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PS
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reversed-phase high performance liquid chromatography

RTK

receptor tyrosine kinase
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Abstract
Fibroblast growth factor receptors (FGFRs) constitute one of the subfamilies in
receptor tyrosine kinase (RTKs). Four FGFRs, namely, FGFR1, FGFR2, FGFR3 and
FGFR4, are known to mediate a variety of cellular responses during embryonic
development.

Dysregulation of FGFR signaling is associated with many

developmental disorders and cancer1.

The prototypical FGFR comprised of an

excellular region, a single transmembrane (TM) region, and a cytoplasmic region.

The

crystal structures of the extracellular2,3 and the intracellular4-6 regions of FGFR3 have
provided considerable information in elucidating the mechanism underlying receptor
signaling.

However, there is still no high-resolution of a full-length RTK.

The

mechanism emerging from structural and biochemical involve binding of the fibroblast
growth factor (FGF) to the extracellular domain (ECD) of the receptor in a 1: 1 complex.
These complexes are thought to form a symmetric dimer in the active state7.
High-resolution structures of activated kinase domain for FGFR14, FGFR25 and
FGFR36 demonstrated that they form asymmetric dimers.

Importantly, Bae et al.

demonstrated that formation of asymmetric dimers between the FGFR1 kinase domains
is required for transphosphorylation in FGF-stimulated cell4.
The proposed activation mechanism of FGFR based on the crystal structure, builds on
that proposed by Kuriyan and coworkers for the EGF receptor8.

An open question has

been how a symmetric extracellular domain dimer leads to asymmetric interactions in
the interacellular domains.

In the case of EGF receptor family, the coupling of ligand

binding is to receptor activation is of great interest since the interacellular
1

juxtamembrane (IJM) region is allosterically coupled to the ligand-binding site9,10.
Recently, we examined the functional coupling of the extracellular and intracellular
regions by the TM and the IJM regions of the rat ErbB2/Neu receptor via the TM and
the IJM regions11, by comparing the structure of the TM-IJM sequences of the wild type
and a constitutively active TM region in a mutant (V664E).

Solid-state NMR and

fluorescence spectroscopy of these peptides, reconstituted into lipid bilayer,
demonstrated that the TM helices of the V664E mutant dimerized more tightly than in
the wild type construct.

In addition, the unstructured IJM region of the wild type

sequence was bound to the acidic membrane, while the mutant IJM region was not
bound to the membrane; IJM release was dependent on the orientation of the TM
helices in the membrane.

We concluded that the TM helices in the active dimer

conformation could release the IJM region from the membrane, triggering the formation
of an asymmetric dimer between the intracellular kinase regions. Endres et al. proposed
a similar model based on the detailed biochemical and structural analyses of the EGFR8.
This thesis describes the structural characterization of the FGFR3 TM-IJM region in
order to elucidate its role in activation.

In the first section (Chapter 1); the

preparation of TM-IJM sequence of FGFR3 by means of chemical synthesis is
described.

Chemical synthesis allows specific labeling and modification, extending

the choice of analytical techniques.
The second section (Chapter 2 and 3) focuses on the structural characterization of the
TM-IJM region of FGFR.

Spectroscopic structural comparison between the wild type

and the constitutively active mutant were performed to determine the IJM-membrane
2

interaction, TM helix orientation relative to the membrane, and the TM helices dimer
interface. Finally, the results of the structural comparison are summarized, and an
activation mechanism of FGFR3 is discussed.
Furthermore, the challenges involved in the semi-synthesis of FGFR3 are addressed to
understand the structural change of TM-JM region upon ligand binding (Chapter 4).
Semi-synthesis can be carried out by ligating expressed protein fragments and
chemically synthesized peptides, which can contain specific labels and modifications.
The initial results mentioned in this thesis provide a basis for a novel research strategy
using semi-synthetic membrane proteins.

3

Introduction
There are various receptors in the plasma membrane, which play pivotal roles in signal
transduction.

Detection of a specific membrane-binding site for the epidermal growth

factor (EGF) and subsequent discovery of its receptor (EGFR) by Cohen and
Carpenter12,13, have led to the recognition that receptor tyrosine kinases (RTK) hold
great importance in cell homeostasis.

Human cells contain 58 RTKs involved in cell

growth and differentiation. RTKs are commonly comprised of three distinct regions: the
extracellular, transmembrane, and intracellular domains.

The extracellular domain

(ECD) contains the ligand-binding site, and the intracellular domain (ICD) possesses
the kinase activity. The transmembrane (TM) region functionally couples to the soluble
regions.

Figure 1. Schematic diagram of RTK signal transduction.
signal transduction cascades.
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Activated RTK induces various

Figure 1, illustrates a schematic diagram of RTK signaling.

A ligand such as growth

factor binds to the ECD of the RTK and induce transphosphorylation in the ICD.

The

phosphorylated RTK activates the adaptor proteins and phospholipase Cγ (PLC-γ)
stimulating pathways such as the Ras-mitogen-activated protein kinase (MAPK)
pathway, and the Janus kinases-signal transducers and activators of transcription
(JAK-STAT) pathway.

Finally, the target protein is expressed, inducung the cell

growth and differentiation14.
RTK dysfunction, as a result of mutation or overexpression, is known to be related to a
number of diseases such as cancer, cardiovascular, inflammatory and nervous disorders.
Natutrally, RTK has become one of the most important targets for cancer therapy.

In

1985, Drebin et al. found that a monoclonal antibody can induce a rapid and reversible
down-regulation of cell surface expressed oncogenic RTK (ErbB2/Neu)15.
finding advanced the development of cancer therapeutics targeting to the ECD.

This
For

targeting the ICD, small compounds drugs have been developed as kinase inhibitors.
The inhibitors are designed to act on the ATP binding pocket within the kinase region16.
Despite the existence of a number of therapeutic products, a demand for better cancer
treatment drugs remains.

A stronger understanding of the function of RTK at the

membrane, particularly at a molecular level or at higher resolution, can provide insight
for the design of new drugs.
The initial model of the RTK activation is described as ligand-binding stabilized
dimerization.

In 1988, Schlessinger described the activation mechanism of EGFR as

the allosteric receptor oligomerization model17.
5

It is assumed that monomeric inactive

receptors are in equilibrium with oligomeric activated receptors.

According to the

allosteric oligomerization model, the binding of growth factor(s) to their receptor(s)
stabilizes an oligomeric state possessing enhanced ligand-binding affinity and elevated
protein tyrosine kinase activity.

The model has been considered as a “textbook”

description for RTK activation since.
Recent studies elucidating the activation mechanism suggest that the actual mechanism
is more complicated than the initial model. One important finding is that dimerization is
not sufficient for activation. A number of studies suggest that EGFRs also exist as
inactive dimers at the membrane18-20.

These reports argue that there must be an

inhibitory effect for the preformed dimer and this effect is overcome by ligand-binding
induced structural change within the dimer.
Although a full-length structure has yet to be reported, a number of crystal structures
of the ECD and the ICD of several RTKs have been elucidated. The crystal structures of
the EGFR ECD, in both ligand bound and unbound forms21,22, have suggested that the
unliganded structure has a tethered conformation that undergoes a dramatic
rearrangement upon binding to the ligand. Significant crystallographic and biochemical
findings reported by Kuriyan et al. have demonstrated that ICDs form active
asymmetric dimers23 and that the intracellular juxtamembrane (IJM) region participates
in the dimerization of the kinase domains24.

These important discoveries regarding

both the ECD and ICD raise a fundamental question concerning transmembrane
receptors: how is a structural change in an extracellular region transmitted to the
intracellular region, which then results in activity. This also emphasizes the requirement
6

for a structure-function study of the TM region.
A study of the oncogenic protein p185, which is now known as ErbB2 or Neu, is the
earliest to suggest an active role of the TM region in receptor function25.

A V664E

mutation in the TM region (rat sequence) is sufficient for activation of the Neu receptor.
Subsequent studies by Smith et al. demonstrated that in the active receptor containing
the V664E point mutation, Glu664 mediates dimerization through hydrogen-bond
interactions26.

Stern et al. has also reported that changing the relative position of

VE664G sequence within the TM region promotes weak dimerization but not
transformation27.

These findings suggest that the dimerization of the TM region is not

sufficient for receptor function. The IJM region was also found to play an active role in
EGFR function. The juxtamembrane is defined in this study as the region adjacent to
the TM region, approximately 15 amino acid residues in length. This definition differs
from the one used by Kuriyan et al. mentioned previously. As shown in Figure 2, the
IJM region of EGFR is highly basic; this basic cluster can be found in a number of
RTKs (Figure 2). One of the earliest studies of this minute region revealed that
phosphorylation of a threonine residue (Thr654) down-regulated EGFR28,29.
Additionally, Yamane et al. reported that ligand-induced functions of EGFR require
positively charged residues in this IJM region30.

