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Macromolecular Structures of Receptor-Ligand Complexes from

Developmental Neurobiology and Cancer Biology
Manish ]ana_rdhan Butte

Abstract

Growth factors play a critical role in the development, maturation, maintenance, and
programmed cell death of most cells. For the developing nervous system, one family that
bears these responsibilities is the neurotrophins. How the neurotrophins orchestrate these
activities depends on the receptor proteins with which they interact. One major aim of my
research is to better understand the activation process of the neurotrophins and their
receptors by studying their atomic structures. I investigated the neurotrophin called
neurotrophin-3, which plays a major role in the development of the peripheral nervous
system and neural crest cells.

One process triggered by growth factors is remodeling the shape of the cell, for
example to grow in a certain direction. This process appears to be controlled by a cell
surface molecule called the urokinase receptor (uPAR). Like other receptors, uPAR sends a
signal when activated by a ligand, in this case a protease called urokinase; this signal then
informs the cell to reshape itself and migrate. Urokinase is a protease that can cut basement
membrane and extracellular matrix, especially when restrained to the surface of a cell by
uPAR. Cancerous cells appear to maliciously use these mechanisms to invade into blood
vessels and metastasize.

Using X-ray crystallography, I solved the structure of neurotrophin-3 (NT-3) to 2.4
A. The structure can be compared to those of other neurotrophins to clarify how NT-3
interacts specifically with its receptor. I also determined the low-resolution structure of
uPAR with urokinase, which helps us understand how cells make use of this signaling

system.
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Chapter 0. A Simple Introduction to Growth Factors

Introduction
An essential feature of multicellular organisms is the need to coordinate the growth

of cells. Unlike bacteria, which grow and reproduce depending on the availability of
nutrients, multicellular organisms evolved mechanisms to regulate growth and reproduction
despite the presence of nutrients. The cells could then use the energy that would have
otherwise been consumed to specialize. This leads to evolution of the organism as a whole.

For one cell to tell another to grow or to stop growing requires communication. If
two cells directly touch, they can communicate via a direct connection of their cytoplasm or
by secreting a molecule that the other detects. For longer distances in multicellular
organisms, secretion of soluble, diffusible, long-lived molecules was essential for
communicating the signal to grow and reproduce or not. Some proteins have these
properties.

The developing nervous system in say, a mammal, is an incredibly complex network
of interconnected cells of a variety of types. The size and number of neurons needs to be
carefully regulated, so that for example the forebrain doesn’t crowd out the hindbrain, or so
that a nerve cell can grow from the brain all the way down to a touch-receptive cell in the
foot. It was postulated in the early twentieth century by Victor Hamburger and others that
there should be a way for a developing neuron to receive positive or negative feedback from
the environment to keep growing or to stop growing. His neurotrophic factor hypothesis
suggested that neurons will compete for a limited supply of positive signal, that the nerve
cells perceive the signal as a reward to keep growing, and that the target cells of these
neurons would secrete these signals to lure the neurons into developing a connection with

them. In fact, all these things occur, and are mediated by proteins called growth factors.



Numerous growth factors participate in the development of the nervous system and other
organs, but there are three families that are best understood: the neurotrophin family, the
glial-derived neurotrophic factor family, and the ciliary neurotrophic factor family. Of these

three, the neurotrophins have been best described both structurally and biochemically.

Neurotrophins

The neurotrophins are a family of proteins that direct developing neurons to grow,
differentiate, and undergo programmed cell death. The prototype member, nerve growth
factor (NGF), was discovered in snake venom serendipitously by Rita Levi-Montalcini and
Stanley Cohen while they were using the venom to degrade nucleotides in a solution found
to stimulate nerve growth. The other members of the neurotrophin family include brain
derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3) and neurotrophin 4 (also called
neurotrophin 5 or NT-4/5). Genes for other neurotrophins, including 3 human ones called
~ NT-6, and many fish genes called NT-6 and NT-7, have also been discovered.
Neurotrophins are not found in the fruit fly Drosophila melanogaster (Butte MJ, unpublished
observation) or presumably in more “simple” species than the fruit fly.

The neurotrophins belong to a larger superfamily of proteins called the cystine-knot
growth factors. This family includes proteins such as platelet-derived growth factor (PDGF),
chorionic gonadotropin (hCG), and many others. The cysteine-knot is a set of six cysteines
that are bonded pairwise to form a true knot in the protein chain. This knot presumably adds
tremendous stability to the protein, an important feature of a growth factor as explained
above. Another feature of cystine-knot growth factors is that the proteins are all dimeric: the
molecule consists of two individual pieces that are associated. As I will show in the structure

of NT-3, this serves to greatly stabilize the molecule over the individual pieces.



The neurotrophins convey their message to a cell via receptor proteins that are on
the surface of the cell. There are two families of neurotrophin receptors, the Trk family,
which includes TrkA, TrkB, and TrkC, and the p75 family, which is a family of cne protein
called p75 (also called p7SNTR or NTR). The Ttk receptors contain an intracellular tyrosine
kinase domain that can phosphorylate tyrosine amino acids when the receptor is active. The
p75 receptor does not possess any catalytic activity, but contains an intracellular region called
the death domain that can interact with other intracellular proteins to convey a signal.

The Ttk receptors are monomeric, that is, they exist alone rather than paired orin a
larger complex. When a dimeric neurotrophin binds to a Trk protein, it facilitates a second
Ttk to also bind, as the two “faces” of the neurotrophin dimer can each associate with one
Ttk protein. When the two Ttks are brought together in this manner, their intracellular
kinase domains can phosphorylate each other. This phosphorylation is the hallmark of Trk
receptor activation and leads to the phosphorylation of a multitude of other molecules,
including other kinases, that lie nearby awaiting phosphorylation. A crescendo of
phosphorylation results, culminating in activation of transcription factors that direct the
transcription of various genes. These gene products cause the phenotypic effects seen in Trk
activated nerve cells: growth and differentiation of the cell. One of the genes transcribed by
Trk is upar, which I discuss in greater detail later.

The Trk receptors TrkA, TrkB, and TrkC are specific for particular neurotrophins
NGF, BDNF, and NT-3, respectively. The receptors are all very similar in amino acid
sequence to each other, as are the neurotrophins. Thus an intuitive way the specificity may
come about is through the amino acids that are different between the molecules. For
example, the keys in a building are usually very similar, but the particular different notches in

each key allows particular doors to be unlocked. As I will show with the NT-3 structure,
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sequence differences do not entirely explain the specificity of the neurotrophins for their
receptors. The Ttk receptors have a high affinity for their particular neurotrophins. The on-
rate of the neurotrophins is much slower than the off-rate, which means that the
neurotrophins are reluctant to bind but stick well after they bind.

These kinetic properties are troublesome for some cells, which need to detect minute
quantities of neurotrophins in their environment. These cells make use of the p75 receptor
to facilitate detection of the neurotrophin signal. P75 is not specific to any particular
neurotrophin. It also has a high affinity to the neurotrophins, but unlike the Ttks, it has a
ve;y fast on-rate. It has been speculated that p75 binds a neurotrophin and then hands it off
to a nearby Trk receptor for signaling. As I will show with NT-3, the structure the molecule
and experimental data regarding which parts of the molecule are important for binding to
the receptors, support this possibility.

P75 can be found by itself on the cell-surface. When these solitary p75 molecules are
activated by binding the neurotrophin, the signal sent to the cell is not for growth and
differentiation but rather for death. Cell death in the nervous system occurs for a variety of
reasons. Neurotrophin-mediated cell death may be related to the neurotrophic factor
hypothesis, that neurons prosper or die based on competition for limited growth factor
resources.

Curiously, when both p75 and Ttk receptors are expressed on a cell surface,
neurotrophins can be shown to activate the Trk receptors with a much higher affinity than
with either receptor type alone. The on-rate of this combined interaction resembles that of

p75, while the off-rate resembles that of the Ttk receptors. This leads some to believe that

p75 somehow initially binds the neurotrophin and then hands off the molecule to the Trk
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receptor. As I will show in the NT-3 chapter, this possibility is supported by the crystal

structure of the molecule.

Urokinase receptor
When a cell is stimulated to grow, this growth comes about by a series of regulatory

reactions that result in the boundary of the cell to be expanded in particular direction, for the
cell in that direction to be removed, whatever is in the way of and for the contents of the cell
to be pushed in that direction. The urokinase receptor plays a critical role in these reactions.
One major function of the receptor is to bind urokinase, a rather-specific, extracellular serine
protease whose primary specificity is for the protein plasminogen. Plasminogen is
proteolyzed by urokinase to become plasmin, which is a broad-spectrum protease that can
degrade basement membrane, the connective tissue that underlies most epithelial cells. By
binding urokinase to a cell surface, urokinase receptor focuses the degradation of basement

membrane at particular sites.

¥

Urokinase receptor (uPAR) also appears has a direct affect on the growth and p
migration of a cell. This may result from signals sent by uPAR upon activation by its ligand, d
urokinase. Some evidence suggests that the activation of uPAR that leads to migration is in ,

fact a cleavage of the receptor molecule between two of its domains. The structure of the
linker between domain 1 and 2 would help clarify the role of this region in chemotaxis and
rnigration.-

Finally, uPAR may play an important role in regulating the activity of growth factors.
Some evidence surrounding the neurotrophin NGF suggests that it cannot induce its
differentiative effects unless uPAR is expressed on the cell surface. Moreover, uPAR must
not be blocked by an antibody. This suggests that growth factor receptor activation triggers a

downstream signal to uPAR, which may require a ligand to allow cell growth and migration



to occur. How uPAR might receive a signal from within the cell is not known. It is thought
that receptors like uPAR can signal to within the cell by clustering intracellular tyrosine
kinases of the Src family. How uPAR, which has no intracellular domain, can influence these
molecules is still unknown. That they both cluster to lipid-dense regions (called rafts) in the

plasma membrane offers a clue.



Abstract
The neurotrophin family, the glial-derived neurotrophic factor family, and the ciliary-

neurotrophic factor are the best-described growth factors specific for developing neurons
and neural-crest cells. As might be expected for regulatory molecules of the complex central
and peripheral nervous system, these factors show considerable receptor specificity and
cross-talk. Thanks to a decade of intense research by numerous labs, the structures of many
of these factors are now available. We discuss the structural bases of receptor binding,
specificity, and activation in each of these systems. Using structure-based sequence
alignments, we also address evolutionary implications of these molecules and their receptors.
We also suggest further directions for research in the structure and function of these
neurotrophic factors.

Keywords

neurotrophin; glial derived neurotrophic factor; ciliary neurotrophic factor; structure;
g
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Introduction
Many growth factors play a critical role in the development, maturation,

maintenance, and programmed cell death of the nervous system. While dozens of proteins
are implicated in these roles, there are currently three families of well-understood growth
factors that are specific to the nervous system: the neurotrophin family, the glial-cell derived
neurotrophic factor family, and the ciliary neurotrophic factor. The members of these
families signal the developing and mature organism to grow, form differentiated cells, and
survive disease or injury.

Nerve growth factor (NGF) is the prototype member of the neurotrophin family,
which has at least five other members. NGF was discovered in the 1940s by Stanley Cohen
and Rita Levi-Montalcini in moccasin snake venom [1]. NGF and its siblings, brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3), NT-4/5, NT-6, and NT-7, provide the
signal for growth, differentiation, and programmed cell death for developing and mature
neurons and other neural-crest-derived cells. Neurotrophin signaling underpins the
development of numerous biological systems, including the brain and peripheral nervous
system. Beyond these, neurotrophins have been found to play a role in retinal [2], cochlear
[3], and heart development [4,5]. Moreover, neurotrophins are essential for maintaining
function of neurons in the adult. In addition, derangements of the neurotrophin signaling
system a.tevimplicated in Alzheimer’s disease [6], peripheral neuropathy [7,8], neuroblastoma
[9-11], and many of the neurodegenerative and neuronal storage diseases. Indeed, BDNF
and NT-3 have been in clinical trials for diabetic peripheral neuropathy. The neurotrophins
signal through two receptor types (Figure 1a). First are the Trk receptors, a family of three
nanomolar-affinity receptors (called TrkA, TrkB, and TrkC) each specific for a neurotrophin

(NGF, BDNF or NT-4, and NT-3, respectively) with an intracellular tyrosine kinase domain
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that stimulates the MAP (mitogen-activated protein) kinase pathway when activated. The
second receptor is p75, a nanomolar-affinity TNF-R (tumor necrosis factor receptor) family
member that signals through an intracellular death domain to activate the cellular apoptosis
machinery. Excess p75 receptors may also act in consort with Trk when neurotrophin
concentrations are low, producing a sub-nanomolar binding site [12], though details of this
interaction are not well understood.

The glial-derived neurotrophic factor (GDNF) was found in a search for secreted
factors that promoted neuronal survival in primary culture by Leu-Fen H. Lin in 1993 [13].
GDNF was cloned from a glial cell line culture, and quickly established prominence as a
potent stimulant of dopaminergic neurons. Three other members of the GDNF family have
been identified: persephin [14], neurturin [15], and artemin (also called enovin and
neublastin) [16]. GDNF has been shown to play a critical role in the development of the
kidney [17-19] and the enteric nervous system [20]. The GDNF system has an important
medical role, as mutations have been linked with medullary thyroid tumors [21], the muldple
endocrine neoplasia type 2 (MEN 2A and 2B) syndrome [22], and Hirschprung’s disease
[23,24]. Like the neurotrophins, the GDNF family signals through two receptor families
(Figure 1b): the GDNF family receptor alpha (GFR«) family of glycosylphosphoinositol
(GPI)-linked receptors and Ret, a tyrosine kinase receptor. GDNF family members
predominantly signal in a two-step mechanism, first uniting two GFRa receptors, which then
join with two Ret receptors, forming a heterohexameric complex. This then activates
numerous intracellular signaling mechanisms including the MAP kinase and
phosphatidylinositol 3-kinase pathways [25]. Each GDNF family member has a preferred

GFRa receptor and vice versa, though there is considerable cross-talk between the receptors

(Figure 1b) [26-28).
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Ciliary neurotrophic factor (CNTF) was discovered in 1979 by Silvio Varon’s group
in a search for growth factors in the ciliary ganglion [29,30]. The primary role of CNTF
remains elusive, though it contributes to the development and differentiation of the retinal
rod neurons as well as other neurons. It may also contribute to regulation of weight [31] by
its influence on the hypothalamic arcuate nucleus, and is currently in clinical trials for this
purpose. CNTF is structurally similar to the interleukin-6 family of hematopoietic cytokines,
and it signals using common cytokine receptor components. CNTF first associates with
CNTFRa, a specific GPI-linked receptor, then binds to the cytokine receptors gp130 and
LIFR (leukemia inhibitory factor receptor), which activate the JAK-STAT (Janus
Kinase/Signal Transducer and Activator of Transcription) signaling pathway [32].

