exact calculation

scale toNH(rdc) # not needed for these datasets -

i but non-NH reported rmsd values will be wrong.
#3) Da rescaling factor (separate multiplicative factor)

# scale *= (9.9 / rdc.oTensor.Da(0) )**2

rdc.setScale(scale)

rdcs.append(rdc)

pass

potList.append(rdcs)
rampedParams.append( MultRamp(0.01,1.0, "rdcs.setScale( VALUE )") )

# set up NOE potential
noe=PotList('noe")

potList.append(noe)

from noePotTools import create NOEPot
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for (name,scale,file) in [(‘all',1,"noe-4-16june-nodup.tbl"),
#add entries for additional tables
]:
pot = create NOEPot(name,file)
# pot.setPotType("soft") # if you think there may be bad NOEs
pot.setScale(scale)
noe.append(pot)
rampedParams.append( MultRamp(2,30, "noe.setScale( VALUE )") )

# set up J coupling - with Karplus coefficients

from jCoupPotTools import create JCoupPot

jCoup = create JCoupPot("jcoup","jhnhacoup4.tbl",
A=7.09,B=-1.42,C=1.55,phase=-60.0)

potList.append(jCoup)

# Set up dihedral angles
from xplorPot import XplorPot
dihedralRestraintFilename="tgmd3-dihed-nov22-2021.tbl"
protocol.initDihedrals(dihedralRestraintFilename,

#useDefaults=False # by default, symmetric sidechain

# restraints are included

)
potList.append( XplorPot('CDIH") )
highTempParams.append( StaticRamp("potList['CDIH'].setScale(10)") )
rampedParams.append( StaticRamp("potList['CDIH'"].setScale(200)") )
# set custom values of threshold values for violation calculation
#
potList['CDIH'"].setThreshold( 5 )

# gyration volume term
i
from gyrPotTools import create GyrPot
gyr = create_ GyrPot("Vgyr",
"resid 4:85") # selection should exclude disordered tails
potList.append(gyr)
rampedParams.append( MultRamp(.002,1,"gyr.setScale(VALUE)") )

# hbda - distance/angle bb hbond term
#

protocol.initHBDA('HBDA-5.tbl")
potList.append( XplorPot("HBDA') )

# hbdb - hbond database-based term

# CDS - 2017/04/24 - found to make precision worse - maybe better to use
# during refinement only

#protocol.initHBDB()
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#potList.append( XplorPot("HBDB') )

#New torsion angle database potential

#

from torsionDBPotTools import create_TorsionDBPot

torsionDB = create TorsionDBPot('torsionDB', system='protein’)
potList.append( torsionDB )

rampedParams.append( MultRamp(.002,2,"torsionDB.setScale(VALUE)") )

#
# setup parameters for atom-atom repulsive term. (van der Waals-like term)
#
from repelPotTools import createRepelPot,initRepel
repel = create RepelPot('repel')
potList.append(repel)
rampedParams.append( StaticRamp("initRepel(repel,use14=False)") )
rampedParams.append( MultRamp(.004,4, "repel.setScale( VALUE)") )
# nonbonded interaction only between CA atoms
highTempParams.append( StaticRamp("""initRepel(repel,

usel4=True,

scale=0.004,

repel=1.2,

moveTol=45,

interactingAtoms="name CA'

)""))

# Selected 1-4 interactions.

import torsionDBPotTools

repel14 = torsionDBPotTools.create Terminal14Pot('repel14")
potList.append(repel14)
highTempParams.append(StaticRamp("repel14.setScale(0)"))
rampedParams.append(MultRamp(0.004, 4, "repel14.setScale(VALUE)"))

potList.append( XplorPot("BOND") )

potList.append( XplorPot("ANGL") )

potList['ANGL'].setThreshold( 5 )

rampedParams.append( MultRamp(0.4,1,"potList['ANGL'].setScale(VALUE)") )
potList.append( XplorPot("IMPR") )

potList['IMPR'].setThreshold( 5 )

rampedParams.append( MultRamp(0.1,1,"potList['IMPR'"].setScale(VALUE)") )