In 2005, McLaughlin et al. proposed

a model suggesting that the IJM region is crucial for understanding the EGFR activation
mechanism31.

The model describes the autoinhibitory mechanism of EGFR; in the

inactive receptor, the IJM and kinase domains associate electrostatically with the
negatively charged plasma membrane, restricting access of the kinase domain to its
7

substrate. An important feature of the IJM region is that this positively charged region
binds to the membrane sequestering phosphatidylinositol 4,5-bisphosphate (PIP2),
known to be involved in the EGFR signaling cascade as the source of a secondary
messenger. Furthermore, Sato et al. reported that this interaction between the IJM
region and the acidic membrane is diminished with the addition of Ca2+/calmodulin32.
Ca2+/calmodulin is known to bind to the IJM region and mediates EGFR signaling33-35.
In addition, Ca2+/calmodulin interacts with the IJM region removing it from the
membrane, thus increasing the separation time of the kinase domain from the
membrane36

Figure 2. Sequence of the RTK transmembrane-intracellular juxtamembrane (TM-IJM) region. The TM
region is highlighted in blue. The juxtamembrane (IJM) region, defined in this study, follows immediately
after the TM region. The EGFR juxtamembrane region defined by Kuriyan et al. is highlighted in green.
Basic amino acid residues in the IJM region are indicated in red.

Sato and coworkers extended McLaughlin’s studies by examining how release of the
IJM from the membrane is related to the TM helices dimer structure. Peptides of the
ErbB2/Neu receptor TM-IJM sequence were chemically synthesized with or without
activating mutation V664E in the TM region, and structural studies were performed.
They found that introduction of the constitutively active mutation facilitates the release
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membrane surface resulting in activity (C).

0.1073/pnas.1215207110

Matsushita et al.

Fibroblast growth factor receptor (FGFR) is an RTK known to be involved in cell
growth and differentiation. FGFR was first isolated and cloned by Lee et al.38, and
additional members were discovered by homology based PCR39-43.

Human cells are

thought to contain four members of the FGFR family.
FGFRs share common structural features with other RTKs; they are comprised of three
domains: the extracellular domain (ECD), transmembrane domain (TM), and the
intracellular domain (ICD).

Binding of the ligand to the ECD initiates signaling
9

cascades.

Human cells have 18 FGFR ligands, and require a heparan sulfate

proteoglycan for activity44.

Figure 4. Schematic model of the FGFR extracellular domain (ECD)7.

(A) The ECD of

FGFR consists of three immunoglobulin domains D1, D2, and D3. In the inactive state, the
highly acidic AB region of the D1-D2 linker binds to the highly basic HBS region of D2. D1
binds to D2 and D3 resulting in autoinhibition. (B) The FGF ligand binds to D2, D3 and the
D2-D3 linker via hydrogen bonds. Heparan sulfate proteoglycan binds to the highly basic
HBS region of D2. These bonds in the ECD induce dimer formation leading to the
transphosphorylation of the intracellular region kinase domain for activity.

The ECD consists of three immunoglobulin-like subdomains called D1, D2 and D3.
D2 and D3 are suggested to constitute the minimal ligand binding region2,45,46.
Mohammadi and coworkers reported the crystal structure of FGFR3 ECD and FGF146,
and proposed a model for autoinhibiton of FGFR that involves D1 suppression of FGF
and heparin binding7,46.

Prior to ligand and heparin binding in the ECD (i.e. inactive

state), D1 binds to D2 and D3, and the D1-D2 linker region, which contains a highly
acidic sequence called the acid box (AB), binds to the highly basic region in D2
resulting in autoinhibition (Figure 4 (A)).
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The Ligand and heparin form hydrogen

bonds with specific sites in D2 and D3 creating a symmetric dimer of FGFR: FGF (2:2)
together with heparin (Figure 4 (B)).

Dimer formation resulting from ligand binding

in the ECD induces the transphosphorylation of the ICD for activity.
Binding of the ligand in the ECD is suggested to induce dimer formation and
transphosphorylation in the ICD.

Transphosphorylation in the catalytic domain of the

ICD that stimulates the kinase activity47,48.

The phosphorylated tyrosine at the

C-terminal tail of the ICD is involved in initiating the cascade as summarized in Figure
1.

The activated FGFR3 kinase domains are proposed to form an asymmetric dimer4-6.

The asymmetric dimer is formed by the substrate-acting kinase and the enzyme-acting
kinase (Figure 5).

Figure 5. Model of the asymmetric ICD dimer (based on PDB code 4K33). The asymmetric
dimer is comprised of the enzyme-acting kinase and the substrate-acting kinase leading to
transphosphorylation.

The structure and functional relationship of the TM region are not well known.
However, a number of pathogenic FGFR mutations in the TM and juxtamembrane (JM)
regions have been identified (reviewed in reference49), suggesting that these regions
play an active role in receptor function.
Hristova’s group has been studied the biophysical properties of the FGFR3 TM region
by comparing sequences with and without activating mutations49-55.
11

Two mutations in

the TM region of FGFR3, G380R and A391E, are known to activate the receptor
without ligand binding.

The A391E mutation appears to be similar to the V664E

mutation in the Neu receptor (i.e. substitution of a hydrophobic residue with glutamic
acid).

A391E is the genetic cause of Crozon syndrome56, and has been additionally

identified as a somatic mutation in bladder cancer57.

This mutation can enhance

FGFR3 activation in the absence of the ligand, and results in an increase in the
dimerization propensity of the TM sequence alone in lipid bilayers50, and of the
full-length receptor at the cell membrane55.

The G380R, which is related to

achondroplasia58, is the most common form of dwarfism.

Hristova and coworkers

reported that the TM region containing the G380R did not alter the dimerization
energetic of the TM helices in lipid bilayers51.

Recently, they demonstrated that the

G380R mutation had only a modest effect on receptor dimerization in plasma
membrane-derived vesicles from HEK293T cells.

Kinase activity due to the G380R

mutation could be attributed to a mutation-induced structural change rather than an
increase in dimerization propensity59.

It can be assumed that the TM region in each of

these mutations is in the active dimer conformation.
However, the detailed structure of the TM region together with the JM region in lipid
bilayers, and the structural changes undergone by the TM-JM region to induce activity
are not known.

In addition, the mechanism by which structural changes in the ECD

caused by ligand binding are transmitted through the TM region to initiate the function
of the ICD is also unknown (Figure 6).
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Figure 6. FGFR model: structural and biological information regarding the TM-JM region
linking the ECD (from PDB code 1RY7) and ICD (from PDB code 4K33) is lacking. This
information is required to understand the activation mechanism of FGFRs.

In this thesis, the author focuses the structure of TM-JM region to get insight on the
activation mechanism of FGFR3. The structural information of TM-JM region in lipid
bilayers is obtained from the spectroscopic experiments on chemically synthesized
TM-JM peptide.
Peptide chemistry has been utilized to great effect in a wide range of scientific fields.
It can be used as a tool to elucidate biological mechanisms or for the development of
drugs and materials. One of the biggest advantages of chemical synthesis is that it
allows for considerable variation in designing sequences, modifications and labels.
The structural formation of membrane proteins and their association with the
transmembrane (TM) region has been studied using chemically synthesized peptides.
In studies such as those performed by Killian (for review60) or Matsuzaki (as one of
their works61), an artificial TM peptide was designed to examine theories regarding TM
sequences existing in the membrane.

One of the earliest TM sequences to be

13

chemically synthesized was a section of glycophorin A (GpA)62.
first membrane proteins for which a sequence was reported63.

GpA is one of the

Chemical synthesis of

GpA enabled the study of TM helix association, which resulted in high-resolution
structural information. Smith et al. used solid-state NMR to study the GpA TM peptide
with site-specific stable isotope labels. Their results revealed that the dimer structure is
mediated by a GxxxG sequence64. The GxxxG motif is now known to promote TM
helix association in many membrane proteins.
Along with a long history of peptide chemistry, the introduction of a solid phase
method for peptide synthesis, invented by Merrifield65, increased the use of peptides in a
variety of fields. The solid phase method usually involves the elongation of a side chain
protected peptide chain on a polystyrene resin. Subsequent to elongation, the peptide
chain is cleaved from the resin by acid treatment. Coupled with reverse phase
high-performance liquid chromatography (RP-HPLC) purification, a 30-50 amino acid
length peptide can be obtained. This method, which allows for rapid and simple peptide
preparation, is intrinsically limited in the length of peptide that can be synthesized.
Ligation chemistry, as a strategy for chemical synthesis of proteins or longer peptides,
was introduced by Hojo and Aimono66.

As shown in Figure 7 (A), a peptide with a

thioester moiety at the C-terminus is required as a building block. The thioester moiety
is crucial for ligation chemistry since it enables selective activation of the C-terminus of
the N-terminal building blocks. In this strategy, designated as the thioester method,
selective activation is performed by a silver ion. The silver ion activated thioester
moiety is exchanged with an additive, 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine
14

(HOOBt), which subsequently enables peptide bond formation for condensation.
Another ligation strategy, native chemical ligation, was proposed by Kent et al. as
shown in Figure 7 (B)67.