The result of a decade of intense research, the crystal structures of many
neurotrophic factors are now available. In addition, the recent explosion of genomics
research has given us dozens of amino acid sequences of neurotrophic factors from dozens
of species. Evidence from these sources in addition to the results from biochemistry
experiments reveal clues to the evolution, binding, and specificity of these molecules. This
paper attempts to summarize these results and suggest further directions for research in the

structure and function of the neurotrophic factors.

Sequence Alignments and Molecular evolution
Comparing the amino acid sequences of the neurotrophic factors can give insight to

the evolutionary history of these families and can help reveal functionally important regions
of the molecules. A structure-based sequence alignment was prepared using all currently
known neurotrophins (Figure 2), representing over 30 species. As the figure shows, there are
six major subfamilies of neurotrophins, including NGF, BDNF, NT-3, NT-4/ 5, the human

NT-6s, and the fish NT-6 and NT-7. Two NGF-like molecules from the fowlpox virus
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genome are included as an aside, as it is not known if these proteins are even transcribed,
though it is easy to propose competitive advantages conferred to a virus that can secrete
NGF, including promoting survival of infected cells [33].

Previous works have divided neurotrophin residues into two categories, conserved
and variable, based on early sequence alignments [34]. As we can see, most of the residues
that participate in secondary structure are strongly conserved both within and between
subfamilies, though there are numerous exceptions. The N- and C-termini and loops 2 and 3
show modest diversity between families. Loop 3 has a large insert in the NT-4 and NT-6
subfamilies. In fish NT-6, this region is thought to confer binding to heparin as a regulatory
control mechanism [35]. Interestingly, two cysteines that make up the knot are missing from
the human neurotrophin-6 molecules. Those residues implicated in binding that are
conserved across families are thought to represent a common interface to the Trk receptors,
while the unique ones may represent elements of specificity [36].

Neurotrophin evolution has been studied using phylogenetic trees that organize the
relatonships between their amino acid sequences [37]. Early works used limited subsets of
the currently known neurotrophins [37-43], though the general conclusions have been
consistent: The ancestral neurotrophin underwent a gene duplication to form the branches
that would lead to NGF and NT-3 on one side and BDNF and NT-4 on another. Another
round of gene duplications resulted in the current set of four principal neurotrophins in the
tetrapods. No ortholog of the NT-4 gene has been found in teleost fishes, and no ortholog

of the NT-6 or NT-7 genes has been found in tetrapods (although the names are similar, the
human NT-6 o, B, and 'y human genes are closer to NGF). These findings place constraints
on the timeline of gene duplications to before 400 million years ago [43]. If a similar tree is

prepared for the Ttk receptors, the general pattern of interrelationships is upheld: TrkA and
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TrkC share a common branch of a tree, while TrkB lies on a separate branch [37]. That the
receptor and ligand trees are “parallel” supports the notion of co-evolution of these two
families, which has been seen in other protein families [44].

A similar sequence alignment was prepared for the known GDNF family members
(Figure 3). The sequence alignment reveals strong conservation, especially within secondary
structure elements. Within each member’s subfamily, most changes are conservative. GDNF
shows a significantly larger N-terminal tail than is seen in the other members of the family.
This tail has been shown to be unimportant to GFRa1 binding [26], and its role is currently
unknown. The helical region in persephin is likely one turn shorter than the other members,
and the succeeding loop region is more glycine-rich, perhaps to accommodate more
dramatic structural turns needed to return to the next beta strand.

Until very recently, CNTF was in a subfamily by itself. The dramatic contrast
between the phenotypes of the gene deletion mice for CNTF and CNTFRa knockout
mouse suggested the existence of another ligand for CNTFRa, which was recently
discovered [45]. Figure 4 shows the structure-based sequence alignment of the known
CNTFs as well as the newly identified molecule, cardiotrophin-like cytokine (CLC). The
alignment shows strong conservation among the CNTFs, with the exception of the chicken
homologue, which may reflect a different role for CNTF in that species [46]. The alignment
also shows that CLC is only weakly related to the CNTF family, with 23-27% identity
between CLC and the various CNTFs and with a significantly longer N-terminal region. A
handful of charged and bulky hydrophobic residues are preserved, especially in helices B
through D. More importantly, the residues identified by mutagenesis to be responsible for
binding CNTFRa (site I, discussed below) appear to be well-conserved between CNTF and

CLC, suggesting a common mechanism of binding.
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Neurotrophin structures
The neurotrophins and GDNF family members are members of a large superfamily

of growth factors that contain a “cystine knot”. This family includes TGF-f, human
chorionic gonadotropin, platelet derived growth factor, vascular endothelial growth factor,
and many others. The cystine knot consists of three disulphide bonds that form a true knot
of the polypeptide chain. All the members of this family exist exclusively as dimers, though a
variety of arrangements of the protomers are seen, including heterodimers and homodimers,
covalent and non-covalent association of the protomers, and different spatial configurations
of the protomers (head-to-toe, head-to-head, and skew). Oddly, there are other non-growth-
factor proteins that have three disulphide bonds in a knotted arrangement, but with a
different configuration of disulphide bonds. One example of this is the invertebrate toxin,
omega-conotoxin, which curiously acts as a calcium channel antagonist.

At present the three-dimensional structures of most of the human neurotrophins
have been determined (Table 1). These structures can be aligned to reveal that the regions of
similarity are much larger than was suggested from sequence alignments [34]. The core
structure consists of two pairs of intertwined two-strand beta sheets, joined by three
disulphide bonds (Figure 5). There are also three shorter beta strands leading to beta turns
and loops. The four core beta strands are virtually superimposable across all the structures
with less than 1 A deviation. Loop 3 is the most different among the four neurotrophin
structures. NT-3 has a single loose helical tum in this region. N'T-4 has a large insertion in
this portion, including a small eight-residue beta turn, but the structure of much of this
region was not clearly determined (PDB entry 1b8m chain B or 1b98). This region also
appears unstructured in the TrkA-NGF co-crystal structure, and does not appear to lie on

the interface with TrkA domain 5. It may play a minor role in the interface with the p75
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receptor [47-49] in NT-3 and NGF. The N- and C-termini are highly variable in both
sequence and structure among the neurotrophins, and the temperature factors of these
loosely structured residues are comparatively high. The N-terminus assumes a helical
structure upon binding the Ttk receptor, as will be discussed below. The role of the C-
terminal residues is not known, though they may play a role in p75 binding in NT-3 [48] and
NGEF [50].

Structural details can also be used in conjunction with alanine-scanning mutagenesis,
chimeras, and deletion mutations to synthesize a coherent model of receptor binding.
However, there are at least three major confounding factors relevant to the neurotrophin
literature to simply mapping the results of loss-of-function mutation experiments to reveal
functionally important regions. Numerous early experimenters produced but failed to purify
mutant neurotrophins (for example, [50,51]). In a heterologous expression and assay system,
such as transiently transfected PC12 cells, wild-type neurotrophins additionally produced by
the cells could easily confound experiments [52]. Unpurified proteins might be mixed with
other cellular products like kinase inhibitors, which could explain away otherwise significant
kinetics results or biological assays. Second, some mutations, especially ones that cause
significant structural rearrangement or instability, for instance by damaging the dimer
interface, can result in limited expression of the mutant protein. Critical residues that lie on
the binding interface might thus be unintentionally excluded from analysis merely because of
low production yield. Finally, mutations in one part of a molecule may show loss-of-
function, and thus be incorrectly included in the putative interface, by inducing structural
changes in a receptor contact surface in another part of the molecule. For these reasons, the
actual interface has always been found to be a subset of those residues identified by

mutagenesis [53].
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With these limitations in mind, site-directed and alanine-scanning mutagenesis can
still be useful tools for inferring the binding interface in the absence of a co-crystal structure
[53]. The results of several mutagenesis experiments over the past ten years have revealed a
consistent pattern of spatially distinct portions of the neurotrophin dimer molecule that are
critical to Ttk and p75 receptor binding. The structure of the NGF dimer in complex with
domain 5 of the TrkA receptor validates many of these experimental predictions (Figure 6a).
By comparing the residues involved in the interface between TrkA-d5 and NGF with the
corresponding sequence alignments for the neurotrophins and the Trk receptors, we can see
that they form two groups of conserved and non-conserved residues.

One set of residues forming a large patch and centered on Arg 103 form a common
set across all the neurotrophins and receptors (Figure 6b). As these residues are highly
homologous and consist mainly of hydrophobic and aromatic side chains, they probably
mediate the bulk of common binding affinity between neurotrophin and receptor. Another
example is the one hydrophobic region is centered on Trp 21, a universally conserved
residue that is principally buried by Phe 86 (which is either Phe or Tyr in all neurotrophins)
and Phe 101 (which is either Phe or Trp in all neurotrophins) on the neurotrophin side and
on the receptor side, His 353 (universally conserved), the side chain of Met 379 (either Met
or Leu in TrkA, B, and C), and Pro 382 (universally conserved).

The other portion of the TrkA interface centers on the N-terminal residues of the
neurotrophin. As mentioned before, there is little conservation of these residues, both on the
neurotrophin side and on the receptor side. These residues, which were disordered in all the
unbound neurotrophin structures, formed a one and a half turn helical arrangement in the
complex between TrkA and NGF. When NT-3 and BDNF chimeras containing the NGF

N-terminus were constructed, they showed enhanced ability to bind TrkA [54,55] supporting
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the importance of this region for NGF specificity. NGF binding buries two helical
hydrophobic residues and creates a salt bridge across the interface. BDNF, NT-3, and NT-4
do not share the same pattern of residue-types at the N-terminus, and TrkB and TrkC 2lso
differ in their corresponding interacting residues [36]. Together, these results suggest that the
N-terminal residues help determine receptor binding specificity and that each neurotrophin
probably uses a different specific interface with its cognate receptor in this region.

Other specificity-determining residues appear to lie scattered within the common
binding site. For example, NGF point-mutants introduced from the NT-3 sequence that
conferred TtkC binding were centered around Gly 23 in one study [56]. Another study
suggested TrkC specificity is determined by broadly separated patches across the length of
the N'T-3 molecule [57].

The putative neurotrophin binding site for the p75 receptor has shared similar
attention to that of the Trk receptors. Unlike the Ttk receptors, p75 binds all the
neurotrophins equally, with high affinity [58] and much faster on- and off-rates [12,59].
While the neurotrophins can clearly signal in the presence of either the Trk or p75 receptor
alone, evidence suggests that excess p75 can improve Trk signaling by 25-fold when
neurotrophin concentrations are low [12,60]. This may imply either simultaneous binding of
p75 and Trk receptor to a neurotrophin (the hand-off model), which is not structurally
excluded [36,49] (Figure 6a), or in serial steps that improve Trk kinetics by increasing the
local concentration of neurotrophin. Supporting these models is recent evidence that
suggests p75 and Trk receptors may lie in preformed heteroreceptor complexes on the cell
surface [61-63].

One unique feature of the p75-neurotrophin interface is the contribution of charged

residues rather than buried surface area to stabilization of the complex [64]. Primarily
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positively charged residues on the neurotrophin side of the interface correspond to negative
charges on p75, creating a network of paired charges. Mutating these charged residues
significantly affects the local net charge and disrupts binding, which has been seen
experimentally [65-67]. NGF, NT-3, and NT-4/5 display positively charged Arg, His, and
Lys residues on Loop 1, while BDNF displays these residues on the spatially close Loop 4
(Figure 6a). Besides these charged clusters, residues in Loop 3 [47,68] and the C-terminus
[48,50] have been shown to play a less significant role in p75 binding.

While neurotrophin structural research is the most advanced among the three
families discussed here, numerous open questions remain. Though the structure of TrkA
domain 5 in complex with NGF significantly advanced understanding of their interaction,
evidence supporting the role of other TrkA domains is left to be explained. In addition, the
determinants of specificity for BDNF and NT-3 could be elucidated by co-crystal structures
of these neurotrophins with their receptors. The structural basis of p75’s facilitation of Trk
activation also remains unclear. The structure of the p75-neurotrophin complex would
clarify the structural bases of binding and promiscuity of this receptor. Finally, the increasing
interest in peptides [69-71] and small molecules [72] that mimic the neurotrophin-receptor
interaction should drive structural examinations into these alternatives to define the minimal

interface needed for receptor activation.

GDNEF structure
Like the neurotrophins, members of the GDNF family can interact with two

different receptors, probably simultaneously. Within the GDNF family, only the structure of
GDNEF itself has been determined. It shows the usual cysteine-knot fold, with two pairs of
anti-parallel twisted beta strands tightly joined by three disulphide bonds. The dimer

arrangement, however, is anti-parallel, has an interchain disulphide bond, and due to a large
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lack of overlap, has the appearance of two “fingers” on each side of the molecule (Figure 7).
This places GDNF in the TGF- subfamily of cysteine-knot growth factors. Because the
protomers are arranged anti-parallel, there is an explicit left-right symmetry created,
suggesting symmetric binding sites for a dimerized receptor. Between strands three and four,
where the neurotrophins have a large variable region, GDNF has a three-turn alpha helix.
The large N-terminus was not seen in the crystal structure, suggesting that this region is
flexible in solution.