# Give atoms uniform weights, except for the anisotropy axis
#
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protocol.massSetup()

protocol.torsionTopology(dyn)
protocol.initMinimize(minc)

protocol.cartesianTopology(minc)

# object which performs simulated annealing
#
from simulationTools import AnneallVM
init t =3500. # Need high temp and slow annealing to converge
cool = Anneall[VM(initTemp =init _t,
final Temp=25,
tempStep =12.5,
ivm=dyn,
rampedParams = rampedParams)

#cart cool is for optional cartesian-space cooling
cart_cool = AnneallVM(initTemp =init t,
final Temp=25,
tempStep =12.5,
Ivm=minc,
rampedParams = rampedParams)

def calcOneStructure(looplnfo):
""" this function calculates a single structure, performs analysis on the
structure, and then writes out a pdb file, with remarks.

nmnn

# generate a new structure with randomized torsion angles
#

from monteCarlo import randomizeTorsions
randomizeTorsions(dyn)

# set torsion angles from restraints

#

from torsionTools import setTorsionsFromTable
setTorsionsFromTable(dihedralRestraintFilename)
protocol.fixupCovalentGeom(maxIters=100,useVDW=1)
protocol.writePDB(loopInfo.filename()+".init")

# initialize parameters for high temp dynamics.

257



InitialParams( rampedParams )

# high-temp dynamics setup - only need to specify parameters which
# differfrom initial values in rampedParams

InitialParams( highTempParams )

# high temp dynamics

#

protocol.initDynamics(dyn,
potList=potList, # potential terms to use
bathTemp=init t,
iitVelocities=1,
finalTime=100, # stops at 100ps or 1000 steps
numSteps=1000, # whichever comes first
printInterval=100)

dyn.setETolerance( init t/100 ) #used to det. stepsize. default: t/1000
dyn.run()

# initialize integrator for simulated annealing

#

protocol.initDynamics(dyn,
numSteps=200, #at each temp: 100 steps or
finalTime=2,  # .2ps, whichever is less
printInterval=100)

# perform simulated annealing
#
cool.run()

# final torsion angle minimization

#

protocol.initMinimize(dyn,
printInterval=50)

dyn.run()

# optional cooling in Cartesian coordinates

#

protocol.initDynamics(minc,
potList=potList,
numSteps=200, #at each temp: 100 steps or
finalTime=4,  # 2ps, whichever is less
printInterval=100)

#cart_cool.run()

# final all- atom minimization

#
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protocol.initMinimize(minc,
potList=potList,
dEPred=10)
minc.run()

#do analysis and write structure when function returns
pass

from simulationTools import StructureLoop, FinalParams

StructureLoop(numStructures=numberOfStructures,
pdbTemplate=outFilename,
structLoopAction=calcOneStructure,
doWriteStructures=True,
genViolationStats=True,
averageTopFraction=0.02, #report stats on best 20% of structs
averageContext=FinalParams(rampedParams),

# averageCrossTerms=refRMSD,
averageSortPots=[potList['BOND'],potList[' ANGL'],potList[ TMPR'],

noe,rdes,potList['CDIH'],

averageFilename="SCRIPT ave.pdb",
averagePotList=potList).run()

Appendix A.1.2 TGM-1 D3:TBRII structure determination script

The script for the determination of the TGM-1 D3:TBRII complex structure is based off of
the script provided with Xplor-NIH version 2.52 by Charles D. Schweiters, the director of the
Computational Biomolecular Magnetic Resonance Core at NIDDK for slow docking of two rigid

structures.

xplor.requireVersion("2.52")