Native chemical ligation also requires a peptide thioester as

the N-terminal building block. The thioester moiety in the N-terminal building block
interacts with the cysteine residue at the N-terminus of the C-terminal building block.
The reaction is initiated by a thioester-thiol exchange followed by spontaneous
rearrangement to form a peptide bond.
(A)
O
S-Acm
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HN-Boc
|
H
|
||
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N
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O

HOOBt
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O
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N
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|
H
|
||
N
Boc-N - N-terminal building block - C-O

H
H2N- C -C- N - C-terminal building block -COOH
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S-Acm
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|
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O
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H
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H
|
|
|
|
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H
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O
H
||
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H H ||
O

Figure 7. Schemes of the thioester method (A) and native chemical ligation (B).

As previously mentioned, ligation involves a key thioester. Protein fragments
containing a thioester moiety at their C-terminus can be obtained using molecular
biology techniques and intein chemistry. Protein splicing, discovered separately by
Anraku et al.68 and Stevens69, is a post-translational process in which an intervening
portion of a precursor protein is excised and the flanking N-terminal and C-terminal
sequences are coupled to give a mature protein. As defined by Perler et al.70, the
intervening portion and the flanking sequences are called intein and extein, respectively.
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As illustrated in Figure 8 (A), protein splicing is initiated by an N-to-S acyl shift and
the N-extein sequence is transferred to the –SH/-OH side chain of a Cys/Ser located at
the N-terminus of the intein portion. This newly formed ester is attacked by the side
chain of a Cys/Ser/Thr located at the N-terminus of the C-extein sequence to give the
mature protein. Muir et al. developed a novel strategy for preparing a protein fragment
containing a thioester moiety at its C-terminus71,72.

As shown in Figure 8 (B), instead

of the C-extein, they inserted a chitin beads sequence. Subsequent to washing, the
desired protein fragment containing the thioester moiety at the C-terminus is eluted by
addition of excess thiol. This strategy allows for the preparation of large protein
building blocks for ligation, which is known as expressed protein ligation.
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Figure 8. Schemes of intein chemistry (A) and (B)preparation of N-terminal building blocks
containing a thioester at the C-terminus using intein chemistry.
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Chapter 1
Synthesis of TM-IJM region of FGFR3 with Alexa Fluor 568 C5-maleimide
attached to the C-terminus by Native Chemical Ligation
Protein sample for a biochemical or structural study is commonly prepared using
method of molecular biology.
protein production.

E. coli and even mammalian cells are employed for

However, a sample required, such as size of the protein or

modification on the protein, varies depending on a specific interest or analyzing
technique.

To expand choices of strategies for sample preparation, methodological

development of protein production is important.

This is also true for membrane

proteins whose preparation is still challenging.
This chapter describes development of technologies that must be useful for molecular
characterization or structural analysis on transmembrane (TM) and juxtamembrane (JM)
regions of membrane protein.

As it has been mentioned in Introduction, recent

research progress in the field of receptor tyrosine kinase reveals that its intracellular
juxtamembrane (IJM) region is functionally important.

Studies on the IJM region

require two components, the TM region and lipid bilayers, in the system.

These two

components are what make research on membrane protein even harder.

Here, the

author introduces and describes, being the TM-IJM region of FGFR3 as a target, a
methodology that must be a basis for the next generation of membrane and membrane
protein biological chemistry.

The technology is introduction of a fluorescence label on

a thiol group of cysteine residue with leaving the thiol group of other cyntein residues
for native chemical ligation (Figure 1-1).
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Figure 1-1. Reaction of thiol reactive probe of fluorescence, Alexa Fluor 568 C5-maleimide, in
FGFR3 IJM peptide with protecting the side-chain thiol of N-terminal cysteine

In this thesis, the author focuses on structure and function correlation of the TM-IJM
region (Figure 1-2).

Chemical synthesis of a peptide as such with a length of more

than 50 amino acid residues is not a trivial using a general stepwise elongation protocol
in the solid phase method.

Ligation strategy is commonly used to obtain a peptide that

consists of more than 50 amino acid residues as it was mentioned in Introduction.

As

it is shown in Figure 1-2, the native sequence of the TM-IJM region contains cysteine
at 396.

This Cys396 can be used for the ligation site for the native chemical ligation.

For preparation of the FGFR3 TM-IJM peptide, the N-terminal building block was
designed to be to FGFR3 TM region in residues 367-395 (FGFR3 (367-395)) and the
C-terminal building block was designed to be FGFR3 IJM region in residues 396-422
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(FGFR3 (396-422)).

Asp Glu Ala Gly
371 Ser Val Tyr Ala Gly Ile Leu Ser Tyr Gly
381 Val Gly Phe Phe Leu Phe Ile Leu Val Val
391 Ala Ala Val Thr Leu Cys Arg Leu Arg Ser
401 Pro Pro Lys Lys Gly Leu Gly Ser Pro Thr
411 Val His Lys Ile Sre Arg Phe Pro Leu Lys
421 Arg Gln
Figure 1-2. Sequence of FGFR3 TM-IJM region (367-422)	
  	
 

Cys396 is written in red and

TM region is covered with gray.

One of the aims is to elucidate a molecular characteristic of the IJM region, especially
its interaction with lipid bilayer and a lipid molecule such as PIP2 (Chapter 2).
Fluorescence spectroscopy is one of the techniques that provide results from which we
can make a simple interpretation for what occurs.

As a sample, FGFR3 TM-IJM

peptide with fluorescence probe at the C-terminus is required.

The thiol reactive probe

of fluorescence such as Alexa Fluor 568 C5-maleimide is useful probe to site-specific
label in straight-forward manner.

As it is mentioned above, FGFR3 TM-IJM sequence

has the cysteine residue that natively exists (Cys396) at the boundary between TM and
IJM region.

Here we may face a problem of not being able to introduce the thiol

reactive probe specifically at the C-terminus of the peptide.
accomplished using ligation.

However, this can be

A strategy for the preparation of FGFR3 TM-IJM region

with fluorescence probe at the C-terminus is shown in Figure 1-3. The point is using a
thiazolidine ring to protect the side chain of Cys396 at the introduction of the label.
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The ring can simply be opened by treatment of methoxylamine to generate the cysteine
side chain1.
In performing the native chemical ligation, building blocks are mixed in an aqueous
buffer.

In the current case, one of the expected difficulties is low solubility of the

N-terminal building block with the sequence of the TM region due to its high
hydrophobicity.

Sato and coworkers have reported the synthesis of transmembrane

protein by native chemical ligation in presence of detergent to dissolve a building block
with transmembrane sequence2.

Following conditions reported therein, the author

examines the synthesis of FGFR3 TM-IJM peptide by native chemical ligation.
S
HS
O
||
C- FGFR3 (397-422) -C- N-C- CONH2
HH
||
O

HN

+ Alexa Fluor 568 C5-maleimide
Alexa Fluor 568 C5-maleimide

S
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Figure 1-3. Strategy of synthesis of FGFR3 TM-IJM with fluorescence probe at the
C-terminus using native chemical ligation

Results and discussion
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Overall all scheme for the synthesis of FGFR3 TM-IJM region (367-422) with
fluorescence probe, Alexa Fluor 568 C5-maleimide, attached to the C-terminus is shown
in Scheme 1-1.

The author used the same procedure for preparing three sequences of

the TM-IJM region (367-422) with fluorescence probe, Alexa Fluor 568 C5-maleimide
attached to the C-terminus of wild type, G380R and A391E.

Result of each step is

described.
HCl NH2 - MBHA resin
1) DIEA (5%) / NMP
2) Boc - Ala - OBt
Boc - Ala - NH - MBHA resin
1) TFA
2) Boc - A.A. - OBt
Fmoc - Gly - Arg(Tos) 3 - Ala - NH2 - MBHA resin

Fmoc - NH - SAL - PEG resin
1) Piperidine (20 %) / NMP
2) Fmoc-A.A.-OBt

1) piperidine (20 %) / NMP
2) Trt - SCH2CH2COOBt

3) TFA, 1,2-Ethaneditiol, Thioanisole
4) RP-HPLC

Trt - SCH2CH2CO - Gly - Arg(Tos) 3 - Ala - NH2 - MBHA resin
1) TFA, 1,2-Ethanedithiol
2) DIEA (5 %) / NMP
3) Boc - Leu - OBt

Thiazoridine - FGFR3 (397-422) - Cys -NH2

2

Boc - Leu - SCH2CH2CO - Gly - Arg(Tos) 3 - Ala - NH2 - MBHA resin
1) TFA
2) Boc - A.A. - OBt

1) Alexa Fluor 568 C5-maleimide
2) RP-HPLC

Thiazoridine - FGFR3 (397-422) - Cys(Alexa Fluor 568 C5-maleimide) -NH2

3) HF, 1,4-Butanedithiol, Anisole

3

4) RP-HPLC

1) Methoxyamine hydrochloride
2) RP-HPLC

H- FGFR3 (367-395) - SCH2CH2CO - Gly - Arg3 - Ala- NH2
H - Cys - FGFR3 (397-422) - Cys(Alexa Fluor 568 C5-maleimide) -NH2

1

4
1) Octyl-b-glucocide, MESNA, TCEP
2) RP-HPLC
H - FGFR3 (367-422) - Cys(Alexa568) -NH2

5

Scheme 1-1. Synthesis of FGFR3 TM-IJM region (367-422) with fluorescence probe, Alexa Fluor 568
C5-maleimide, attached to the C-terminus.
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- Synthesis of N-terminal building block, FGFR3 TM (367-395) -SCH2CH2CO-GlyArg3-Ala-NH2 (peptide 1), in t-Boc chemistry
The synthesis of peptide 1 was summarized in Scheme 1-2.