Limited mutagenesis has been performed on the GDNF molecule to determine its
interaction site with the Ret and GFRa receptors. Eketjill and colleagues extensively
changed surface-exposed GDNF residues to alanine and determined binding to Ret and
GFRa1 using a steady-state competitive binding assay [73]. These results improve on other
works [74] to show that there are two principal modes of GDNF signaling. The first
involves GDNF activating a preformed Ret-GFRa1 complex. This model is supported by
evidence that GDNF mutant Tyr 120->Ala is deficient in binding to GFRa1 but can still
activate Ret [73], and that ligand-independent Ret signaling is enhanced by the presence of
GFRal [75]. Acidic residues along finger 1 were shown to be critical for binding to GFRa1
(Figure 7) [73]. Baloh et al. showed that two patches along finger 2 transplanted from
GDNF into a persephin backbone are sufficient to induce activation of GFRa1-Ret
suggesting overlapping sites for each receptor [26]. Surprisingly, the positively charged band
of residues at the center of the dimer appeared to play no role in GFRa1 binding.
Overlapping sites do not necessarily preclude simultaneous binding of both receptor types to
GDNEF, as the site on each end of the molecule could be used to associate with a different
receptor. GFRa2 and GFRa3 binding and activation appear to require both the finger 2

regions needed in GFRa1 activity as well as part of the loop and helix in the heel region [26].
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A second structural model of GDNF signaling, launched via Ret-independent
GFRal activation, has been discussed [27,76]. Alanine-scanning mutagenesis revealed that
acidic and hydrephobic residues along GDNF fingers 1 and 2 affected binding to GFRal
but not Ret activation. Increasing evidence supports the notion that GPI-linked receptors,
which have no transmembrane or intracellular region, can signal via activation of Src-family
tyrosine kinases by virtue of sharing a special, detergent-insoluble patch of membrane [77-
79]. Clustering of the extracellular receptors is thought to induce activation of the
intracellular kinases by proximity. Whether this functionality of GFRa1 has a biological role
remains to be demonstrated.
These results suggest that acidic and hydrophobic residues along the exposed fingers
play a critical role in mediating GDNF activation of both the Ret-GFRa1 complex and
GFRal alone. Further work is needed to clarify the biological roles of each of these signaling
mechanisms. Structures of GDNF in complex with each of the receptor types, taking
advantage of GDNF mutants that confer specific binding, would help reconcile apparently ,
overlapping binding sites and inconsistencies in the biochemical evidence. Furthermore,
structures of the other GNDF family members are needed to detail the structural basis of "o

receptor specificity and cross-talk.

CNTF structure
CNTF is not a cysteine-knot growth factor, but rather a four-helix bundle belonging

to the interleukin-6 family of hematopoietic cytokines. The crystal structure revealed a dimer,
thought to be an artifact of the high concentrations used in crystallization [80]. The basic
structure shows four helices, named A — D, with two long cross-over loops (AB and CD)
and one short loop (BC) (Figure 8). Much of the AB and the C-terminal part of the CD

loops were not seen well in the electron density.
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CNTF is thought to bind three separate receptor partners: CNTFRa, gp130, and
LIFR. Both immunoprecipitation [81,82] and gel filtration with analytical ultracentrifugation
[83] experiments performed on IL-6 and CNTF support the notion that the active CNTF
receptor complex is hexameric with stoichiometric ratios of 2:2:1:1 of CNTF, CNTFR«,
gp130, and LIFR. However, these experiments were performed at concentrations well above
the relatively weak dimerization constant of CNTF (40 um), which could explain why large
complexes were seen. There is also evidence from molecular modeling that the hexameric
complex is inconsistent with the known size of CNTF [84]. In contrast, two additional
models of the CNTF receptor complex have been proposed that are consistent with
published mutagenesis data (Figure 9) [85]. The simplest of these suggests a tetrameric
complex and still preserves the known interactions.

The CNTF molecule is thought to contain three binding sites, for each its three
receptors. These sites are necessarily disjoint, as these receptors bind at once, and are
numbered sequentially in analogy to the growth hormone receptor model. Careful regional
mutagenesis and chimeras of CNTF and IL-6 have shown that site I, which is responsible
for binding the respective alpha receptor (CNTFRa or IL-6a), comprises the C-terminal AB
loop and the C-terminal D helix [80,84,86-91]. Site II is the gp130 binding site (the primary
of two such sites in IL-6, and the only such one in CNTF) which has been localized to
residues on the A and C helices [80,92-94]. While site III in IL-6 plays the role of an
additional gp130-binding region, in CNTF it is responsible for binding LIFR. This surface is
distributed across three regions that are spatially located at one end of the helical bundle,
comprising the C-terminal A helix and N-terminal AB loop, the BC loop, and the C-terminal

CD loop and N-terminal D helix [85]. The minimal surface needed to bind LIFR may be
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smaller, as is seen in the leukemia inhibitory factor (LIF) interaction surface with LIFR
[95,96].

Structural and biochemical research on CNTF is.the least complete of the three
families discussed in this paper. Open questions remain concerning the specific mechanism
of receptor recruitment and activation. While IL-6-related results can be extrapolated to the
CNTF system, obvious differences in gp130 and LIFR interaction highlight the need for
specific investigations into CNTF binding. The structure of CNTF in complex with each of
the receptors would refine understanding of the binding sites and lend support to particular
models of receptor assembly. Furthermore, the discovery of a new CNTFRa« ligand,
cardiotrophin-like cytokine (CLC), demands a structural investigation. Common site I
residues between CNTF and CLC should be validated by structural investigation, as these

would circumscribe the surface needed for CNTFRa interaction.

Conclusion
In this article we consider the three major families of neurotrophic growth factors:

the neurotrophins, the glial-derived neurotrophic factor (GDNF) family, and the ciliary
neurotrophic factor (CNTF). The crystal structures of the neurotrophins show the classic
cysteine-knot growth factor structure with head-to-head subunits forming a non-covalently
linked dimer. The only significant differences between neurotrophins are found in the loops
and turns between beta strands, especially Loop 3. Mutagenesis and other biochemical
techniques, as well as co-crystal structure of TrkA with NGF, suggest that neurotrophin-Trk
binding revolves around a patch of common interactions centered around Arg103 and a
patch of specific interactions primarily centered on the N-terminus. GDNF and its family
members are cystine-knot growth factor dimers arranged head-to-toe, covalently linked by a

disulphide bond. Structural and sequence analysis of the GDNF family suggests that acidic
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and hydrophobic residues along fingers 1 and 2 are necessary for binding and activation of
the Ret-GFRal preformed complex, the principal form of GDNF activity. A distinct site
may be required for Ret-independent GIRal aciivatioi, though how this signal is
transduced is not well understood. CNTF is a four-helix bundle in the IL-6 family of
hematopoietic cytokines. It binds to three different reccptofs simultaneously to activate a
signal for neuronal survival. Drawing from mutagenesis and chimera experiments with IL-6,
the three binding sites have been localized to distinct surfaces on the CNTF molecule. Open
questions remain about the true stoichiometry of the receptor complex and the structural

basis of coordinated receptor binding.
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Table 1-1

List of all the neurotrophic factor structures determined to date. Protein data bank

(PDB) entries can be found at http: //www.pdb.org.

Molecule PDB 1D nghgst Reference
code Resolution
NGF homodimer 1bet 23 [97]
NGF homodimer 1btg 25 [98]
BDNF/NT?3 heterodimer 1bnd 23 [99]
NT3 homodimer 1nt3 24 [49]
NT4 homodimer 1b98 2.75 [100]
NT3 homodimer 1b8k 215 [100]
BDNF/NT4 heterodimer 1b8m 2.75 [100]
NGF + TrkA domain 5 Twww 22 [36]
GDNF lagq 1.9 [101]
CNTF lcnt 24 [80]
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Figure captions

A

B D — »
/ GONF ~———— Grru-1
Rete™
P2r3 it ———e G4
Figure 1-1

(a) The ncurotrophins signal through two separate receptor systems, the Trk family
of tyrosine kinase receptors, and p75, a death-domain containing TNF-R-like receptor.
While significant specificity is seen among the Trk receptors (thick lines), there is some
cross-talk that may be evolutionarily reconciled (dashed lines). p75 binds all the
neurotrophins equally. (b) The GNDF family of neurotrophic factors also binds two
separate receptor systems, Ret, a GPI-linked surface receptor, and the GFRa receptors. Like

the neurotrophins, considerable specificity and cross-talk is scen.
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Figure 1-2

Structure-based sequence alignment of the known neurotrophins, grouped by

subfamily. The secondary structure assignments from PDB structure 1www are at the top

(orange: helix, purple arrow: beta strand). The red bars along the top indicate residues seen

in the interface with TrkA. The four core beta strands are designated by letter, and the four

loops are indicated as well. Sequence numbering is based on NGF at the top. Many of the
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sequences are only fragments, and they are grouped at the bottom of each subfamily. The
families clearly share similarities, especially along regions of secondary structure. Two NGF-
like neurotrophins from the fowlpox virus are included at the botiom. The species is
indicated next to each neurotrophin. Certain abbreviations include: prana is Praomys natalensis
(African soft-furred rat), cavpo is Cawvia porcellus (domestic guinea pig), xenla is Xenopus laevis
(African clawed frog), bunmu is Bungarus multicinctus (many banded krait), dabrr is Daboia
russelli russelli (Russell’s viper), xipma is Xiphophorus maculates (southern platypus), cypca is
Cyprinus carpio (common carp), macmu is Macaca mulatta (Rhesus monkey), prolo is Procyon
lotor (raccoon), petbr is Petaurus breviceps (sugar glider), rajcl is Raja clavata (thornback ray),

and viple is Macrovipera lebetina (Levantine viper).
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Structure-based sequence alignment of the known GNDF family members. The

secondary structure assignments are at the top (red: turn, orange: helix, purple arrow: beta

strand). Residue numbering is based on GDNF at the top. The regions called the fingers and

the heel are designated as well.
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Figure 1-4

Structure-based sequence alignment of the known CNTFs, including the newly

identified cardiotrophin-1-like cytokine (CLC).
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Figure 1-5
Schematic of the neurotrophin molecule. Dashed blue lines represent the three g

disulphide bonds of the cystine knot. The N-terminus is disordered in the unbound —

structures and is shown by a dashed line. > 3
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Figure 1-6 )/
(a) Structure of the NGF homodimer with residues of the gold protomer highlighted -y
in red or green if they affected binding to p75 or TrkC, respectively, upon mutagenesis \
(those that affected both are highlighted in blue). TrkA domain 5 is shown in silver. (b) e

Stereo view of NGF Arg 103, the centerpiece of the common binding region, and its 7 1/

3 ; 7\‘..



intimate spatial relationship with key residues in TrkA domain 5 (in red) and NGF (in blue).
TrkA residue Phe 327 is conserved as Phe, Tyr, or Ile in TrkB and TtkC; Asn 349 is either
Asn or Gln; and Gln 350 is either Asn or Lys. TrkA residue His 84 is conserved as Gln in
BDNF, NT-3, and NT-4; Phe 86 is either Phe or Tyr; and Thr 29, which forms a mainchain

hydrogen bond, is either Val or Ile with similar sized side chains.
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Figure 1-7

The structure of GDNF, a cystine knot growth factor dimer arranged in head-to-toe
manner. Residues from each protomer are highlighted in red and green if they affected

binding to the GFRal receptor upon mutagenesis.
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Figure 1-8 =

The structure of CN'TF, a four-helix bundle protein similar to the IL-6 family of

i

n

hematopoietic cytokines. Letters are positioned near the N-terminus of each helix. Two long
loops AB and CD were not resolved in the structure and are represented by dashed lines

here.
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Figure 1-9

Schematic showing one possible binding model of CNTF with its receptors

CNTFRa, gp130, and LIFR 1n a 1:1:1:1 stoichiometry.
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Abbreviations and Textual Footnotes
INT-3, neurotrophin-3; BDNF, brain derived neurotrophic factor; NGF, nerve growth

facror; PDGEF, platelet derived growth factor; TGF-beta, transforming growth factor beta;
hCG, human choriogonadotropin; TNFR, tumor necrosis factor receptor.
2A nalogous NT-3 and NGF residues differ in numbering by one until residue 94, as shown

in Figure 2.
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Abstract
Neurotrophin-3 (NT-3)' is a cystine knot growth factor that promotes the survival,

proliferation, and differentiation of developing neurons and is a potential therapeutic for
neurxodegenerative diseases. To clarify the structural basis of receptor specificity and the role
of neurotrophin dimerization in receptor activation, the structure of the NT-3 homodimer
was determined using x-ray crystallography. The orthorhombic crystals diffract to 2.4 A,
with dimer symmetry occurring about a crystallographic two-fold axis. The overall structure
of INT-3 resembles that of the other neurotrophins, NGF and BDNF; each protomer forms
a twisted four-stranded beta sheet, with three intertwined disulfide bonds. There are notable
differences, however, between NT-3 and NGF in the surface loops and in three functionally
important regions, shown in previous mutagenesis studies to be critical for binding. One
such difference implies that NT-3’s binding affinity and specificity depend on a novel

hydrogen bond between Gln 83, a residue important for binding specificity with TtkC, and

Arg 103, a residue crucial for binding affinity with TtkC. NT-3’s extensive dimer interface S
buries much of the otherwise solvent-accessible hydrophobic surface area and suggests that -
the dimeric state is stabilized through the formation of this hydrophobic core. A comparison

of the dimer interface between the NT-3 homodimer and the BDNF/NT-3 heterodimer
reveals similar patterns of hydrogen bonds and nonpolar contacts, which reinforces the
NOHon that the evolutionarily-conserved neurotrophin interface resulted from the need for

feceptor dimerization in signal initiation.
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Introduction
Neurotrophin-3 (NT-3) is a protein growth factor that belongs to the neurotrophin

family, which includes nerve growth factor (NGF), brain derived neurotrophic factor
(BDNF), neurotrophin-4 (also called neurotrophin-4/5), and neurotrophin-6. Neurotrophins
act on specific developing neuronal populations to prevent or direct programmed cell death,
promote differentiation, and regulate proliferation (7). In addition, neurotrophins act in the
mature nervous system to maintain neuronal function (2), enhance neuronal function in
animal models of neurological diseases (3), and may play a role in neural tumor progression -
(4). The neurotrophins belong to the cystine knot superfamily, a large group that shares a
conserved core of three intertwined disulfide bonds. Other members of this family include
platelet-detived growth factor (PDGF), transforming growth factor beta (TGF-beta), and
human choriogonadotropin (hCG). All cystine knot growth factors are non-globular beta-
sheets, lacking a well-defined hydrophobic core. In addition, they all exist exclusively as
dimers, the interface of which is notable for its extensive buried hydrophobic surface. One
hypothesis suggests that dimerization is required because the protomers alone are not
structurally stable. Only upon dimerization is there a sufficient hydrophobic core to stabilize
the structure (5). The NGF crystal structure supports this notion, but whether it applies to
NT-3 or the other neurotrophins was uncertain.