# slow docking protocol for TbRII and TGM6D3 complex with
# few NOE, and PCS restrains.

# filename for output structures.
outFilename = "SCRIPT STRUCTURE.sa"
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numberOfStructures=200
dockNumber = 100

import protocol

protocol.initRandomSeed(1215) #set random seed - by time
command = xplor.command

# selection chains

mollSel="resid 1:91" #D3

mol2Sel="resid 115:237" #RII

HHHEH# Importing data #HEHHEHHIHHIH

# Read PSF file(s).
protocol.initStruct(('tgmd3.psf', 'rii-t.psf', 'metal.psf’))

# Load paramaters.
protocol.initParams(['protein’, 'metal'])

# Read input structure(s).
protocol.initCoords(('D3-2.pdb','RII-t3.pdb','metal.pdb'))

# Maybe I should delete these unknown ?
xplor.simulation.delete Atoms("not known")

# Creating energy list
from potList import PotList
potList = PotList()

# parameters to ramp up during the simulated annealing protocol
from simulationTools import MultRamp, StaticRamp, InitialParams, [IVMAction

rampedParams=(]
highTempParams=[]

##IVM for performing dynamics in torsion-angle space and in cartesian space
from ivm import [IVM

dyn = IVM()
minc = [VM() #minc for final cartesian minimization

# getting in RDC data #

R setting tensor i

260



from rdcPotTools import correctGyromagneticSigns
correctGyromagneticSigns()

from varTensorTools import create VarTensor
media=>"*

for (medium,Da,Rh) in [ ('RIT, -6.8, 0.347),

('D3', -3.5, 0.665)

]:
VTensor = create_VarTensor(medium)
VTensor.setDa(Da)
VTensor.setRh(Rh)
media[medium] = VTensor
pass

from varTensorTools import calcTensorOrientation

highTempParams.append(StaticRamp("""

for medium in media.values():
calcTensorOrientation(medium)

")

rdcData = [("RII", "HN", "RDC/HNRDC _phage RII-A.tbl", 1),
("D3", "HN", "RDC/HNRDC_phage D3-C.tbl", 1)
]

from rdcPotTools import create RDCPot, scale toNH
rdcs = PotList("rdc")

for (medium, exp, table, scale ) in rdcData:

name =" % s_ % s" % (exp, medium)

rde = create RDCPot(name, table, media[medium])
rdc.setScale(scale)

scale toNH(rdc)

rdes.append(rdc)

pass

potList.append(rdcs)
rampedParams.append(MultRamp(0.01, 1.0, "rdcs.setScale(VALUE)"))
rdc.setThreshold(0)

# getting in PCS data #

2 setting tensor #

pcs = PotList("pcs')
potList.append(pcs)
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from rdcPotTools import create RDCPot
from varTensorTools import create VarTensor, calcTensor

# Tensor set up.
tensor = create VarTensor('tensor')
tensor.setDaMax(1e5)

# List with PCS data.

# name table

pcsData = [(‘intra', 'PCS/new2/DE-intramolecular-Tb6.tbl'"),
('inter', 'PCS/new2/DE-intermolecular-Tb5.tbl")]

# PCS term set up.
pcs_intra = PotList('pcs_intra") # to calculate tensor

for (name, table) in pcsData:

pot = create RDCPot(name, table, oTensor=tensor)
pot.setUseDistance(True)
pot.setAveType('sum’)
pot.setShowAlIRestraints(True)
if name == "intra":

pot.setScale(10)

pcs_intra.append(pot)

pcs.append(pot) # adding intermolecular PCSs as one of the energy terms
else:

pot.setScale(100)

pcs.append(pot)

calcTensor(tensor, expts=pcs_intra) # calculate tensor
print(tensor.Da(), tensor.Rh())

tensor.setDa(5636.0)

tensor.setRh(0.666)

tensor.setFreedom("fixDa, fixRh")

print(tensor.Da(), tensor.Rh())

rampedParams.append(MultRamp(1, 100, "pcs.setScale(VALUE)"))

pcs.setThreshold(0)

# getting in PCS data #
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S setting tensor i

pcs2 = PotList('pcs2')
potList.append(pcs2)

from rdcPotTools import create RDCPot
from varTensorTools import create VarTensor, calcTensor

# Tensor set up.
tensor2 = create_VarTensor('tensor2')
tensor2.setDaMax(1e5)

# List with PCS data.

# name table

pces2Data = [('intra2', 'PCS/new2/D3-loop-intramolecular-3.tbl"),
('inter2', '"PCS/new2/D3-loop-intermolecular-3.tbl'")]