Starting from HCl・

NH2-MBHA resin, Boc-Leu-SCH2CH2CO-Gly-Arg(Tos)-Arg(Tos)-Arg(Tos)-Ala-NH2
-MBHA resin was synthesized using the procedure reported by Kawakami et. al.3
Peptide 1 was synthesized from Boc-Leu-SCH2CH2CO-Gly-Arg(Tos)-Arg(Tos)Arg(Tos)-Ala-NH2-MBHA resin using the Boc chemistry.

The peptide was cleaved

from the resin by treatment with HF.
HCl NH2 - MBHA resin
1) DIEA (5%) / NMP
2) Boc - Ala - OBt
Boc - Ala - NH - MBHA resin
1) TFA
2) Boc - A.A. - OBt
Fmoc - Gly - Arg(Tos) - Arg(Tos) - Arg(Tos) - Ala - NH2 - MBHA resin
1) piperidine (20 %) / NMP
2) Trt - SCH2CH2COOBt
Trt - SCH2CH2CO - Gly - Arg(Tos) - Arg(Tos) - Arg(Tos) - Ala -NH2 - MBHA resin
1) TFA, Ethanedithiol
2) DIEA (5 %) / NMP
3) Boc - Leu - OBt
Boc - Leu - SCH2CH2CO - Gly - Arg(Tos) - Arg(Tos) - Arg(Tos) - Ala - NH2 - MBHA resin
1) TFA
2) Boc - A.A. - OBt
Boc - Arg(Tos) - Arg(Tos) - Ala - Gly- Ser(Bzl) - Val - Tyr(Br-Z) - Ala - Gly - Ile Leu -Ser(Bzl) - Tyr(Br-Z) - Gly(/Arg(Tos)) - Val - Gly - Phe - Phe - Leu - Phe - Ile Leu - Val - Val - Ala(/Glu(OBzl)) - Ala - Vla - Thr(Bzl) - Leu - SCH2CH2CO - Gly Arg(Tos) - Arg(Tos) - Arg(Tos) - Ala - NH2 - MBHA resin
1) HF, 1,4-butanedithiol, anisole
2) RP-HPLC
H - Arg - Arg - Ala - Gly- Ser - Val - Tyr - Ala - Gly - Ile - Leu - Ser - Tyr - Gly(/Arg) Val - Gly - Phe - Phe - Leu - Phe - Ile - Leu - Val - Val - Ala(/Glu) - Ala - Vla - Thr - Leu SCH2CH2CO - Gly - Arg - Arg - Arg - Ala - NH2

1

Scheme 1-2. Synthetic scheme of peptide 1
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The purification was then performed by means of RP-HPLC.

Purification using

RP-HPLC was performed a linear gradient of formic acid/ water (3: 2) and formic acid/
1-propanol (4: 1) at a flow rate of 2.00 ml/ min.

The RP-HPLC chromatogram for the

wild type sequence was shown in Figure 1-4.

The content of the main peak shown

with an arrow on Figure 1-4 was characterized with MALDI-TOF mass spectrometry.
The mass number found agreed with the calculated value for the desired product (wild
type found for m/z: 3674.9 calcd for [M+H]+: 3678.3).

In other peptides of mutant

sequence, G380R and A391E, purifications of RP-HPLC were performed under the
same condition with wild type sequence and the mass numbers found from the main
peak of RP-HPLC chromatogram also agreed with the calculated value for the desired
products (G380R found m/z: 3774.4, calcd for [M+H]+: 3777.4 7015.3 A391E found for
m/z: 3739.5, calcd for [M+H]+: 3736.3)

Figure 1-4. RP-HPLC elution profile of the purification of peptide 1.
conditions are indicated under the chromatogram.
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The details of

- Synthesis of peptide 2, by the Fmoc Chemistry
The synthesis of peptide 2 was summarized in Scheme 1-3.

Starting from

NH2-SAL-PEG resin, the C-terminal segment, FGFR3 IJM (397-422) with thiazoridine
ring at the N-terminus was synthesized by Fmoc chemistry.

The peptide component

was cleaved from the resin by treatment with TFA.
Fmoc - NH - SAL - PEG resin
1) Piperidine (20 %) / NMP
2) Fmoc-A.A.-OBt
Boc- Thz - Arg(Pbf) - Leu - Arg(Pbf) - Ser(tBu) - Pro - Pro - Lys(Boc) Lys(Boc) - Gly - Leu - Gly - Ser(tBu) - Pro - Thr(tBu) - Val - His(Trt) Lys(Boc) - Ile - Sre(tBu) -Arg (Pbf) - Phe - Pro - Leu - Lys(Boc) - Arg (Pbf)
-Gln(Trt) - Cys(Trt) - NH2 - SAL - PEG resin
1) TFA, 1,2-Ethanedithiol, thioanisole
2) RP-HPLC
H - Thz - Arg - Leu - Arg - Ser - Pro - Pro - Lys - Lys - Gly - Leu - Gly Ser - Pro -Thr - Val - His - Lys - Ile - Sre - Arg - Phe - Pro - Leu - Lys Arg - Gln - Cys -NH2

2

Scheme 1-3. Synthesis of C-terminal building block, peptide2

Figure 1-5. RP-HPLC elusion profiles of the purification of peptide 2.

The details of

conditions are indicated under the chromatogram.

Purification by RP-HPLC was performed using a linear gradient of water with 0.1 %
TFA and acetonitrile with 0.1 % TFA at flow rate of 2.5 ml/ min.
31

The RP-HPLC

chromatogram was shown in Figure 1-5.

The content of the main peak shown with an

arrow on Figure 1-5 was characterized with ESI mass spectrometry.
number found agreed with the calculated value for the desired product

The mass
(found m/z:

3072.8, calcd for [M+H]+: 3076.6).

- Introduction of fluorescence probe, Alexa Fluor 568 C5-maleimide, to cysteine at
peptide 2 to obtain peptide 3
Peptide 2 and a thiol reactive probe of fluorescence, Alexa Fluor 568 C5-maleimide,
were mixed in neutral aqueous buffer at 37 ℃ for 1-2 hours.
was performed by RP-HPLC.
1-6.

Purification of peptide 3

The chromatogram of RP-HPLC was shown in Figure

The mass number of purified peptide was measured by ESI mass spectrometry.

(found m/z: 3932.0, calcd for [M+H]+: 3933.5).

Figure 1-6. RP-HPLC elution profiles of the purification of peptide 3.

The details of

conditions are indicated under the chart.

- Opening the thiazolidine ring to obtain peptide 4 for native chemical ligation
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Peptide 3 was mixed with methoxyamine hydrochloride in aqueous buffer at 37 ℃ for
1-2 hours to obtain peptide 4.

Purification by RP-HPLC was performed a linear

gradient of water with 0.1 % TFA and acetonitrile with 0.1 % TFA at flow rate of 2.5
ml/ min.

The chromatogram of purification by RP-HPLC was shown in Figure 1-7.

The content in the main peak shown with an arrow was characterized by ESI mass
spectrometry.

The mass number found agreed with the calculated value of the desired

product (found m/z: 3920.0, calcd for [M+H]+: 3921.5)

Figure 1-7. RP-HPLC elusion profiles of the purification of peptide 4.

The details of

conditions are indicated under the chromatogram.

- Native chemical ligation for obtaining peptide 5
Native chemical ligation is usually performed in an aqueous solution.

A building

block with transmembrane sequence must be dissolved with use of detergent.

Sato and

coworkers has reported that the concentration of the detergent for the ligation reaction is
critical and should be maintained below the critical micelle concentration (CMC)2.
Peptide 1 was dissolved in aqueous buffer with 15 mM n-octyl-β-glucoside (OG) of
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which the concentration was less than CMC (20-25 mM).