At least two NT-3 cell surface receptors have been identified. TtkC, a receptor
tyrosine kinase that shows selectivity and nanomolar affinity for NT-3, must be activated for
the normal survival of certain peripheral nervous system and sensory neurons (6). p75NTR, a
member of the tumor necrosis factor receptor (TNFR) superfamily, binds all the
neurotrophins with nanomolar affinity and plays a role in neuronal apoptosis (7). Extensive

mutagenesis has defined the sequences in NGF (7-70) and NT-3 (77) that mediate binding
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affinity and specificity for their receptors. One puzzling conclusion is that each neurotrophin
uses wholly different sequences to bind its receptors. Whether common themes may be
apparent in the spatial arrangement of these residues is not yet- known. Even more oddly,
NT-3 is the only neurotrophin that can bind, albeit weakly, to the other Ttk receptors, TrkA
and TrkB (the cognate receptors for NGF and BDNEF, respectively); the biological
significance of this has not been established. In contrast to the promiscuity of its cognate
ligand, TrkC is very stringent: it binds only NT-3. Are there structural clues to NT-3’s
binding specificity?

To explore NT-3’s structural relationship with the other neurotrophins and cystine
knot growth factors and to investigate the structural basis for receptor specificity, we
determined the structure of the NT-3 homodimer using x-ray crystallography. The NT-3
protomer from the structure of a BDNF/NT-3 heterodimer (7.2) was used as a search model
for molecular replacement phasing. The structure of the recombinant human NT-3
homodimer was compared to the NGF homodimer and the BDNF/NT-3 heterodimer. We
propose a structural model for how N'T-3 binds to TrkC and p75NTR, Our results also

support a simple structural explanation for obligate dimerization of the neurotrophins.

53



Experimental Procedures

Protein purification and crystal growth.
Recombinant human NT-3 was expressed in E. /i and purified to greater than 95%

purity by Amgen, Inc., and donated to us by Regeneron Pharmaceuticals. NT-3 was
buffered in Tris HCl pH 8.0, and concentrated to 15 mg/ml. Edman sequencing from the
N-terminus to Val 13 and silver-stained SDS PAGE were performed to ensure the protein’s
identity. Crystals were grown by vapor diffusion from a reservoir solution of ammonium
sulfate 200 mM, PEG 400 32%, MES (2-[N-Morpholino]ethanesulfonic acid) 100 mM at pH
5.6, which was optimized from starting conditions appearing in (73) and (74). The crystals
appeared as thin plates, and grew to their full size (approximately 0.1 mm in the largest
dimension) in about one week at 18°C.

Data collection and processing.

A crystal was captured in a nylon loop and transferred to a 15%-glycerol/85%-
reservoir cryoprotectant solution briefly, then rapidly frozen in a liquid nitrogen bath. A 2.4
A data set (half the reflections have an I/sigma of 3.0 at 2.4 A resolution) was measured
from a single crystal at Stanford Synchrotron Radiation Laboratory (SSRL) beamline 7-1,
with average completeness 85.3% to 2.4 A (89.6% for the 2.5 — 2.4 A shell). The space group
is P21212, and the unit cell has parameters a = 37.4 A,b=52.1 A, c = 64.8 A. The intensity
data were processed and integrated with DENZO and Scalepack (75). Statistical analysis of
the intensities with a Wilson plot (CCP4 program Wilson (76)) revealed a mean isotropic

temperature factor of 33.

Molecular replacement.
The structure was solved by molecular replacement, using the NT-3 protomer from

the BDNF/NT-3 heterodimer structure (PDB 1bnd) (72) as the search model. This search
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model was chosen because it should have 100% identity to our NT-3, except for two
inconsistencies in the PDB entry: Val 11 should be a Tyr and Gln 44 should be a Gly
according to the Swiss-Irot entry for human NT-3 (accession P20783) and according to the
results of our N-terminal sequencing experiment. All 108 residues from the NT-3 protomer
of the heterodimer structure were used, including all side chains. A number of candidate
solutions were found with the CCP4 program AMoRe (77). The top solutions were
visualized in a unit cell using INSIGHT II (version 95.0, Biosym Technologies, San Diego,
California), and the second solution was found to have the best appearance, in terms of both
packing with its symmetry mate and of global similarity to the search model. The dimer-mate
falls across a crystallographic 2-fold symmetry axis. For this solution, the Reryst was 41.6%

and the correlation coefficient was 59.7.

Refinement.
The molecular replacement solution model underwent a rigid-body minimization and

a Cartesian simulated annealing during which a bulk solvent correction was applied.
Repeated cycles of refinement using X-PLOR (76) and the developmental CNS
(Crystallography and NMR System) program (A.T. Brunger, personal communication), and
manual rebuilding using MOLOC (79) followed to ensure that the free R-factor decreased
steadily. Refinement included positional refinement, Cartesian and torsional simulated
annealing, and B factor refinement with the maximum likelihood target (20). The model was
refined against 90% of the measured data between 30.0 and 2.4 A using the Engh and Huber
stereochemical dictionary. The remaining 10% of the data were excluded from all refinement
calculations to cross validate the progress of refinement (the free R set).

After twenty cycles of refinement and manual rebuilding, water molecules were

added to the structure provided that (1) density appeared > 2.0 sigma on the 2F, — F. map,
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(2) they formed hydrogen bonds of reasonable geometry, and (3) their inclusion reduced the
free R-factor. The refinement continued with 2.0 sigma or better structure factors in the 8.0
— 2.4 A resoludon range to reduce the effects of poorly measured low-resolution data. In
later stages, solvent-flipped electron density maps were calculated using the CCP4 program
SOLOMON (27). Phase probabilities from SOLOMON were also used as constraints in the
MLHL target function (Pannu N.S. ef 4/, in the press: Acta Cryst D) implemented in CNS;
this reduced the free R-factor further.

Many loop regions of the protomer had only sparsely visualizable density in a
simulated annealing omit map, notably at the residues between 42 and 47, between 61 and
66, between 68 and 71, and between 93 and 95. A few residues at the N- and C-termini (8—
10 and 115) also show poor electron density because they are inadequately constrained
structurally. To improve the electron density maps of these loops, we attempted multi-crystal
averaging with a lower-resolution data set (good to 3.2 A) collected from a similar crystal,
using the program MAVE (22). This did not significantly improve the density in the loops,
and in fact suggested that the above loops may assume variable conformations. Many of the
above loop regions were also noted to be disordered or variable in conformation in the two
different NGF structures (23, 24) and in the BDNF/NT-3 heterodimer. Unfortunately,
these disordered loop regions make up around 20% of the atoms of the protomer, so the R-
factor and free R-factor are somewhat higher than might be expected for a similar sized,
globular protein. Fortunately, all the residues that appear to play a biological role in
mediating receptor binding were well-ordered, as will be discussed below. The final R-factor
was 23.3 and the free R-factor was 26.7, with excellent geometry (for all data, the R-factors
were less than 1% higher). A Ramachandran plot reveals 97% of the residues fall into

allowed regions, with the only exceptions being residues in the aforementioned loops. The
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overall statistics for data collection and refinement are summarized in Table 3. To check for
search model bias, a high-temperature electron density omit map was calculated, a
representative portion of which is shown in Figure 5. It revealed that the main chais
positions were similar between our structure and the search model and that the side chain
conformations cleatly support our structure versus that of the search model.

Analysis.

The dimer interface statistics in Table 2 and the accessible surface area calculations
were computed using the ASC program (25), using a 1.4 A probe. Molscript (26), Raster3D
(27), and GRASP (28) were used to view the final structure and produce the figures. The
program ALSCRIPT (29) was used for display of the sequence alignment. Superimposed

neurotrophin structures were compared using the LSQMAN program (30).
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Results and Discussion

Overall Structure.
The NT-3 dimer shares a similar fold with NGF and the BDNF/NT-3 heterodimer

(Figures 1a, b, c, and d). Its tertiary structure consists of four anti-parallel beta strands, with
the fourth beta strand twisted around the third, a feature conserved across all the cystine
knot growth factors (5). The three disulfides that make up the cystine knot are virtually
superimposable on those of NGF with a r.m.s. deviation of less than 0.3 A (Table 1). They
follow the pattern established in all cystine knot growth factors: Cys(III — VI) penetrates the
ring formed by Cys(I — IV) and Cys(II — V). The hydrogen bonding pattern surrounding the
cystine knot is remarkably well conserved, including the beta-bulge noted in hCG, NGF, and
PDGEF after Cys V (37).

The superpositions of the three dimers, as shown in Table 1, reveal that the overall
structural similarity between neurotrophins is very high, about 1 A in comparing positions of
matched alpha carbon atoms. This was to be expected, given the sequence alignment of
human NT-3 with the other known human neurotrophins, as shown in Figure 2. Human
NT-3 shares 57% amino acid identity with human NGF and 56% with human BDNF.
Variable regions, in both sequence and structure, are present at the N- and C-termini, in the
loops between the beta strands, and in the fourth beta strand. As might be anticipated from
the evolutionary variety of residues in these loops and from looking at other neurotrophin
crystal structures, we found a few of these loops to be variable in conformation and pootly
ordered in the electron density maps, as discussed above. Other regions, including the critical
six cysteines and the spacing between them, appear well conserved. As an aside, we note that
human NT-6, which has been poorly characterized thus far, appears to lack one of the three

disulfides (Figure 2). Removing a cysteine in Norrie disease protein, a cystine knot growth
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factor, destroys its function and causes an X-linked neurological disorder (32); how NT-6

compensates for the similar lack of cystine knot stabilization is unknown.

Dimer interface.
The dimer is stabilized by over two hundred non-bonding interactions that bury

2110 A2 of hydrophobic surface area and 1250 A2 of polar and charged surface area. Table 2
summarizes these interfacial interactions for all the known neurotrophin structures, and
confirms that over a quarter of the NT-3 protomer’s surface area is buried in the dimer
interface. The amount of non-polar surface area that is solvent inaccessible in the NT-3
protomer is low at 44.2%, which suggests a relative lack of hydrophobic core. Upon
dimerization, this rises to 55.7%, which is more typical of globular proteins. The formation
of an ample hydrophobic core is thought to help stabilize dimeric neurotrophins and cystine
knot growth factor dimers (5).

The residues that lie on the dimer interface are remarkably well conserved among the
neurotrophins; this fact has been used to facilitate manufacture of stable neurotrophin
heterodimers (33). Heterodimers of NT-3 with NGF were not stable (33); this may be due to
the significant differences in the polar and apolar makeup of NGF’s and NT-3’s dimer
interfaces (Table 2). We compared the dimer-interface structures of the NT-3 homodimer
and the NT-3 heterodimer with BDNF (72). While the amount of buried surface area in
proportion to total is slightly higher in the homodimer (29% versus 25%), the hydrophobic
contribution is roughly the same in both. The homodimer and heterodimer have a similar
number of side-chain-to-side-chain hydrogen bonds across the interface, though the actual
residues involved are different. Our results show a striking overall similarity in the number
of hydrogen bonds and in the distribution of buried surface area between the NT-3

homodimer and the BDNF/NT-3 heterodimer, which reinforces the notion that an
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evolutionarily-conserved dimer interface probably resulted from the necessity for receptor

dimerization in signal transduction.

Functional implications.
To gain insight into the structural determinants of binding to the Ttk receptors and

p75NTR several investigators have analyzed NT-3 and other neurotrophins using chimeric
constructs, alanine scanning mutagenesis, and site-directed mutagenesis (7, 9, 71, 34, 35).
These experiments suggest that NT-3 and NGF differ in the regions that confer receptor
binding with affinity and specificity. In comparing NT-3 to NGF, residues have been
identified that contribute little to binding affinity but much to binding specificity, and vice
versa. In the case of NGF’s binding to TrkA, a single structural feature most significantly
contributes to both binding affinity and specificity, the N-terminal six residues (36). On the
other hand, NT-3’s residues involved in binding TrkC are not confined to one particular
section, but are distributed throughout the sequence. The key structural feature for binding
to p75NTR appears to be basic residues in region I or in region V, two loops that are spatially
close (34) (Figure 2). Positively charged residues in these regio.ns are conserved across the
neurotrophins. We discuss below the structural features of the residues mediating binding
affinity and binding specificity to TrkC and p75NTR,

Utfer et al analyzed surface residues of NT-3 for their contribution to binding
affinity using alanine-substitution mutants. Binding to TtkC was measured ## vifro using
binding competition assays with radioactive wild-type neurotrophin and using biological
activity assays monitoring neurite growth in cell culture. When mutated to alanine, the
residues identfied as most significantly affecting binding to TrkC were Arg 103 (beta strand
4); Lys 80 and Gln 83 (beta strand 3); Arg 56 and Glu 54 (beta strand 2); and Thr 22 (beta

strand 1) (77). Since our model represents an NT-3 homodimer, we can identify binding
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regions that involve both protomers, a task that could not be accomplished using the
BDNF/NT-3 heterodimer structure, or on an individual protomer. The residues mentioned
above can be seen in our NT-3 model as creating a discrete binding face (Figure 3). The daia
of Urfer et al. also help define a clearly marked boundary of residues that do not contribute
to TrkC binding.