# PCS term set up.
pcs2_intra2 = PotList('pcs2_intra2') # to calculate tensor

for (name, table) in pcs2Data:

pot = create RDCPot(name, table, oTensor=tensor2)
pot.setUseDistance(True)
pot.setAveType('sum')
pot.setShowAllRestraints(True)
if name == "intra2":

pot.setScale(10)

pcs2_intra2.append(pot)

pcs2.append(pot) # adding intermolecular PCSs as one of the energy terms
else:

pot.setScale(100)

pcs2.append(pot)

calcTensor(tensor2, expts=pcs2_intra2) # calculate tensor
print(tensor2.Da(), tensor2.Rh())

tensor2.setDa(1758.1)

tensor2.setRh(0.600)

tensor2.setFreedom("fixDa, fixRh")

print(tensor2.Da(), tensor2.Rh())
rampedParams.append(MultRamp(1, 100, "pcs2.setScale(VALUE)"))

pcs2.setThreshold(0)
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# set up NOE potential

import noePotTools

noe = noePotTools.create. NOEPot(name="noe", file="NOE/noe 20feb23.tbl")
potList.append(noe)

#noe.setPotType("soft") # in case of bad NOEs

rampedParams.append( MultRamp(2,30, "noe.setScale( VALUE )"))

from xplorPot import XplorPot

from torsionDBPotTools import create TorsionDBPot

torsionDB = create TorsionDBPot('torsionDB', system="protein’)
potList.append( torsionDB )

rampedParams.append( MultRamp(.002,2,"torsionDB.setScale(VALUE)") )

from repelPotTools import create RepelPot,initRepel
repel = create_RepelPot('repel')
potList.append(repel)
rampedParams.append( StaticRamp("initRepel(repel,usel4=False)") )
rampedParams.append( MultRamp(.004,4, "repel.setScale( VALUE)") )
#nonbonded interaction only between CA atoms
highTempParams.append( StaticRamp("""initRepel(repel,
usel4=True,
scale=0.004,
repel=1.2,
moveTol=45,
interactingAtoms="name CA'

)""))

#Selected 1-4 interactions.

import torsionDBPotTools

repel14 = torsionDBPotTools.create Terminal14Pot('repel14')
potList.append(repel14)
highTempParams.append(StaticRamp("repel14.setScale(0)"))
rampedParams.append(MultRamp(0.004, 4, "repel14.setScale(VALUE)"))#

potList.append( XplorPot("BOND") )

potList.append( XplorPot("ANGL") )

potList['ANGL'].setThreshold( 5 )

rampedParams.append( MultRamp(0.4,1,"potList['ANGL'].setScale(VALUE)") )
potList.append( XplorPot("IMPR") )

potList['IMPR'].setThreshold( 5 )

rampedParams.append( MultRamp(0.1,1,"potList['IMPR'"].setScale(VALUE)") )

from atomSelLang import nameSelection
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nameSelection('backbone’," or " join(["name %s"% n
fornin "C CA N HNO".split()]))

# IVM setuptHHHHHHHHHHHEHHHH A
from ivm import [IVM

dyn =IVM()

dynRigid =IVM()

minc = [VM() # minc used for final cartesian minimization

dynRigid.fix(mol2Sel) #completely rigid docking partners
dynRigid.group(mol1Sel)

dyn.fix("resid 237 or (recall backbone and (%s))" % mol2Sel)
dyn.group("resid 91 or (recall backbone and (%s))" % mollSel)

#tensor.setFreedom("varyDa, varyRh")
#tensor2.setFreedom("varyDa, varyRh")
VTensor.setFreedom("varyDa, varyRh")

protocol.torsionTopology(dyn)
protocol.torsionTopology(dynRigid)
protocol.initMinimize(minc)
protocol.cartesianTopology(minc)

# Give atoms uniform weights, except for the anisotropy axis
i
protocol.massSetup()

# simulated annealing
from simulationTools import AnneallVM
init_t = 3500.
cool = AnneallVM(initTemp =init t,
final Temp=25,
tempStep =12.5,
ivm=dyn,
rampedParams = rampedParams)

#cart_cool is for optional cartesian-space cooling
cart_cool = AnneallVM(initTemp =init t,
final Temp=25,
tempStep =12.5,
1vim=minc,
rampedParams = rampedParams)
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def calcOneStructure(loopInfo):

""" One structure with n dockings"""

InitialParams( rampedParams ) # somehow still important.