The solution of peptide 1

with detergent was added peptide 4, MESNA and TCEP and stirred at 37 ℃ overnight.
Purification by RP-HPLC was performed using a linear gradient of formic acid/ water
(3: 2) and formic acid/ 1-propanol (4: 1) at a flow rate of 2.00 ml/ min.

The

chromatogram of RP-HPLC for wild type sequence was shown in Figure 1-8.
The content in the main peak shown with an arrow was characterized by MALDI-TOF
mass spectrometry.

The mass number found agreed with the calculated value of the

desired product (wild type found m/z: 6896.3, calcd for [M+H]+: 6893.2).

In other

peptide of mutant sequences, G380R and A391E, the conditions of ligation and
purification by RP-HPLC were same with the peptide of wild type sequence and the
mass number found from the main peak of RP-HPLC chromatogram agreed with the
calculated value of the desired products (G380R found m/z: 7014.8, calcd for [M+H]+:
7015.3 A391E found m/z: 6955.9, calcd for [M+H]+: 6951.2).

Figure 1-8.

The result of ligation to obtain peptide 5

(A) peptide1 and peptide 4 were

mixed in aqueous buffer with 15 mM OG, 25 mM MESNA and 1 mM TCEP.

(B) peptide

1 and peptide 4 were mixed in aqueous buffer with 15 mM OG, 25 mM MESNa and 1 mM
TCEP at 37 ℃ after 24 hours .
chromatogram.

The details of conditions are indicated under the
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Material and Methods
HCl・NH2-MBHA resin and amino acid derivatives were purchased from the Peptide
Institute Inc. (Osaka, Japan).
(Germany).

Boc-Thz-OH was purchased from Iris Biotwch GmbH

Fmoc-NH2-SAL-PGE resin was purchased from Watanabe Chem. Ind.,

Ltd. (Hiroshima, Japan).
Invitrogen (Eugene, OR).

Alexa Fluor 568 C5-maleimide was purchased from
The peptide mass number was determined by MALDI-TOF

mass spectrometry using a MALDI-TOF MS autoflexTM (Bruker, Germarny).

The

matrix used was sinapinic acid and peptides were dissolved in a mixture of formic acid
and trifluoroethanol.
- Synthesis of peptide 1, by the Boc chemistry
HCl・NH2-MBHA resin (0.50 mmol, 0.625 g) was treated with 5 % DIEA/ NMP (2x 5
min), washed with NMP (6x 1 min).

A solution of Boc-Ala-OH (1.0 mmol), HOBt

(0.10 mmol), HBTU (0.9 mmol) and DIEA (2.0mmol) in DMF was added to the resin
and stirred for 30 min.

After finishing the coupling, the resin was washed with NMP

(6x 1 min) and the capping solution of acetic anhydride (10 %) and DIEA (5 %) in
NMP

(1x

5min)

was

added.

Boc-Ala-NH-MBHA

resin

was

obtained.

Boc-Ala-NH-MBHA resin was treated with TFA (2x 1min), washed with DMF (3x
flow, 6x 1 min).

A solution of Boc-amino acid (1.0 mmol), HOBt (0.10 mmol),

HBTU (0.9 mmol) and DIEA (2.0mmol) in DMF was added to the resin and stirred for
30 min.

After finishing the coupling, the resin was washed with NMP (6x 1 min) and

added the capping solution of acetic anhydride (10 %) and DIEA (5 %) in NMP (1x
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5min).

These procedures were repeated to obtain Boc-Gly-Arg(Tos)-Arg(Tos)-

Arg(Tos)-Ala-NH-MBHA resin.

This resin was treated with (2x 1min) and washed

with DMF (3x flow, 6x 1 min) and 5 % DIEA/ NMP (2x 5min).

Trt-SCH2CH2COOH

(0.50 mmol), HOBt (0.50 mmol) and DCC (0.50 mmol) in NMP was mixed and the
solution was added to the resin.

The resin was shaken for 2 hours and washed with

NMP (3 x 1 min). The resin was treated with NMP solution containing 10 % acetic
anhydride and 5 % DIEA and then washed with NMP (6x 1 min) and DCM (3x 1 min).
The resulting resin was treated with TFA containing 2.5 % triisopropylsilane and 2.5 %
water (3x 2 min) and washed with DCM (3x 1 min), NMP (1 min) and 5 % DIEA/
NMP (3x 1 min) .

The solution of Boc-Leu-OH (1 mmol), HOBt (1 mmol) and DCC

(1 mmol) in NMP was added to the resin and shaken for 3 hours to obtain
Boc-Leu-SCH2CH2CO-Gly-Arg(Tos)-Arg(Tos)-Arg(Tos)-Ala-NH-MBHA resin.

Boc

-Leu-SCH2CH2CO-Gly-Arg(Tos)-Arg(Tos)-Arg(Tos)-Ala-NH-MBHA resin was treated
with TFA (2x 1min), washed with DMF (3x flow, 6x 1 min).

A solution of Boc-amino

acid (1.0 mmol), HOBt (1.0 mmol), HBTU (0.9 mmol) and DIEA (2.0 mmol) in DMF
was added to the resin and stirred for 30 min.

After finishing the coupling, the resin

was washed with NMP (6x 1min) and added the capping solution of acetic anhydride
(10 %) and DIEA (5 %) in NMP (1x 5 min).

These procedures were repeated to obtain

a protected peptide resin corresponding to the sequence of FGFR3 TM (367-395),
Boc-Arg(Tos)-Arg(Tos)-Ala-Gly-Ser(Bzl)-Val-Tyr(Br-Z)-Ala-Gly-Ile-Leu-Ser(Bzl)-Ty
r(Br-Z)-Gly(/Arg(Tos))-Val-Gly-Phe-Phe-Leu-Phe-Ile-Leu-Val-Val-Ala(/Glu(OBzl))-A
la-Vla-Thr(Bzl)-Leu-SCH2CH2CO-Gly-Arg(Tos)-Arg(Tos)-Arg(Tos)-Ala-NH-MBHA
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resin.

The protected peptide resin (250 mg) was treated with a mixture of anhydrous

HF (8.5 mL), anisole (750 μl) and 1,4-butanedithiol (750 μL) at 0 ℃ for 90 min.
After the deprotection, cold ether was added to the mixture and the resulting precipitate
was washed with ether and then dissolved in TFA.

The solution was passed through a

filter and precipitated by the addition of cold ether.

The precipitate was washed with

ether, and mixed with aqueous acetonitrile and freeze-dried to give the crude powder.
Purification was performed on a Cosmosil Columns (10x 250 mm, 5C4-AR-300,
Nakalai Tesque), and a linear gradient of formic acid/ water (3: 2) and formic acid/
1-propanol (4: 1) at a flow rate of 2.00 ml/ min.

The crude powder were dissolved in

each initial solution of RP-HPLC and injected into the column.

The desired product

was collected and freeze-dried to obtain peptide 1; H-Arg-Arg-Ala-Gly-Ser-Val
-Tyr-Ala-Gly-Ile-Leu-Ser-Tyr-Gly(/Arg)-Val-Gly-Phe-Phe-Leu-Phe-Ile-Leu-Val-Val-A
la(/Glu)-Ala-Val-Thr-Leu-SCH2CH2CO-Gly-Arg-Arg-Arg-Ala-NH2 (4-6 mg, MAS
(MALDI TOF) wild type found m/z: 3674.9 calcd for [M+H]+: 3678.3; G380R found
m/z: 3774.4, calcd for [M+H]+: 3777.4 7015.3 A391E found m/z: 3739.5, calcd for
[M+H]+: 3736.3)

- Synthesis of peptide 2, by the Fmoc Chemistry
Fmoc-NH2-SAL-PEG resin (0.24 mmol/g, 1.04 g) was treated with 20 % piperidine/
NMP solution (1x 5 min, 1x 25 min), washed with NMP (6x 1 min).

A solution of

Fmoc-amino acid (1.0 mmol), HOBt (1.0 mmol), HBTU (0.9 mmol) and DIEA (2.0
mmol) in DMF was added to the resin and stirred for 30 min.
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After finishing the

coupling, the resin was washed with NMP (6x 1min) and added the capping solution of
acetic anhydride (10 %) and DIEA (5 %) in NMP (1x 5 min).

These procedures were

repeated to obtain a protected peptide resin corresponding to the sequence of FGFR3
IJM region (396-422) with thiazolidine ring at the N-terminus; Boc-Thz-Arg(Pbf)-LeuArg(Pbf)–Ser(tBu)-Pro-Pro-Lys(Boc)-Lys(Boc)-Gly-Leu-Gly-Ser(tBu)-Pro-Thr(tBu)Val-His(Trt)-Lys(Boc)-Ile-Sre(tBu)-Arg(Pbf)-Phe-Pro-Leu-Lys(Boc)-Arg(Pbf)-Gln(Trt)
-Cys(Trt)-NH2-SAL-PEG resin.

The protected peptide resin (250 mg) was treated with

a mixture of TFA (4.1 ml), thioanisole (250 μl), phenol (250 mg), ethanedithiol (125
μL) and water (250 μl) at room temperature for 2 hours 30 min.