Discerning an analogous binding site on NT-3 for p75NTR is more difficult.
Biological assays for p75NTR activity have not been performed; thus the only evidence for
the interaction site is based on » ui#ro binding studies using radioactive wild-type
neurotrophin competition. Nevertheless, residues were found (77) that form two
discontinuous binding regions (Figure 3). One binding region involves residues Arg 31 and
His 33, both in variable region I. More interestingly, a second region crosses both
protomers; it is comprised of Tyr 11 and Arg 68 from one protomer and Lys 73 and Arg 114
from the other. This result suggests that the NT-3 dimer may be needed for p75NTR
activation. All the residues implicated in binding p75NTR lie in mobile regions, either near
the N- or C-termini or on one of the flexible loops. Strikingly, there is no overlap between
the presumed binding regions for TrkC and p75NTR, This is consistent with the curious
observation that the presence of p75NTR improves neurotrophin binding to a Trk receptor
(37), possibly by p75NTR initially binding the neurotrophin (38).

To identify the NT-3 residues most responsible for TrkC specificity, variants of
NGF, formed by replacing four key residues with their NT-3 counterparts, were constructed
that bind TrkC well and yet do not sacrifice TrkA binding (35). Two distinct regions on the
beta sheet contain these critical specificity-lending residues. The first region lies near Thr 22
(Figure 4), the residue which Utfer ¢f a/. show is the most important for TrkC specificity.

Substituting Thr 22 in place of the corresponding residue, a glycine, in NGF, produces a

61



240-fold improvement in TtkC binding? The addition of the hydroxyl moiety in threonine
may allow a crucial hydrogen bonding contact with the receptor. As was predicted by Urfer
et al., one might expect that changing the Gly to Thr would significantly affect the backbone
conformation, since glycine can sustain greater flexibility. Surprisingly, this is not borne out
in our NT-3 model, the backbone of which is exactly superimposable on NGF’s in this
region (Figure 4). This region also contains another important specificity-lending residue,
Leu 19, which replaces Val 20 in NGF. The specificity here may be mediated by tight
constraints on the side chain size or branching.

The second cluster of critical residues lies near Arg 103. Arg 103 is the most critical
residue for binding affinity to TrkC; the corresponding residue in NGF, also an arginine, was
shown to be insignificant for binding affinity to TrkA (39). Our results suggest that
stabilization of this arginine in a unique conformation may represent a key feature of TrkC
specificity. Significantly, the mutagenesis experiments of Utfer ez a/ show that Gln 83, which
replaces His 84 in NGF, improves TrkC specificity. In our NT-3 model, the carboxyl group
of the Gln 83 side chain accepts a hydrogen bond from the side chain of Arg 103 (Figure 4);
this pulls the Arg side chain into a dramatically different position than is seen in NGF, which
lacks such stabilization. Finally, Tyr 85 in N'T-3 is important for TrkC specificity when it
replaces Phe 86 in NGF. Tyr 85 in our model is directly adjacent to Arg 103, again
highlighting the importance of this region for binding specificity. Tyr 85 is also the only of
these four residues that lies in a hydrophobic cluster in the dimer interface. Mutation of Phe
86/His 84 to Tyr 85/Gln 83 in NGF may direct the molecule to a conformation more
suitable for TtkC binding because of reorientation of Arg 103 and other side-chains in this

region.
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In summary, we determined the x-ray crystal structure of the NT-3 homodimer.
Clues to the specificity of NT-3 for its TrkC receptor were found when comparing the
structure to NGF at functionally imporiant residucs. These clues suggcst that both rigid and
flexible regions are important for binding affinity and specificity. Rigid regions, such as the
critical structures in the area of Arg 103 and the constant backbone structure near Thr
22 (Figure 4), likely represent scaffold areas that mediate binding to the TrkC receptor.
Flexible loop regions, on the other hand, make up the binding site for p75NTR (Figure 3),
which binds all the neurotrophins equally. TtkC specificity may depend on a hydrogen bond
between Arg 103, the residue most crucial for binding affinity, and Gln 83, a residue very
important for binding specificity. In addition, our results reveal that the dimer interface of
the NT-3 homodimer is extensive and non-polar, which may explain why dimerization is
required for this molecule to exist. The similarity of interfacial hydrophobic contacts and
hydrogen bonding patterns between the NT-3 homodimer and those of the BDNF/NT-3
heterodimer helps substantiate the view that this well-conserved dimer interface resulted
from the requirement for receptor dimerization in signal transduction. Finally, combined
with the recent Ttk receptor mutagenesis results of Urfer ez al (40), crystallization of the Trk
receptors (Butte M.]. ¢#. 4/, unpublished) with the neurotrophins promises to further define

and confirm the interactions indicated.
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Table 2-1

Root mean square differences (A) in C-alpha superpositions?
Target for superposition

Reference NT-3 NT-3/BDNF NGF
NT-3 . 1.02 (198) 1.20 (200)
NT-3/BDNF 0.30 . 0.95 (202)
NGF 0.31 0.20 .

9Values above the diagonal are root mean square differences comparing the
superpositions of alpha carbons (number of carbons used in the alignment is in parentheses)

of the various neurotrophin dimers. Values below the diagonal represent the same for the six

cysteine residues in each of those structures.
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Table 2-2

Interactions that constitute the neurotrophin dimers?

Interaction NT-3 NGF NT-3/
BDNF
Hydrogen bonds 10 7 8
van der Waals 200 100 140
Contact surface area (A2)
Polar 1250 740 1030
Apolar 2110 1800 2060
Total 3360 2540 3090
Total surface area (A2) 11490 11990 12360

“Hydrogen bonds were determined by the program HBPLUS (47); van der Waals

interactions are contacts closer than 4.0 A.
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Table 2-3

Crystal parameters, data collection and refinement statistics

Space group
Protein number of residues / atoms
Total reflections / Unique reflections
Average coverage of data from scaling
all data
highest resolution shell
Average redundancy of observatons
R sym (%)
Molecular replacement
R cryst
correlaton coefficient
Refinement
Resolution range (A) / sigma cutoff /
reflectons used
Ordered waters seen

Free R-factor (%0)?

R-factor (%)b

Bond r.m.s. deviation (A)
Angle r.m.s. deviation (°)
Protein mean B factor (AZ)

Waters mean B factor (A%)

P21212
108 / 838
20827 / 4535

30-24A:853%
2.5-24A:89.6%
4.6
5.5

41.6
59.7

30-24/F > 0s / 4506
8.0-24/F>2s/ 4263
63
26.7

23.3

0.007
1.56
49.4

53.7

aR-factor = sum | Fops — Fealc | / sum | Fops |-

bFree R-factor is the R-factor calculated only on the 10% of the reflections that were

set aside for cross validation and not used in refinement.
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(a)

(b)

Bt

NT-3 shares a similar fold with NGF and the BDNF/NT-3 heterodimer. (a) stereo vr.:)
diagram of alpha carbon trace of the protomer. The three known neurotrophin structures,

(b) NT-3 homodimer, (c) NGF dimer, and (d) BDNF/NT-3 heterodimer, with BDNF in
purple and N'T-3 in green.
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Figure 2-2

NGF,

ent of NT-3 with other known human neurotrophins

Sequence

BDNF, NT-4, and three NT-6 sequences. The residue numbering is based on NT-3. The

black circles represent residues in NT-3 that are in the dimer interface. The roman numerals

ent with the structure.

identify the variable regions of the sequence
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Figure 2-3

Residues involved in binding to TrkC and p75NTR appear to form discrete patches,
as shown by alanine scanning mutagenesis. When mutated to alanine, residues in green cause
a significant loss of binding affinity to TtkC, those in orange cause a loss of binding affinity
to p75NTR and those in gray caused no change in binding affinity to p75NTR or TrkC. The

two N'T-3 protomers are shown in light red and blue.
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Figure 2-4

The four residues most important for TtkC specificity in NT-3 and their
counterparts in NGF. (a) Thr 22 and Leu 19 in NT-3 compared to Gly 23 and Val 20 in
NGF; (b) Gln 83 and Tyr 85 in N'I-3 compared to His 84 and Phe 86 in NGF. Arg 103 1s

also shown in both NT-3 and NGF.
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Figure 2-5

Stereo view of electron density in the region of Arg 103 and Gln 83. Shown is a 2F,-
F. composite omit map, contoured at 1.0 sigma and superimposed with the NT-3

homodimer model.
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Abstract
Proteolytic degradation processes, mediated by the serine protease urokinase (uPA),

underlie the tissue remodeling in cancer metastasis. This degradation is localized by
constraining uPA to the surface of tumor and tumor-related cells by the uPA receptor
(uPAR). The structural basis of this localization is not understood, though mutagenesis has
consistently suggested that the first of the three similar uPAR domains interacts with uPA.
The role of the other two domains is not known, nor is the overall structure of uPAR.
Besides coordinating the proteolytic activity of uPA, uPAR appears to play a role in
signaling. Though the details are only recently being uncovered, binding of uPA to uPAR
causes internalization of the complex and activation of second messenger systems that lead
to metastasis. Finally, increasing evidence suggests that uPAR is necessary for growth-factor-
mediated cell growth. For example, the presence of uPAR is a sine qua non for
neurotrophin-mediated cell growth and differentiation. To better understand the biology of
uPAR activation and uPA binding, I propose to solve the structure of uPAR bound to uPA.
This structure will also provide a starting point for structure-based design of an inhibitor to
block uPA binding to uPAR, with the eventual goal of interfering with tumor metastasis.
Using multiwavelength anomalous dispersion from platinum-derivative soaked
uPAR/uPA crystals, I determined the low-resolution structure of the uPAR / uPA complex
to 4 A. This complex shows that the urokinase molecule is significantly distorted in the
complex. It also shows uPAR bound near but not in the active site of uPA. Much of uPA
and uPAR could not be specifically built due to poor electron density. Despite this
limitation, the low-resolution structure of uPAR / uPA answers and opens new questions

about the interaction of these two molecules.
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Introduction
Urokinase receptor (uPAR) is an extracellular protein linked to the cell membrane

that plays a role in chemotaxis, cellular adhesion, and cellular migration. By coordinating
urokinase (or urokinase-type plasminogen activator, uPA) in fixed, specific locations on the
cell surface, the cell can orchestrate conversion of plasminogen to plasmin, which can
degrade basement membrane and extracellular matrix and thus allow migraton. Urokinase
receptor also directly interacts with cell-surface integrin receptors, which are critical to
mediating cell-cell adhesion and migration. In addition, urokinase is a necessary component
of the signaling pathway of growth factors, though the mechanism of this is not fully
understood. Because urokinase receptor ties into the cell growth and migration apparatus, it
can be hijacked, as in the case of some cancers, to promote metastasis.

Urokinase was discovered and in 1861 when von Bruke noted proteolytic activity of
urine [1]. It was nearly 100 years before urokinase was purified in 1947 [2] and independently
in 1951 [3]. In 1952, Sobel showed that the protein in urine was not directly ﬁbrinolyﬁc but
instead activated endogenous plasminogen to form plasmin; he named this factor urokinase
[4]. Urokinase receptor was discovered in 1985 when urokinase-binding sites were noted on
the surface of fibroblasts in culture, and uPAR was identified and purified just three years
later [5].

Urokinase receptor appears to be critical for chemotaxis of numerous cell types of
the immune system [6,7]. A number of outstanding questions remain about uPAR’s role in
this process. Current evidence suggests that urokinase binding to uPAR causes a
conformational change (either by limited proteolysis of the receptor or by a structurally-
mediated effect) that exposes a hidden motif [8]. Interaction with an unknown receptor

causes activation of a tyrosine kinase of the Stc family, p56/p58 hck, which leads to
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chemotaxis [9-11]. The critical piece of urokinase receptor that has the strongest chemotactic
effect has been localized to the linker between domain 1 and domain 2, residue numbers 87
and 92. A peptide of this rcgion alonc, for example, is a very potent chemoattractant in the
0.1 pM range [12]. Within this region, the sequence Arg-Tyr-Leu-Glu (RYLE) is totally
conserved across the known uPARs. The structure of these residues in the context of the
uPAR linker would greatly facilitate understanding of uPARs role in chemotaxis and may
provide some direction in designing small molecule adjuvants to chemotaxis.

Cell adhesion is important in cell attachment, spreading, and migration, activities that
are essential for the development of many cells. Urokinase receptor appears to play a role in
this process through its interactions with cell surface adhesion molecules. This has been
shown in the case of the differentiating monocyte, a cell type in the immune system.
Adhesion of differentiating monocytes can be inhibited by blocking urokinase binding to
urokinase receptor with an anti-urokinase antibody. In addition, mice with uPAR gene
deletion (knock-out) display a failure to recruit neutrophils into the peritoneum under
inflammatory conditions. Urokinase receptor interacts with two major cell adhesion
molecules, vitronectin and the integrins. The beta-1 integrins, in particular, have been
strongly implicated in interacting with urokinase receptor. These integrins not only serve as
adhesion molecules, but also mediate the binding, internalization, and degradation of
fibrinogen, a major non-plasmin pathway for fibrin clearance. The interaction site for the
beta-1 integrins is apparently distinct from that of vitronectin, as a peptide that blocks
binding to one but not the other has been found [13]. Interestingly, urokinase receptor is not
able to interact with all beta-integrins. The structural determinants of this specificity could be

revealed by the structure of urokinase receptor in the region of binding to the integrins.
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In addition to its primary roles in chemotaxis, adhesion, and cell spreading, uPAR
plays a secondary role in assisting activated growth factor receptors to produce their desired
effect. For example, the TrkA neurotrophin receptor requires urokinase receptor to be
expressed and active on the cell surface to ensure its differentative effect on developing
neurons [14]. Urokinase receptor’s critical role was shown in PC12 pheochromocytoma cells
through advanced representational difference analysis [15], which allows cloning of mRNAs
that differ between two cells, taking advantage of the difference between EGF and NGF
stimulated effect. Farinas-Eisner used two lines of experimental evidence to suggest the
connection between uPAR and the TrkA neurotrophin receptor. First, antisense RNA to
uPAR blocked NGF-driven morphological differentiation of PC12 cells, while also blocking
the genes that are induced by TrkA activation by NGF (such as COX-1 and a type II sodium
channel), but did not affect non-NGF-driven signaling pathways. Second, antibodies to
uPAR similarly blocked NGF-driven morphological differentiation and mRNA expression .
typically seen with NGF-activated TrkA. These experiments suggest that uPAR is required
for NGF to drive differentiaon of PC12 cells.