InitialParams( highTempParams ) # 'Listining 27' not really easy for me to grasp the concept -
maybe during next reading iteration !

atomPos0 = xplor.simulation.atomPosArr()
atomPosMin = xplor.simulation.atomPosArr()
energyMin = 1e9# big number

k=0

# now is the loop adopted from 'eginput/dock dipolar chemshift/dock.py' that actually does the
initial rigid docking

# first with RDC, the both RDC and noe + repel energ term

while k < dockNumber:

xplor.simulation.setAtomPosArr(atomPos0)

from atomAction import randomizeDomainPos
randomizeDomainPos(mol1Sel)# randomizing second partner position
protocol.initMinimize(dynRigid,potList=[pcs,pcs2,rdc,noe],
printInterval=50)
dynRigid.run() ; dynRigid.run()# gradient minimization in torsion angle space with RDC
energy term

protocol.initMinimize(dynRigid,potList=[pcs,pcs2,rdc,noe,repel],
printInterval=50)
dynRigid.run() ; dynRigid.run()# gradient minimization in torsion angle space with RDC, NOE
and repel energy terms

print 'iter: %d energy: %f' % (k,potList.calcEnergy()) # just printing energies

if potList.calcEnergy() < energyMin :# not sure about this criterion, but sound like 'if the energy
is not ridiculusly high (e.g structure overlap), then is ok’
atomPosMin = xplor.simulation.atomPosArr() # the coordinates then are saved
energyMin = potList.calcEnergy()# and the minimal energy is overwirtten,
pass# - if only the new iteration provides better values, the energy and coordinates will be
overwiritten again

print "#HEH"Fstr(k) " HEHEHE

k+=1
pass
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HEHHHIHIHH I % Now  getting  back into  more 'standard’ protocol

HHIHHHHHHHIH AR

FHoH H H H*

# accpting the position from best run from the loop
xplor.simulation.setAtomPosArr(atomPosMin)

#randomize sidechain torsions
from monteCarlo import randomizeTorsions
randomizeTorsions(dyn)

InitialParams( rampedParams )
InitialParams( highTempParams ) # somehow this need to be called again

# high temp dynamics - not sure if this step is required ?
protocol.initDynamics(dyn,
potList=potList, # potential terms to use
bathTemp=init t,
initVelocities=1,
finalTime=100, # stops at 100ps or 1000 steps
numSteps=1000, # whichever comes first
printInterval=100)

dyn.setETolerance( init t/100 ) #used to det. stepsize. default: /1000
dyn.run()

InitialParams( rampedParams ) # and again

# simulated annealing - is it even used ?
protocol.initDynamics(dyn,
numSteps=100, #at each temp: 100 steps or
finalTime=.2 , # .2ps, whichever is less
printInterval=100)

# perform simulated annealing - or isn't that he one specified earlier ?
cool.run()

# final torsion angle minimization
protocol.initMinimize(dyn,

printInterval=50)
dyn.run()

# optional cooling in Cartesian coordinates
#
protocol.initDynamics(minc,
potList=potList,
numSteps=100,  #at each temp: 100 steps or
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# finalTime=4, # .2ps, whichever is less
# printInterval=100)
# #cart_cool.run()

# final all-atom minimization

#
# protocol.initMinimize(minc,
# potList=potList,
# dEPred=10)

# minc.run()

#do analysis and write structure when function returns
pass

from simulationTools import StructureLoop, FinalParams
StructureLoop(numStructures=numberOfStructures,
pdbTemplate=outFilename,
structLoopAction=calcOneStructure,
doWriteStructures=True,
genViolationStats=True,
averageTopFraction=0.05, #report stats on best 10% of structs
averageContext=FinalParams(rampedParams),
averageFilename="SCRIPT ave.pdb",
averageFitSel="(%s) and recall backbone" % mol1Sel,
averagePotList=potList).run()
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