After the deprotection,

cold ether was added to the mixture and the resulting precipitate was wash with ether
and then dissolved in aqueous acetonitrile.

The solution was passed through a filter

and freeze-dried to give the crude powder.

Purification was performed on a Cosmosil

Column (10x 250 mm, 5C18-AR-ll, Nakalai Tesque), and a linear gradient of water
with 0.1 % TFA and acetonitrile with 0.1 % TFA at flow rate of 2.5 ml/ min.

The

crude powder was dissolved in water with 70 % TFA and injected into the column.
The desired product was collected and freeze-dried to obtain peptide 2; Thz-Arg-LeuArg–Ser-Pro-Pro-Lys-Lys-Gly-Leu-Gly-Ser-Pro-Thr-Val-His-Lys-Ile-Sre-Arg-Phe-Pro
-Leu-Lys-Arg-Gln-Cys-NH2 (MAS(ESI) found m/z: 3072.8, calcd for [M+H]+:3076.6).
- Introduction of fluorescence probe, Alexa Fluor 568 C5-maleimide, to peptide 2
and obtain peptide 3
The purified peptide 2 (1 mmol) and Alexa Fluor 568 C5-maleimide (1 mmol) were
mixed in 50 mM phosphate buffer pH 7.5 (3 mL) containing TCEP (1 mmol) at 37 ℃
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for 2 hours.

Purification was performed on a Cosmosil Column (10x 250 mm,

5C18-AR-ll, Nakalai Tesque), and a linear gradient of water with 0.1 % TFA and
acetonitrile with 0.1 % TFA at flow rate of 2.5 ml/ min to peptide 3;
Thz-Arg-Leu-Arg–Ser-Pro-Pro-Lys-Lys-Gly-Leu-Gly-Ser-Pro-Thr-Val-His-Lys-Ile-Sre
-Arg-Phe-Pro-Leu-Lys-Arg-Gln-Cys(Alexa Fluor 568 C5-maleimide)-NH2 (MAS (ESI)
found m/z: 3932.0, calcd for [M+H]+: 3933.5)
- Opening the thiazolidine ring to obtain the C-terminnal building block, peptide 4,
for native chemical ligation
Peptide 3 (1 mmol) and methoxyamine hydrochloride (75 μmol) were mixed in 50
mM acetate buffer pH 4.0 (3 mL) at 37 ℃ for 2 hours. Purification was performed on
a Cosmosil Column (10x 250 mm, 5C18-AR-ll, Nacalai Tesque), and a linear gradient
of water with 0.1 % TFA and acetonitrile with 0.1 % TFA at flow rate of 2.5 ml/ min to
obtain peptide 4;H-Cys-Arg-Leu-Arg–Ser-Pro-Pro-Lys-Lys-Gly-Leu-Gly-Ser-Pro-ThrVal-His-Lys-Ile-Sre-Arg-Phe-Pro-Leu-Lys-Arg-Gln-Cys(Alex Fluor 568 C5-maleimide)
-NH2 (MAS (ESI) found m/z: 3920.0, calcd for [M+H]+: 3921.5)
- Native chemical ligation for obtaining peptide 5
Peptide 1 (0.1 μmol) and peptide 4 (0.1 μmol) were dissolved in 50 mM phosphate
buffer pH7.5 (100 μL) including MESNA (2.5 μmol) and OG (1.5 μmol).
solution was stirred at 37 ℃ overnight.

The

The reaction was monitored by RP-HPLC

(4.6x 150 mm, 5C4-AR-300, Nakalai Tesque), and a linear gradient of formic acid/
water (3: 2) and formic acid/ 1-propanol (4: 1) at a flow rate of 0.75 ml/ min.
Purification was performed on a Cosmosil Columns (10x 250 mm, 5C4-AR-300,
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Nakalai Tesque), and a linear gradient of formic acid/ water (3: 2) and formic acid/
1-propanol (4: 1) at a flow rate of 2.00 ml/ min.

Peaks were collected and freeze-dried.

As a result, a desired peptide was obtained; H-Arg-Arg-Ala-Gly-Ser-Val-Tyr-Ala-GlyIle-Leu-Ser-Tyr-Gly(/Arg)-Val-Gly-Phe-Phe-Leu-Phe-Ile-Leu-Val-Val-Ala(/Glu)-AlaVal-Thr-Leu-Cys-Arg-Leu-Arg–Ser-Pro-Pro-Lys-Lys-Gly-Leu-Gly-Ser-Pro-Thr-ValHis-Lys-Ile-Sre-Arg-Phe-Pro-Leu-Lys-Arg-Gln-Cys(Alexa Fluor 568 C5-maleimide)NH2 (MAS (MALDI) wild type found for m/z: 6896.3, calcd for [M+H]+: 6893.2;
G380R found for m/z: 7014.8, calcd for [M+H]+: 7015.3 A391E found for m/z: 6955.9,
calcd for [M+H]+: 6951.2)
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Chapter 2
Effect of the transmembrane helix tilt to the intracellular juxtamembrane region
release from the membrane
The negatively charged interacellular juxtamembrane (IJM) region of EGFR and
ErbB2/Neu, that are member of receptor tyrosine kinases (RTKs), interacts with
positively charged lipid bilayer surface1-4.

Also, the model that the IJM region is

released from membrane for activation was established4,5 as described in Introduction.
The interaction between IJM region and membrane suggests important factor for the
activation mechanism of RTKs.

In this chapter, we worked on the structural analysis

of the transmembrane-interacellular juxtamambene (TM-IJM) region in fibroblast
growth factor receptor 3 (FGFR3). To get insight on the “active structure”, the author
performed structural analyses on sequences of G380R and A391E. These mutations are
known to be activating mutations in the TM region of FGFR3 as describe in
Introduction.

The structure of TM-IJM peptide of wild type, G380R and A391E in

lipid bilayer are compared using spectroscopic experiments, such as solid-state NMR,
fluorescence experiments and polarized FT-IR.

The role of TM-IJM region for

activity is discussed from the structural comparison.

Results
- TM helix breaks at the membrane boundary
To obtain information on the secondary structure for the TM-IJM boundary region, we
obtained

13

C spectra of TM-IJM peptides in the wild type and G380R sequence
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containing specific backbone 13C labels at the putative TM-IJM boundary.

TM-IJM

peptide contains a single 13C=O labeled amino acid at Leu388 and Leu395.

Leu388 is

considered to be located in the middle of the TM region whereas Lue395 is at the
TM-IJM boundary.

The spectra were obtained at a spinning frequency of 12.5 kHz

and a temperature at -50 ℃.
The carbonyl 13C chemical shifts are sensitive to the secondary structure.

Saito and

Naito have correlated chemical shifts from solid-state NMR studies of fibrous and
membrane proteins and have found that in helical secondary structure, carbonyl carbons
exhibit chemical shifts in the range of 173-176 ppm, while in random coil and β-strand
structure they are in the range of 168-172 ppm6.

Figure 2-1. 13C=O spectra of solid-state NMR for the secondary structure of FGFR3 TM
region.

Chemical shifts for

13

C=O from Leu388, Leu395 on the wild type and Leu395 on

G380R sequence were 175.8, 172.8 and 172.0 ppm respectively.
55

For Leu388 in the

middle of the TM region, 13C on the backbone C=O showed typical chemical shift for
being in α-helical structure.

Contrarily, Leu395 located at the boundary region was

suggested to be in extended structure.

Considering the fact that two consecutive

prolines exist at two residues away towards the C-terminus, the IJM region is expected
to be in random extended structure.

- The IJM sequence of the TM-IJM (G380R) and TM-IJM (A391E) peptides is not
associated with membrane surface
The IJM sequence of FGFR3 has some positively charged residues that would be
expected to bind to the negatively charged surface of plasma membrane.

Previous

studies by McLaughlin and co-workers showed that model polylysine peptides with 3
and 5 residues bind to model membranes having 33 % negative charged and 100 mM
monovalent salt with free energy of 3 and 5 kcal/ mol7.

Our system with 4 positive

charges, 23 % negatively charged lipids (POPC/ POPS = 10/ 3) and 100 mM
monovalent salt is similar.

Furthermore, it was shown that the addition of polyvalent

PIP2, but not monovalent PS lipids, leads to aggregation of positively charged peptides
on the membrane surface8 .
Figure 2-2 (A) presents the results of fluorescence experiments on the IJM sequence
with the fluorescence label, Alexa Fluor 568, attached to the C-terminus.

The peptides

were added to large unilamellar vesicles (LUVs) formed by extrusion. The vesicles
were composed of POPC and POPS in a 10:3 molar ratio.

PIP2 was incorporated into

the vesicles by mixing with a solution of PIP2 micelles and the fluorescence intensity of
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the Alexa Fluor 568 label was measured as a function of the amount of PIP2 in the
bilayer.