The role of urokinase receptor in cancer has been shown in numerous research areas.
On a clinical level, high levels of urokinase or urokinase receptor are negative prognostic
signs for a variety of neoplasms, including breast, pancreatic, gastric, and colorectal cancer
[16-25]. In a2 mouse model, antagonizing the urokinase receptor results in a significant
decrease in the metastatic ability of implanted tumor cells [26-29] and also on the growth of
the primary tumor [30]. Furthermore, inhibiting either urokinase or urokinase receptor

expression in cancer cells using antisense RNA decreases the invasiveness of the tumor [31-

33,
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One puzzling aspect of urokinase receptor's role in cancer is the fact that the tumor
cells themselves do not always produce the urokinase receptor or urokinase themselves. The
expression of these proteins, however, is always found to be abnormally high at the lcading
edge of certain tumor types, including breast cancer, prostate cancer, and melanoma [34].
This may result from the tumor cells inducing stromal cells to produce urokinase receptor.
Activadon of these urokinase receptors by proteolysis may release a soluble, chemotactic
fragment as is discussed above. This could then stimulate the migration and invasiveness of
nearby tumor cells. Cleavage of the urokinase receptor between domain 1 and domain 2, the
putative location of the chemotactic fragment, is found in breast cancer cells [35,36].

The residues surrounding the active site determine the binding of the substrate that
undergoes proteolysis. The amino acid N-terminal to the cleavage in the substrate is called
P1, and its binding determinant in uPA is called S1. This nomenclature continues to P2, P3,
P4, etc., and correspondingly S2, S3, and S4, while on the other side of the bond cleavage
the nomenclature is P1’, P2’ with S1°, S2’, and so on. Using a variation on substrate phage
display, Ke et al determined the P3 substrate specificity residues for tPA and uPA [37].
Harris et al improved this result by showing the extended substrate specificity of uPA using
substrates that held the P1 residue constant (Arg) [38]. Each site (P2, P3, and P4) was tested
combinatorially in three groups, using a large fluorogenic substrate library that was
randomized along each of these residues while holding the other two constant. This analysis
showed that the P2 position was best occupied by small amino acids, Gly, Ala, or Ser. The
preferred residues at P3 were significantly different than those in tPA. In uPA, small polar
amino acids (Thr and Ser) were seen, whereas tPA preferred the large aromatic residues Phe
and Tyr in the substrate. No particular preference was seen in the substrate specificity of P4

in uPA.
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Using gel filtration, dynamic light scattering and surface plasmon resonance between
soluble-uPAR and sc-uPA (see uPA section below), Shilom et al showed that upon binding
they form a 1:1 complex [39]. Surprisingly, however, uPAR alone fuined higher molecular
weight complexes, principally dimers. Addition of uPA to the oligomeric uPAR uniformly
resulted in dissociation to stable 1:1 complexes. This suggests that the higher molecular

weight complexes of uPAR were less amenable to binding than monomeric uPAR.

Primary Structure

Urokinase Receptor
Human uPAR is a 50-60 kDa glycoprotein whose gene (called Plasr) on

chromosome 19q13.2 encodes for 313 amino acid residues with an N-terminal 22 residue
export signal sequence. The 30 residue C-terminal tail is removed in the endoplasmic
reticulum during post-translational modification to form a glycosyl-phosphatidylinositol
(GPI) linkage, resulting in a mature protein with 283 amino acids. The GPI linkage attaches
uPAR to the extracellular membrane without a transmembrane or cytoplasmic domain. The
majority of the uPAR gene codes for three similar 90-100-residue domains belonging to the
Ly-6/uPAR superfamily of glycolipid-anchored membrane proteins.

Also seen in the sequence are five potential N-linked glycosylation sites (Asn-X-
Thr/Ser), and evidence suggests uPAR is not only heavily and heterogeneously glycosylated,
but also that removal of the carbohydrate affects ligand binding [40]. Ploug et al performed
limited proteolysis and MALDI-MS analysis to determine the carbohydrate heterogeneity
patterns in uPAR. In domain I, Asn 52 is the only modified residue, and it typically (90%)
shows modification by a small biantennary complex-type oligosaccharide. In domain II, Asn
162 and Asn 172 are modified with bi- and triantennary complex-type oligosaccharides,

respectively. Although there are two potental glycosylation sites in domain III, only one was

84



found modified in the study, Asn 200, which predominantly carried tri- and tetraantennary
complexes. Ploug et al showed by enzymatic deglycosylation-footprinting that Asn 52
showed the greatest protection from deglycosylation when bound by ligand. They speculated
that domain I has the least complex, and least overall, glycosylation because of this dominant
role in ligand binding.

While looking at the conserved pattern of cysteine residues and the gaps between
them in the uPAR sequence, Ploug et al discovered three repeats of a Ly6/CD59 family
[41,42]. There is very little conservation between members of the Ly6 family (at most 20% to
human uPAR) as can be seen in the alignment (figure 3-1). Interestingly, uPAR is the only
member of the family that contains more than one repeat. However, within the uPAR
subfamily, the proteins are quite related. Between human and rat there is 76% identity,
human and mouse, 61%, and between mouse and rat, 91.7%. The Prosite genome-wide
search for modf patterns revealed a consensus amino acid code for the Ly6/CD59/uPAR
repeat [43]:

{EQR}-C- {LIVMFYAH}-x-C-x(5,8) -C-x(3,8) - (EDNQSTV} -
c-{c}-x(5)-Cc- x(12,24)-C
where x(a,b) is any number (between a and b) of amino acids of any

type.
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Figure 3-1
Structure-based sequence alignment of the Ly6/uPAR family. The sequence called

“upar_human” is in fact the modified sequence used in crystallization.
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Despite uPAR’s solubility when its GPI-anchor is cleaved, soluble uPAR (s-uPAR)
did not crystallize in repeated trials. Modifications were sought to improve solubility and
increase stability. The construct used in this work has three modifications from the wild type
urokinase receptor, all at the end of the first domain. Two of the changes are Arg->Ser
mutations, and the third is a Tyr->Ile mutation. The full-length sequence is shown in Figure

3-2.
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Urokinase
Urokinase belongs to the P1 family of serine proteases, also known as the

trypsin/chymotrypsin family. The amino acid sequence ot urokinase reveals three distinct
domains: a growth factor receptor binding domain, a kringle-like domain, and a catalytic
domain. The first two domains play a role in binding of urokinase to cell surfaces, though
urokinase is primarily a soluble molecule found in the serum and interstitial spaces. The N-
terminal domain, also called the amino terminal fragment (ATF), is principally involved in
binding to uPAR.

As was mentioned previously, uPA’s catalytic domain belongs to the
trypsin/chymotrypsin superfamily. Within this family, uPA and tPA share common
sequence characteristics that are not widely held, especially in the loops between secondary
structure elements. This can be seen in the sequence alignment figure below (Figure 3-3).

Like uPAR, the sequence of urokinase used in our crystallography work differed
from wild type in a few places. The catalytic functionality was made inactive by mutating the
active site Ser to Ala. The second mutation was to mutate a methionine in the B-chain to

isoleucine, to improve solubility.
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Figure 3-4

Sequence of urokinase used in this crystallography work. The EGF-like domain is
colored orange, the kringle domain yellow, the A chain of the catalytic domain green, and
the B chain blue. The three residues of the catalytic triad are highlighted in magenta, with the
Ser->Ala mutation already incorporated. The second mutation, from Met->Ile 1s shown

highlighted in purple.
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Crystal Structures

Urokinase receptor
Although no structure of the urokinase receptor, or any protease receptor, currently

exists, sequence similarity to the CD59 receptor suggests that this molecule may serve as a
starting model. The CD59 receptor structure was solved by Kieffer et al in 1994 using NMR
[44]. A similar structure by Fletcher and colleagues includes a glycosylated residue [45].
These structures show a uniform row of three beta strands below another smaller sheet of 2
strands and above a short 1.5 turn helix (Figure 3-5).

When Ploug et al compared these structures to urokinase receptor, they found a few
differences. First, domain 1 appears to be missing a disulphide bond compared with CD59
and even compared with domains 2 and 3 of uPAR. Second, a key Asp, Asn, or Gln that
supports anchors a loop to the core of the protein through a- salt bridge appears to be
missing from domains 2 and 3 of uPAR. The sequence alignment of uPAR with CD59 in
Figure 3-1 also shows a large gap inserted into a beta strand in domains 2 and 3. This may
significantly disrupt the secondary structure layout of these domains. These results show
even though a model like CD59 is available, caution must be used in applying its domain

structure to urokinase receptor.
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Figure 3-5
Average minimized NMR structure of CDD59 extracellular domain (lacking the GPI-

anchor).
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Urokinase
A great deal of structural information can be inferred from mutagenesis, labeling,

and deletion experiments. In additon, the X-ray crystal structure of urokinase has been
determined by numerous groups, with a handful of inhibitors bound to the active site.
Together, these results can help us better interpret the structure of the urokinase receptor-
urokinase complex.

Xiang Li solved the structure of the N-terminal domain of urokinase in 1994 by
NMR, revealing a typical kringle fold similar to that of the tissue plasminogen activator (tPA)
[46]. The minimized average structure is shown in Figure 3-6. This domain, as mentioned
above, is thought to play an important role in binding uPAR.

The structure of the catalytic domain, which contains the protease activity of
urokinase, was determined by X-ray crystallography by Spraggon and colleagues [47]. This
structure revealed that urokinase followed a trypsin-like serine protease fold, namely two
perpendicular beta barrels with a central helix, and characteristic loops and helices
connecting the beta strands (Figure 3-19 left). Significant differences between urokinase and
chymotrypsin were seen in six such loops. One of these loops provided a new hydrophobic
face to the substrate-binding surface. Many of the differences were also seen in tissue

plasminogen activator (tPA), as can be seen in the sequence alignment of uPA with tPA

(Figure 3-2).
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Figure 3-6

Average minimized NMR structure of a kringle domain of urokinase.
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Four recent papers have examined the interaction of uPA with a small molecule
inhibitor. The initial structure of uPA, by Spraggon et al was determined in complex with the
inhibitor Glu-Gly-Arg chloromethyl ketone (EGRcmk). The chloromethyl ketonc forms ai
irreversible complex with the uPA. The structure showed its tetrahedral hemiketal shape
mimics the transition state of the proteolysis reaction. Spraggon et al showed that the S1
pocket of uPA contains Asp189, which makes a charge interaction with the inhibitor Arg
(the P1 residue). Also involved in coordinating this Arg are residues Ser 190 and Gly 218.
The P2 residue in this structure was Gly, which packs against the His 99 side chain in the S2
pocket [47].

Nienaber et al showed through a novel screening approach the presence of a novel
S1 subsite called S18 [48]. Using a shape-diverse library of compounds, urokinase crystals
were soaked with mixtures of 32 compounds (though up to 10000 were possible) and the
resulting crystal was diffracted and its structure determined. The identity of the bound
compound during each iteration of ligand development, presumed to be the best binding
compound of the batch, was determined by its electron density pattern. This approach led to
use of the compound 2-naphthamidine as a lead scaffold for structure-directed optimization
(K = 5.9 uM). The 8-position of this compound had access to a new subsite near the S1
pocket, called S1p. This subsit;a is lined with residues Gly 218 and Ser 146, the Cys 191 — Cys
220 disulfide bridge, the side chain of Lys 143 and part of Gln 192 [48]. Substitutions at the
8-position led to discovery of 8-methylcarbamyl 2-naphthamidine, which bound 100-fold
better than the parent compound (K = 0.04 uM). The structure of this compound bound to
uPA led to realization that a six-membered ring would fit better in the S1§ site than the

methylcarbamyl group. The resulting search led to the creation of 8-aminopyripidine

96



naphthamidine, which bound with a K of 0.03 puM and showed better selectivity against
other serine proteases (plasminogen, tPA, kallikrein, trypsin, and thrombin).

Using uPA/benzamidine crystals that permitted exchange soaking of inhibitors,
Sperl et al performed structure-based iterative derivatization of a lead compound to optimize
binding into the S2, S3, and S4 pockets. Starting with 4-aminomethyl phenylguanidine and
an examination of the original uPA structure, the P2 pocket was seen to be too narrow to
allow optimization and a spacer was chosen to span the distance between the S1 and the
S3/84 pockets. Then various hydrophobic moieties wete chosen for interaction with the
S3/54 residues, settling on the urethanyl derivatives of 4-aminomethyl phenylguanine. This
led to the realization that the spacer was significantly important for binding, and hydrogen-
bonding interactions in the spacer were sought. Eventually, N-(1-adamantyl)-N’-(4-
guanidiniobenzyl) urea was synthesized, which improved the binding by a factor of 5 (K; =
2.4 uM) over its parent, implicating the formation of a new hydrogen bond. This was
confirmed by X-ray crystallography of the final compound with uPA at a resolution of 1.8 A.

In a recent article, Katz and colleagues at Axys Pharmaceuticals showed the basis of
structural specificity of a compound for uPA versus trypsin and thrombin. They determined
the strucmré of 4-iodobenzo(b)thiophene-2-carboxamidine in complex with uPA (K = 0.21
uM), trypsin (K; = 0.44 pM), and thrombin (K, = 20 uM) and also determined its inhibition
constant against tPA (16.8 uM), tryptase (1.5 pM), and Factor Xa (30 uM) [49]. Inhibition
constants against these serine proteases fell into two groups based on residue 190: serine or
alanine. In the Ser 190 class (uPA, trypsin, and tryptase), the inhibitor amidine formed a
hydrogen bond at the S1 site to Oy in Ser 190, which was not possible in the Ala 190 group
of proteases. In addition, differences in the water-mediated hydrogen-bonding network led

to unfavorable lengthening of a hydrogen bond in the Ala 190 class versus the Ser 190 class.
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These results suggest the structural basis of selectivity of a uPA inhibitor versus other serine

proteases.

Protein Production
Urokinase receptor protein is produced from baculovirus culture. The baculovirus

genetic construct was created by Marion Conn, and she perfected the growth and harvesting
techniques as well. Essentially the virus-infected insect cells are grown for 96 hours starting
at a low viral titer.

Urokinase protein is produced from constitutively expressing, stably transfected,
Chinese hamster ow.rary (CHO) cells in a 10 layer Nunc Cell Factory apparatus. The cells are
initially grown in Gibco CHO serum free media (SFM), and transferred to a mixture of half

SMF and half Dulbecco's Modified Eagle Media/H16/F12.

Purification

Urokinase receptor .
Upar protein is initially immunoaffinity purified from the CHO cell supernatant. The

protocol is
1. Harvest fluid from CHO-uPAR cells
2. Centrifuge 30 minutes at 6000g and pass through a 0.2 uM filter
3. Add PMSF to a final concentration of 1 mM
4. Add 1/10 (w/v) of 100 mM NaPhosphate, 1.4 M NaCl, pH 7.4
5. Pass over a 10 ml protein A pre-column
a. wash with 20 beds of wash buffer
b. load sample

c. collect flow through
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d. regenerate with 10 ml elution buffer followed by 50 ml wash buffer +
azide
6. Then pass ovci the immunoaffinity column (10 ml Protein G Sepharose 4
Fast Flow coupled to purified monoclonal anti-uPAR IgG) using wash buffer
#1 of 10 mM NaPhosphate, 140 mM NaCl pH 7.4; wash buffer #2 of 10
mM NaPhosphate, 1.0 M NaCl, pH 7.4; elution buffer of 0.1 M acetic acid
pH 2.5 + 0.5 M NaCl
a. wash column with 20 volumes
b. load sample using 50 ml superloop and inject
c. wash with wash buffer 1 for 10 volumes, flow rate 1 ml/min
d. wash with wash buffer 2 for 10 volumes, flow rate 1 ml/min
e. elute collecting 2ml fractions and neutralize immediately with 0.4 ml,
100 mM NaPhosphate, 1 M NaHCO3, pH 9.0, flow rate 1 ml/min
f. regenerate with wash buffer
7. Pool fractions and concentrate with centricon-30
8. Check purity by 12.5% SDS-PAGE gel, silver stain
9. Optional Activity assay using soluble uPAR ELISA assay
The uPAR is at this stage concentrated to 3-5 mg/ml with a total volume around 3
ml and needs to be deglycosylated with the enzyme PNGaseF. The reaction is to incubate on
a rotator for 12 hours at 37°C:
200 ul PNGaseF
3 ml uPAR

10x G7 buffer (NaPhosphate pH 7.5 buffer)
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The uPAR is then concentrated in a centricon-10 to a small volume (less than 1 ml)
and dialyzed simultaneously to buffer in preparation for gel filtration purification.

Gel filtration was initially performed on a Pharmacia Superdex 200 30 cm column,
but substantially better results were seen using two TosoHaas G3000SW 30 cm columns in
series (60 cm). The running buffer used was Tris Buffered Saline (TBS, 50 mM Tdis, 150 mM
NaCl, pH 7.5). The gel filtration run produced two peaks (Figure 3-7), which were identified
by calibration to be approximately 100-120 kDa and 50-60 kDa. These were thought to be
monomer and dimer forms of uPAR, so they were subjected to MALDI-TOF (matrix
assisted laser desorption ionization — time of flight) mass spectrometry to reveal a mass of
34354 Da and 34475 Da respectively, similar to well within the error of the measurement
(Figures 3-8 and 3-9).

To better determine which oligomer of uPAR would be better suited for
crystallography, a binding study was undertaken. Monomeric uPAR and dimeric uPAR were
mixed with uPA and incubated at room temperature for 30 minutes. Then each sample was
run on a non-denaturing gel (Figure 3-10). The gel shows that more monomeric uPAR shifts
upon mixing with uPA than does the dimeric uPAR. This suggests that monomeric uPAR
binds better to uPA than does dimeric uPAR. At the time, dimeric uPAR had not yet been
described in the literature. Subsequently, Shilom and colleagues have improved on these
results, using dynamic light scattering, surface plasmon resonance, gel filtration, and electron
microscopy to show that monomeric uPAR is in equilibrium with a dimeric form, which
binds to uPA with lower affinity [39].

Monomeric uPAR was then purified and mixed with uPA and run over the gel
filtration columns as described above. The resultant graph shows two peaks (Figure 3-11) at

60 kDa and another shifted up by 20-30 kDa. A native (non-denaturing) PAGE gel of these
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fractions reveals monomeric uPAR and uPA fully shifted, with no residual trace of either
species alone, in the early (larger molecular weight) peak, and monomeric uPAR alone in the
second peak (Figure 3-12). This result confirms not only that monomeric uPAR was
purified, but that the resuldng uPAR/uPA complex was also purified and recovered for

crystal trials.
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Gel filtration purification of uPAR using two TosoHaas G3000SW columns in

series. Two peaks are seen at 99-120 kDa and a second at 50-60 kDa. These were shown to

be monomer and dimer forms of uPAR.
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MALDI-TOF run of monomeric uPAR
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MALDI-TOF run of dimeric uPAR
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Figure 3-10
Non-denaturing gel showing migration of monomeric and dimeric uPAR with and

without uPA. More of the monomeric uPAR shifts upon mixing with uPA than does the

dimeric uPAR.
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G3000SW columns in series. A native gel of these fractions is shown in Figure 3-12.
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3§ 36 37 2¢ 31yC

Figure 3-12
Non-denaturing of monomeric uPAR bound to uPA gel filtration (Figure 3-11)
fractions. Monomeric uPAR alone is in the second lane as a control. The fractions show a

shifted complex that reverts to monomeric uPAR during the second peak of the gel filtration

graph.
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Urokinase
uPA was purified from the CHO cell supernatant. The solution (500 — 1000ml) was

centrifuged and the supernatant was dialyzed overnight at 4°C against 4 liters of 50 mM
NaPhosphate pH 6.0, changing the buffer at least once. The dialyzed solution was then
filtered with a 0.22 uM filter to remove any remaining cells or debris. The result was
approximately 1 liter of dilute solution.

Purification was principally accomplishing using a cation exchange column. The
initial protocol from Jennifer Garrison employed a single Pharmacia MonoS column, but this
process was limited due to the slow flow rate (1 ml/min) required for loading the large
sample. The sample loading stage alone took nearly 17 hours under the original protocol. I
obtained faster purification using a two-stage approach.

The first-stage purification was run using Poros media. This media is designed with
two types of pores to allow convective flow into the beads. I packed a Poros HS20 column
in 2 4.6mm x 100mm column, with a final bed volume of 1.7 ml. The packing pressure was
11 MPa, allowing an effective run pressure of 9.6 MPa, which translated to a rate of 8
ml/min of the protein-containing sample. The resultant solution contained significant salt
from elution and thus dialysis was needed to return the sample to a low salt condition. The
second-stage process relied on the same Pharmacia MonoS media, which has a smaller
particle size (10 puM), and thus a higher resolution. First stage purification reduced the
sample from 1000 ml to approximately 10 ml, and this sped the loading time of the MonoS
column by 100 fold. Using a two-stage process allowed me to take advantage of the best
features of the two columns: speed and resolution. uPA purification time was reduced from

approximately 18 hours to 2.5 hours.
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Purification made use of two buffers, the load and wash buffer consisting of 50 mM
NaPhosphate, pH 6, and the elution buffer consisting of 50 mM NaPhosphate, 1.0 M NaCl,
pH 6.0.

The protocol was:

1. Wash column with 20 volumes wash buffer at 8 ml/min

2. Load protein onto column at the same rate

3. Wash with 10 volumes wash buffer

4. A four-stage elution protocol was used. This protocol resulted from numerous
trials to separate the various contaminants from uPA.

a. An initial ramp from 0% elution buffer to 17% over 10 column volumes

b. Slow ramp from 17% to 22% over 20 column volumes, during which
time impurities were eluted.

c. Slow ramp from 22% to 40% over 20 column volumes, during which
time the uPA peak alone was seen

d. Rapid ramp from 40% to 100% over 10 column volumes, during which
time other impurities were eluted.

5. The column was washed with 100% elution buffer, then 100% wash buffer in
preparation for the next run.

6. Between runs of the PorosHS (first) and MonoS (second), dialyze the pooled
fractions in NaPhosphate 50 mM NaCl 50 mM pH 6.0 ovcrnight to decrease the
salt left from the first run.

The uPA after the first PorosHS run was quite pure (Figure 3-13). The resulting uPA

was then further purified using gel filtration. I used two TosoHaas G3000SW 30 cm

columns in series to produce an column effectively 60 cm long. TBS pH 7.5 was used as the
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buffer, and the flow rate was 0.5 ml/min. A final gel showing the completed uPA

purification is shown in Figure 3-14.
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Figure 3-13

Purification of uPA with PorosHS anion exchange column. This shows a test run

with the final buffer gradients in place.
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Figure 3-14
SDS-PAGE gel showing stages of purification for uPA. The final column was “final
uPA” protein mixed with non-reducing sample buffer. The multiple bands seen in the uPA

lanes are the A and B chains of uPA.
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Crystallization

Crystals were produced from two conditions.
¢ 1.5M NaFormate (NaCHO?2), 100 mM NaCacodylate (NaC2H6AsO2), pH
6.5
¢ 1.0 M LiSulfate (Li2SO4), 100 mM Tris (NH2C(CH20H)3), pH 8.0
Crystals were best produced using the sitting drop method with a 4 ul drop. The
crystallization conditions were incubated at 18°C or 20°C, either worked equally well, for
approximately 2 weeks, after which time the crystals would appear. Microseeding had
variable success and could produce crystals in 3 days following a 1-2 day pre-seeding

equilibration stage. Macroseeding was not successful in producing crystals.
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Figure 3-15

A small collection of uPAR + uPA crystals seen in one sitting drop.
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Figure 3-16

A single uPAR + uPA crystal, approximately 200 M x 200 uM.
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Data collection
Crystals of uPA/uPAR were prepared as above. The initial goal was to collect a

native (underivatized) dataset that would sufficient for molecular replacement of the uPA.
Thus the first eight datasets were collected without soaking heavy atoms and at a single
wavelength. We had the benefit throughout the project of plentiful synchrotron time at the
Stanford Synchrotron Radiation Laboratory (SSRL), part of the Stanford Linear Accelerator
Center (SLAC), and at the Advanced Light Source (ALS), part of the Lawrence Berkeley
National Laboratories (LBNL). One additional dataset was collected at the National
Synchrotron Light Source (NSLS) X12C beamline at Brookhaven.

As can be seen in Table 3-2, subsequent datasets were collected with heavy atom
derivatized crystals. Many of the platinum and mercury atom derivatives from the Hampton
Research kits were attempted (see Table 3-1), most with little success. Many of the

compounds resulted in fracture of the crystal, even in concentrations as low as 1 mM.
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1. Mersalyl Acid

2. Ethyl Mercuric Phosphate

3. Mercury (II) Chioride

4. Mercury (3I) Acctate

5. Ethylmercurithiosalicylic Acid, sodium salt
6. Methylmercuric Acetate

7. Mercury (II) Potassium Iodide

8. p-Chloromercuriphenylsulfonic Acid

9. p-Chloromercuribenzoic Acid

10. Ethylmercury Chloride

11. 1,4-Diacetoxymercuri-2,3-dimethoxybutane
12. para-Chloromercudbenzoic Acid, sodium salt
13. Mercury (II) Bromide

14. Mercury (II) Iodide
15. Mercury (IT) Nitrate monohydrate

16. Mercury (IT) Cyanide

17. Mercury (II) Oxide

18. Tetrakis(acetoxymercuri)methane
19. Methylmercury (IT) Bromide

20. Methylmercury (IT) Chloride

1. Potassium Tetrachloroplatinate (II)

2. Ammonium Tetrachloroplatinate (II)

3. Potassium Hexachloroplatinate (IV)

4. Potassium Tetranitroplatinate (II)

5. Potassium Tetracyanoplatinate (II)

6. Dichloroethylenediamine Platinum (II)
7. Diammino Pladnum Dinitrite

8. Potassium Tetrabromoplatinate (II)

9. Potassium Hexabromoplatinate (IV)
10. Platinum Potassium lodide

11. Pladnum Potassium Thiocyanate

12. Di-p-iodobis(ethylenediamine)diplatinum (II) Nitrate
Platinum Potassium Cyanide (II)

Table 3-1

Mercury and Platinum heavy atom compounds from Hampton Research kits. The

ones indicated in bold were used in derivative soaking experiments.
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Processing
The datasets were all indexed and scaled with Denzo [50] and Scalepack [51]. R,

erges
mosaicity, degrees, and completeness statistics are listed in Table 3-2 for each dataset. The
initial datasets were indexed and scaled in space groups P1, P2, and P4 to determine the
space group (data not shown). Absent reflections along the axes signified the space group to
be P4,2,2 or P4,2,2.

Significant anisomorphism was seen between datasets. As is seen in Table 3-2, the

unit cell dimensions varied between sets, especially in the C dimension, though A and B are

also affected. This significantly limited use of many datasets.