McLaughlin and coworkers have shown that PIP2 monomers can be

incorporated into the outer leaflet of pre-formed vesicles by exposing them to micelles
of PIP28; fluorescence correlation spectroscopy measurements showed PIP2 diffuses
with other lipids in the membrane (giant unilamellar vesicles) after incorporation.
The fluorescence emission band and the excitation absorption band of Alex Fluor 568
were at 604 nm and 568 nm, respectively.
the addition of PIP2.

The fluorescence intensity decreased with

We interpret this as quenching of the Alexa Fluor 568 as the JM

peptides aggregate on the membrane surface.

Similar results were observed for the

positively charged JM peptides corresponding to the Neu receptor4.
Secondly, similar experiments were performed for TM-IJM peptides reconstituted into
LUVs composed of POPC and POPS in a 10:3 molar ratio.

The TM-IJM peptides

with the fluorescence label, Alexa Fluor 568, at the C terminus were synthesized by
native chemical ligation as explained in Chapter 1.

Figure 2-2 (B) shows that the

fluorescence intensity of TM-IJM (wild type) decreased with the addition of PIP2.

The

change in the fluorescence intensity of TM-IJM (wild type) shown in Figure 2-2 (B)
can be attributed to the effect of PIP2 on the IJM region.

It was assumed that the IJM

region of the wild type sequence should be bound to the membrane so as to be affected
by PIP2, which was partitioned into the membrane.

This interpretation can be

supported by the fact that similar results were obtained for the isolated IJM sequence
(Figure 2-2 (A)).

Furthermore, the structural cause for the decrease in the

fluorescence intensity was considered to be the formation of TM-IJM association,
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which led to self-quenching of the dye.

In contrast, no nominal change was observed

in the fluorescence intensity of TM-IJM (G380R) and TM-IJM (A391E) with the
addition of PIP2, as shown in Figures 2-2 (C) and (D), respectively.

The lack of

fluorescence changes in the TM-IJM (G380R) and TM-IJM (A391E) sequences can be
attributed to a lack of IJM-IJM association, suggesting that the IJM sequence has
partitioned off of the membrane.

Figure 2-2. Fluorescence spectra of IJM, TM-IJM wild type, TM-IJM (G380R) and TM-IJM
(A391E).

The influence of PIP2 on IJM-IJM interaction was measured for the TM-IJM

sequences of the isoated IJM region (A) and the TM-IJM peptide with wild type (B), G380R
(C) and A391E (D), respectively.

We further confirmed the interaction of the IJM region with the acidic membrane by
tryptophan fluorescence experiments.

Binding and insertion of tryptophan into the
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hydrophobic membrane results in a blue-shift of the fluorescence emission band.

We

chemically synthesized FGFR3 peptides (367-433) corresponding to the wild type
sequence and G380R and A391E mutants and having tryptophan residue at the
C-terminus.

The peptides were reconstituted into lipid bilayers composed of

POPC/POPS (10/ 3).

Here we set the peptide-to-lipid ratio to 1:100 (or even up to

1:50) as opposed to that of 1:1000 for observing the fluorescence from Alexa Fluor 568.
In our system, the high ratio was required to overcome the effect of light scattering from
the lipid vesicles.

We have confirmed that addition of PIP2 to the system reduces the

fluorescence intensity from mutant sequence (data not shown), in agreement with the
results on Alexa Fluor 568 fluorescence at a 1:1000 molar ratio.

Figure 2-3 shows

results of the fluorescence measurements from tryptophan for each sequence.
Intensities are normalized to the fluorescence intensity value measured at the
wavelength of the emission maximum.
small difference in value of λmax.
PIP2 to vesicles.

In the system without PIP2, we observed only a

The difference becomes distinct with the addition of

The spectrum from the wild type sequence is blue-shifted 7 nm

relative to the mutant sequences.
Our result suggests that the IJM region is released from the membrane with the
activating mutations, G380R and A391E, in the TM region.
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Figure 2-3. Tryptophan fluorescence spectra of wild type TM-IJM with G380R and
A391E mutants.

Spectra show the fluorescence from the prptides reconstituted into the

membrane with PIP2 (on the left) and without PIP2 (on th right)

- G380R and A391E mutation induce a change in TM helix orientation
The fluorescence experiments described above argue that the Alexa Fluor 568 and
tryptophan labels at the C-terminus of the IJM region are in different environments in
the G380R and A391E mutants compared to the wild-type peptide.

In this section,

investigation was made to see whether there is a change in the orientation of the TM
portion of the peptide in these mutants using polarized FT-IR spectroscopy.
The TM-IJM (wild type), TM-IJM (G380R) and TM-IJM (A391E) peptides were
reconstituted into POPC/ POPS (10/ 3) or DMPC/ DMPG (10/ 3) vesicles, and the
vesicles were aligned on an attenuated total reflection (ATR) plate for polarized FT-IR
measurements.

Figure 2-4 shows the deconvoluted polarized FT-IR spectra of these

sequences. The peak at 1657 cm-1 corresponds to α-helical structure within the TM
sequence.

The dichroic ratio of each sequence is also shown in the figure.

The

values presented are the average results from multiple measurements (>3).

The
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dichroic ratios of the TM-IJM (G380R) and TM-IJM (A391E) peptides were higher
than that of the TM-IJM (wild type) peptide, suggesting that the TM helices with the
pathogenic mutations are less tilted than that of the TM helix of the wild type peptide.
This tendency was observed for measurements in both POPC/ POPS and DMPC/
DMPG membranes.

Figure 2-4. Polaried FT-IR spectra of wild type TM helix with G380R and A391E in lipid
bilayer.

The three TM-IJM peptides were reconstituted into POPC/ POPS (10: 3) or DMPC/

DMPG (10: 3), membranes, and FT-IR spectra were obtained with light polarlized parallel (//)
or perpendicular (⊥) to the membrane normal.

The frequency of the amide I band at ~1657

cm-1 is characteristic of the α-helix.

Then, an investigation was made to examine whether, for the wild type, the orientation
of the TM helix affected the release of the IJM region from the membrane.

The TM

helix tilt was changed by reconstituting the TM-IJM (wild type) peptide into lipid
bilayers with different thicknesses, which were varied by using lipids with different acyl
chain lengths.

It has been shown that the tilt angle of model TM peptides (WALP and

KALP) decreased as membrane thickness increases due to the hydrophobic mismatch
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9,10

.

In addition, it has been shown that tilt angle of the TM helix of the

platelet-derived growth factor receptor, another RTK, decreases as the membrane
thickness increase.

For these experiments, the TM-IJM (wild type) peptide was

reconstituted into different bilayers containing POPC, 1, 2-dioctadecanoyl-sn-glycero3-phosphocholine (C18) or 1, 2-dinonadecanoyl-sn-glycero-3-phosphocholine (C19),
respectively.

In each case, POPS (23 %) was added to maintain a negatively charged

membrane surface.

The dichroic ratio was observed to increase with an increase in the

length of the acyl chain (C18: 2.8, C19: 3.3).

Thickness of lipid bilayers used are

expected to be 27 Å for POPC11, 29.5 Å for C18 and 30.5 Å for C1912.

A dichroic

ratio of 3.3 corresponds to helix tilt angle of ~ 20 ° and a crossing angle between helices
in a dimer of ~ 40 °a, a typical value of helices in a left-handed coilded-coil geometry.
In order to examine the effect of the TM helix orientation on the interaction of the IJM
sequence with the membrane surface, we performed similar experiments as described
above to determine whether PIP2 affected the fluorescence intensity of the Alexa 568
incorporated at the C-terminus of the TM-IJM (wild type) peptide.
shown in Figure 2-5.

The results are

For the POPC vesicles, the fluorescence intensity decreased

upon the addition of PIP2 (Figure 2-5 (A)); for the C18 vesicles, the intensity first
increased with the initial addition of PIP2 and then decreased with additional PIP2
(Figure 2-5 (B)).

The decrease in the intensity of POPC and C18 vesicles can be

attributed to the association of IJM strands and interactions of the vesicles with PIP2.
However, for the C19 vesicles, the intensity was not responsive to the addition of PIP2
(Figure 2-5 (C)), indicating that no interaction occurred between the IJM region and
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PIP2 and further suggesting that the IJM sequence was released from the membrane.

A

simple conclusion that can be drawn from the polarized FT-IR and fluorescence
experiments is that for FGFR3, the IJM region is released from the membrane as the
TM helix orientation is shifted closer to the membrane normal.

Figure 2-5. Fluorescence experiments with the TM helix orientation.

The TM-IJM peptide

in the wild type was reconstituted into POPC (A), C18 (B) and C19 (C) with 23 % POPS.
The influence of PIP2 on IJM interactions was measured.

Discussion
FGFR3 is similar to the ErbB2/Neu receptor in that the mutation of specific
hydrophobic residues in the TM sequence arginine to or glutamate can result in receptor
activation.