Heavy atom detection and refinement
Heavy atoms were initially approximated using the programs SOLVE [52] and CNS

[53] and refined using SHARP (Statistical Heavy-Atom Refinement and Phasing) [54]. Sites
were tested by comparison of putative sites with the isomorphous and anomalous Patterson
maps, though this was not always successful as noise often dominated these maps. A better
technique for approving initial site was cross phasing. Specifically, a very good site was
chosen from the highest peak on the Patterson map, and Fourier difference maps were
calculated, leading to a new best peak. This process was iterated until subsequent peaks were
below a cutoff threshold (5 sigma above the mean).

Cross phasing to locate sites was also applied from different derivatives. Specifically,
a good site from one derivative was used to phase a different dataset. The highest peaks on
this dataset (aside from the starting site) were picked as potential heavy atom sites. Then the
above technique was applied. This technique of phasing from a single initial site to lead to
subsequent sites in the same derivative and other derivatives has significant advantages. First,
when considering isomorphous and anomalous contribution to phases, the same handedness

is preserved across all the sites. Second, keeping a common reference point prevents using
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equivalent sites in the unit cell mistakenly as a new point. Surprisingly, this second mistake is
common, especially when switching between two programs that may use a different zero
point. Third, the space group of the uPA/uPAR ciystals could have been either P4,2,2 or
P4,2,2, as these are not distinguishable from the pseudoprocession images. Preserving the

handedness of the 4-fold screw axis required using cross phasing to find additional sites.

Phasing

Molecular replacement
Initially, phasing was to be accomplished via molecular replacement of uPA. The

uPAR molecular would then be iteratively built into the additional, ever-improving electron
density. Molecular replacement of the 1ILMW PDB model was unsuccessful using datasets
upar2, upar3, upar5, and upar8 and the software CNS [53], AMORE [55], and EPMR [56].
Brad Katz of Axys Pharmaceuticals offered a model of uPA from a recently solved structure
[49], which was used to repeat the above searches, again unsuccessfully. The eventual
structure of uPA in the complex, significantly distorted from the unbound uPA structure,

suggests why these initial molecular replacement runs were unsuccessful.

Multiple isomorphous replacement
The next strategy involved using multiple isomorphous replacement (MIR) to solve

for the phases. This involved using heavy atom soaked crystals, collecting a derivative
dataset, and comparing that dataset against a native set using isomorphous Patterson maps
to look for the heavy atoms. Isomorphous Fourier maps were calculated from the phases
contributed by the heavy atoms to look for electron density. Many derivative datasets were
found to have fundamental low-resolution non-isomorphism against numerous native

datasets and were removed from further analysis.
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Multiwavelength anomalous dispersion
Due to the limitations mentioned above, the MAD (multiwavelength anomalous

dispersion) technique was used to determine phases. The upar16 and upar19 datasets were
collected at multiple wavelengths (see Table 3-2). These two datasets were largely complete
and compatible with each other, which allowed combined phasing. Following the technique
described above, one heavy atom site was determined in upar16 dataset, and this was used to
both determine additional sites in upar16, as well as cross phase sites from the upar19

dataset. See Table 3-3 for a final list of sites used.
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Dataset X Y Z Occupancy
uparl16 0.533294 0.048289 0.079058 0.91
0.191349 0.172241 0.121813 0.60
0.016299 0.118451 0.107940 0.49
0.751309 0.714714 0.067956 0.40
upar19 0.537624 0.826847 0.038820 0.95
0.604805 0.693629 0.080270 0.45
0.548473 0.002192 0.047723 0.30
0.057720 0.532148 0.085819 0.54
0.698319 0.318402 0.129422 0.30
0.729500 0.708567 0.073198 0.54
0.551084 0.025548 0.080217 0.34
Table 3-3

Heavy atom sites used in MAD phasing
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The program SHARP, besides refining the heavy atom sites, also calculates phases
using maximum-likelihood to simultaneously scale the data, model for the lack of
isomorphism, and refine all heavy-atom parameters from MIR and MAD data, or any
mixture of them [57]. Phasing statistics from SHARP revealed an overall figure of merit of
0.45, isomorphous Rcullis of 0.98, and anomalous Rcullis of 0.89. Phasing statistics for each

dataset is shown in Table 3-4.
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uparl6 uparl6 upati6 upar19 uparl9
peak remote | inflection peak inflection
Rcullis iso 1.0 0.98 0.97 0.90 0.90
Rcullis ano 0.61 0.90 0.74 0.86 0.87
Phasing power iso 1.0 0.22 0.15 0.85 0.77
Phasing power 2.6 1.8 2.5 1.6 15
ano
Table 3-4

Phasing statistics out of SHARP for each MAD wavelength. iso = isomorphous, ano

= anomalous
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The phases from SHARP were subjected to solvent flattening and flipping in
Solomon [58], DM [55], and Squash [59] using solvent contents between 22% and 25%.
Solomon and DM were found to over-flatten areas of interest, probably because the density
of protein is much higher than in most protein crystals. Unlike DM and Solomon, which use
only density histogram matching, Squash uses a 2D histogram matching method, and
employs the joint probability distribution of electron density values and their gradients to
constrain density modification. In addition, Squash can perform solvent flattening/ flipping
and phase extension. Squash was used to perform density modification to 2.5 A, though
analysis of resulting maps showed that the phases were only reliable to 3.5 — 4 A. The figure
of merits and mean phase angle changes for various resolution ranges after the final Squash

iteration are shown in Table 3-5.
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Correlation coefficient b/w F_observed and F_modified is 0.809

Number Mean Mean

R(::l.z:on reﬂc‘zzons {:'a)csku;;t FOI;\lf(gbs) po?ie&?o@ Fo:ii(ccmomb) I',::“(‘\(ggg)l ],I}Z?i((?n:’&
i‘(‘)%'(')"‘y' 324 2301941.3 [0.635 0474 0.785 50.92 45.85
[10.00 - 7.07 [627 [7293725 0650  [0.631 |0.841 5000 [43.56
[7.07-5.77 [789 3984346 0.691 |0.659 |0.851 [47.57 [41.54
5.77-5.00 [920 [470012.1  [0.642 |0.636 [0.830 [52.89 [44.63
[5.00-447 [1022  [503956.5 [0.586 [0.680 0.836 [50.77 |45.08
[447-408 [1122 4947490 [0.540 o642 0806 5320  [48.04
[408-378 [1204  [356270.3 [0.714 {0671  [0.864 [45.32 [33.96
[3.78-354 [1277  [3024537 [0.386  [0.682 0779 69.67 62.62
[3.54-333 [1358  [205287.2 [0.457 o623  fo742 6970 63.45
[333-316 [1308  [1504129 [0.336 0579 0.668 |85.28 ~ [82.03
[316-302 [1192  [1383085 [0.331 (0451  [0577 (8604 8290
[3.02-289 (1396  [899146 [0.328 0537 o624 (8765 [8386
[289-277 [1607  [63484.4  [0.290 [0.590 - [0.644 88.72 [88.07
[277-267 [1645  [50249.4 [0275 (0592 |0.635 [o462 9412
[267-258 [1694  [43607.9 [0284  fo574  [0.620 9031 (9242
[2.58 - 250 [529 [39323.7 0308 [0.534 |0.586 [94.65 [96.48
Table 3-5

Figures of merit (FOM) versus resolution ranges after the final iteration of histogram
matching, density modification, and phase extension in Squash. A sharp fall-off can be seen
in the observed FOMs below 4 A. The final two columns show mean phase angle difference

between the observed phases and the modified phases.
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Figure 3-17
Density modified experimental 2Fo-Fc electron density in the region of urokinase,
contoured at 2.0 sigma. Visible are four strands of one beta barrel and the main alpha helix

at the bottom of the figure. Figure was prepared with Molscript [60] and Conscript [61].

127



a * £ d
.\ 2\
~
.'OQQQQQO..
~ %

Figure 3-18
2Fo-Fc electron density at 1.8 sigma contour for urokinase receptor shown alongside
urokinase. Circled roughly in red are three domains of uPAR. Figure was prepared with

Molscript [60] and Conscript [61].
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Building uPA and uPAR
The electron density maps from density modification to 4 A showed globular-

looking regions. This was used as a cue to attempt phased molecular replacement of uPA
into the datasets, using only low-resolution phases (10 — 4 A). Phases from SHARP were
converted to Hendrickson-Lattman coefficients and imported into CNS for the cross
rotation and phased translation searches. Because the total amount of scattering material
used for the search was under 50%, it was not expected that the R-factor would significantly
change if the proper solution were found. Thus, an alternate scoring system for the searches
was employed, based on the packing score. The translation solutions with the best packing
scores were further analyzed using a custom program to determine if a packing solution
geometrically intersected a symmetry copy of itself. This software constructs a convex hull
around each solution symmetry mate and looks for intersections of the hulls, speeding
comparisons of molecular intersection from a manual time of 5 — 10 minutes to an
automatic time of 1.2 seconds on average (Manish Butte, unpublished software). This led to
a solution that appeared to coincide with features of electron density very well. Specifically,
beta strands from urokinase could be seen lined together in the electron density (see Figure
3-17 for an example).

Though the general position of the uPA model in density was correct, the model
required some modifications to fit into density. Specifically, the two beta barrels were slightly
spread apart and twisted, possibly making room for new electron density that is associated
with uPAR (Figure 3-19). Unfortunately, the low-resolution phases were not adequate to
complete building the uPA model, and the extent of these changes is not known. Loops
connecting the beta strands were not seen, and many of the beta strands themselves were

incomplete. Similarly, refinement using CNS of the urokinase model either using
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experimental phases with a maximum likelihood target or density modified phases with the

MLHL target did not significantly improve the structure.
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Figure 3-19

Left, urokinase model used for phased molecular replacement. Highlighted are the
three residues of the catalytic triad. Right, urokinase as seen in the low-resolution complex

structure. Clearly visible are the two beta barrels, though distorted.
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Plentiful electron density was seen apart from the urokinase model, attributed to
uPAR. The quality of this electron density was too low for secondary structure elements to
be detected, so phase combination was attempted using thc urokinase model as it was built
and the density modified experimental phases. One challenge was to down-weight the role
of the urokinase model, which might otherwise swamp out the signal from the relatively
weaker uPAR contribution, by using phase blurring as implemented in CNS. The phase
combination was performed using the CCP4 program SigmaA [55] and the results from the
run can be seen in Table 3-6. The mean figures of merit for low-resolution shells were
slightly improved.

Quanta (Molecular Simulations, Inc.) was used to detect bones and secondary
structure in the urokinase regions of electron density, and these were developed into three
small regions. Although much electron density remains unfit, the quality of these areas is too
low to properly support fitting. Protein/solvent boundaries, however, were greatly improved
by both squash and by phase combination, resulting in three clear blobs of electron density

where one would expect uPAR (Figure 3-18).
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Resolution Limits Number of Combined | Experimental Model
reflectdons
1000.00-8.06 409 0.8690 0.8136 0.4629
8.06-5.70 878 0.8240 0.7780 0.3954
5.70-4.66 1187 0.7502 0.6919 0.3777
4.66-4.03 1430 0.7013 0.6164 0.3785
4.03-3.61 1613 0.5868 0.5375 0.2385
3.61-3.29 1820 0.4961 0.4693 0.1536
3.29-3.05 1648 0.3868 0.3633 0.1326
3.05-2.85 1924 0.3599 0.3433 0.1092
2.85-2.69 2264 0.3061 0.2949 0.0768
2.69-2.55 2266 0.2989 0.2885 0.0710
Table 3-6

Figures of merit from the urokinase model (after phase blurring), experimental

phases, and the phase combination.
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Discussion
Urokinase receptor (uPAR) is a cell-surface GPI-linked receptor that binds urokinase

(uPA), a soluble serine protease found in the serum, urine, and intersttial spaces. Activation
of uPAR by uPA triggers a number of processes. Primarily, urokinase is restrained on the
surface of the cell to coordinate proteolytic activity against basement membrane or
extracellular matrix components. This facilitates a cell to grow or migrate in a particular
direction. In addition, uPAR appears to signal through spatial association with Src-family
tyrosine kinases, which in turn activate signaling cascades directing a cell to grow or
differentiate. Curiously, growth-factor-directed cell growth appears to require the presence
of functional uPAR, as if uPAR were also the target of a signal to grow a cell in a particular
direction. Because of the close ties uPAR has with the cellular apparatus for migration and
growth, numerous cancers have hijacked its functionality to direct neoplastic metastasis to
the extent that the presence of uPAR often portends an adverse prognosis.

Numerous open questions remain about the basis of uPAR activation, and uPA
binding to uPAR. In addition, a significant effort has developed to develop small molecules
to interrupt the activation of uPAR, the proteolytic function of uPA, or the binding of uPA.
These issues have compelled us to determine the structure of uPAR in complex with uPA.
We produced tetragonal crystals that diffracted to below 3.0 A, and with multiwavelength
anomalous dispersion phasing, we were able to determine the structure of the complex to 4.0
-45A.

Though the double beta barrel structure of urokinase appears mildly disturbed in the
bound structure, the active site, which sits just below the central helix and between the two
barrels, appears not be involved with uPAR density (Figure 3-18). Because of phasing

limitations, however, the extent of disruption of the uPA is not known. This supports the
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notion that urokinase is free to proteolyse extracellular targets while bound to uPAR. Higher
resolution data would help clarify if uPAR is itself cut in its interaction with uPA (though
our urckinase was proteolytically dead) as is suggested from the literature on immune ccll
chemotaxis. We were unable to resolve the structure of the linker between domain 1 and
domain 2, and thus the chemotactc role of the peptide therein remains elusive.

While the structure of uPA bound with uPAR does not shed any light on the
putative interaction between uPAR and intracellular Src-family kinases, it may on uPAR’s
interaction with the integrins. A detailed analysis of the surface of uPAR to look for
commonalities with other integrin partners could help clarify their roles.

Finally, the structure of the complex can help elucidate the role of inhibitors on this
signaling system. If uPAR-directed cell migration is activated by proteolysis, and a urokinase-
specific proteolytic inhibitor is discovered, such a compound might have a place in the
therapeutic anti-cancer arsenal. Moreover, these results may usher in a new class of

inhibitors designed to target the interface rather than the urokinase active site.
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