In the case of the ErbB2/Neu receptor, the V664E mutation shifts the

monomer-dimer equilibrium toward the dimeric state, and the specific orientation of the
helices in the receptor dimer facilitates the partitioning of the positively charged IJM
sequence from membrane surface4.

In the FGFR3, there are two clinically important

mutations (G380R and A391E) that lead to receptor activation.

63

The extensive studies

of Hristova and coworkers have indicated that these mutations influence TM helix
interactions in FGFR3.

In fact, the A391E mutation in FGFR3 appears analogous to

the V664E mutation in the ErbB2/Neu receptor, in that both strengthen the association
of helices in a specific active orientation.

The major finding in our current studies is

that these mutations leads to similar changes in the orientation of the TM helices and the
spectral changes on probes attached to the IJM domain.

These changes were

interpreted to partitioning of the IJM region from the membrane surface.
The IJM region has long been recognized as an important regulatory site in RTKs13.
The IJM sequences are highly positively charged.

The positive charge not only serves

as the stop sequence of TM helices into cell membrane, but it also terminates the TM
helix.

McLaughlin and others have shown that such highly positively charged

sequences can bind to negatively charged membrane surfaces and serve to sequester the
highly negatively charged phosphoinositide, PIP21-3.

While PIP2 can act as second

messenger in signal transduction, and has been associated with EGFR activity14, PIP2
was used in the current studies as a way to measure membrane association of the IJM
region of the FGFR3.

Another regulatory mechanism involving the IJM region of

RTKs is the interaction with calcium calmodulin, which is known to bind to the IJM
region of EGFR15.

Calcium calmodulin interacts with the IJM region of EGFR and

facilitates its dissociation from the membrane, which in turn increase the trans
phosphorylation of its interacelluar domain1.

Phosphorylation typically occurs within

the activation loop or C-terminus of the kinase domain.
the IJM region itself.

However, can also occur with

The studies presented here and previously provide insight into
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how the IJM can function in regulatory role4.
For the FGFR subfamily, there is only limited structural information concerning how
the extracellular domain is coupled to the intracellular kinase domain.

Here,

characterization was made for the IJM region of FGFR3 in order to see if there are
parallels with the ErbB receptor sub family.
acidic membrane containing PIP2.

The IJM region from FGFR3 binds to the

Importantly, this region is released from the

membrane with an activating mutation, G380R or A391E, in the TM sequence.
The positively charged sequence of the IJM region suggests that electrostatic
interactions are essential for both membrane binding and release.

In the ErbB system,

we modulated the helix orientation with the V664E mutation and engineered dimers4.
We assume that in the G380R and A391E peptides, the TM and IJM regions are in
active configurations.

As mentioned above, the dimerization propensity differs

between these mutant sequences16,17, and consequently the mechanism for activity
enhancement without ligand binding cannot be fully explained on the basis of
dimerization alone.

It is possible that there are two different changes in the TM region

(induced by the two different activating mutations), which lead to similar changes on
the intracellular side of membrane.

Here the observation was made that decrease in

the helix tilt angle relative to the membrane normal (i.e. the helices “stand up” in the
membrane) as a common feature for these two mutant sequences.

Furthermore, for the

wild type sequence, it was found that the decrease of the TM helix tilt allows the release
of the IJM region from the membrane.

Based on the similar observations regarding the

TM helix tilt and the IJM release in the two FGFR3 mutant peptides, a proposal can be
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made such that the orientation of the TM helices in active full-length receptor dimers
contributes to release of the IJM region, allowing asymmetric interactions to occur
between the intracellular kinase domain.
The mechanism for release of the IJM region from the membrane has still not been
elucidated.

One important consideration is whether the IJM sequence is simply a

helical extension of the TM helix or whether the secondary structure breaks at the
TM-IJM boundary and the IJM sequence is unstructured.

Solid-state NMR

experiments on peptides containing 1-13C labeled amino acids show that the TM helix
breaks ta the TM-IJM boundary and suggest that IJM region is unstructured (Figure
2-1).

A similar observation was made for the ErbB2/Neu receptor peptides.

In the

wild type peptides (and for the isolated IJM peptides), the unstructured, positively
charged IJM sequence interacts electrostatically with the negatively charged membrane
surface2,4.

A proposal can be made that the TM helices become less tilted in the

membrane, or dimerization propensity is increased with A391E mutation16, the TM
helices are brought together on the C-terminal side of the membrane.

This change

would bring the positively charged ends of the helices into closer proximity and result
in repulsion between the IJM positive charges.

It can be suggested that this might

facilitate the release of the IJM region from the membrane.

Material and Methods
13

C-labeled amino acids were purchased from Cambridge Isotope Laboratories

(Andover MA).

n-octyl-β-D-glucoside was obtained form Nacalai Tesque (Kyoto
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Japan).

Lipids ware obtained from Avanti Polar Lipids (Alabster, AL).

- Synthesis of FGFR3 TM-IJM peptide
FGFR3 TM-IJM peptides were synthesized by method of Fmoc or Boc solid phase
peptide synthesis.

Synthesis of FGFR3 TM-IJM peptides with Alexa Fluor 568 at the

C-terminus was performed according to the procedures mentioned in Chapter 2-1.
FGFR3 TM-IJM peptides with tryptophan at the C-terminus were synthesized using
automated microwave peptide synthesizer, Blue Liberty (CEM corporation).
Purification of FGFR3 TM-IJM peptide was performed by RP-HPLC.

In RP-HPLC,

the solutions of water/ formic acid (3: 2) and formic acid/ 1-propanol (4: 1) were used
(ref).

The mass number of purified peptides was measured by MALDI-TOF mass

spectrometry.

- Reconstitution of peptides into lipid bilayers for NMR experiments
The FGFR3 receptor peptides were co-solubilized with DMPC, DMPG and
n-octyl-β-D-glucoside in chloroform and trifluoroethanol.

The peptide: lipid molar

ration was 1: 50; the molar ratio between DMPC: DMPG was 10:3.

The solution was

incubated for 90 min at 37 ℃, after which the solvents were removed under a stream of
argon gas and then under vacuum.

MES buffer (50 mM MES, 50 mM NaCl, 5 mM

DTT, pH 6.2) was added to the solid from the previous step and mixed at 37 ℃ for 6 h.
The n-octyl-β-D-glucoside was removed by dialysis.
were pelleted and loaded into NMR rotors.
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The reconstituted membrane

- Solid-state NMR spectroscopy
Solid-state NMR magic angle spinning (MAS) experiments were performed in Varian
Infinity-plus 500, 600 and 700 spectrometers operated at 11.74 T, 14.09 T and 16.44 T,
respectively (Palo Alto CA).
4.0 mm rotors were used. For

Broadband triple resonance MS probe for 3.2 mm and
13

C=O-observe experiments, the MAS frequency was

maintained at 12.5 kHz and single pulse excitation was employed with a 5 μs 90 ° pulse
length, followed by a 10 μs delay before data acquisition.

The probe temperature was

maintained at -50 ℃.

- Fluorescence Spectroscopy
Fluorescence experiments were carried out on a Hitachi F-2500 fluorescence
spectrophotometer.

After the reconstitution, vesicles were formed by extrusion

through a 200 nm polycarbonate filter.

POPC and POPS (or other wise mentioned) in

the ratio of 10: 3 were employed for the lipid bilayers in the fluorescence experiments.
The peptide-to-lipid ratio depends on the fluorescence probe that we used.

The ratio

was set to 1: 1000 for observing the fluorescence from Alexa Fluor 568.

For

experiments measuring the fluorescence from tryptophan, the ratio was set to 1: 100.
The lipid concentration was 200-250 μM in MOPS buffer (1 mM MOPS, 0.1 M KCl,
pH 7.0). For experiments with PIP2, the PIP2 was introduced into the membrane by
addition of PIP2 micelles to the vesicle solution 8.

The PIP2 concentration ranged from

0.05 μM to 4 μM, corresponding to PIP2-to-peptide ratios of 1: 50- 2: 1.
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For

experiments monitoring Alexa Fluor 568, excitation wavelength was 568 nm.

For

monitoring tryptophan fluorescence, the excitation wavelength was 295 nm.

- Polarized FT-IR spectroscopy
Polarized attenuated total reflection (ATR) FT-IR spectra were obtained on a Hitachi
FT-730 spectrometer.

Membranes containing FGFR3 TM-IJM peptides (~ 1-2 mg)

were layered on a germanium internal reflection element using a slow flow of nitrogen
gas directed at an oblique angle to the IR plate to form an oriented multilamellar
lipid-peptide film.
resolution of 4 cm-1.

1000 scans were acquired and averaged for each sample at a
Absorption of polarized light by the amide I bound yields the

dichroic ratio defined as a ratio of absorption intensity for parallel relative to
perpendicular polarized light.

From the dichroic ratio, we estimated the tilte angle of

the TM helix relative to the membrane normal based on the method described by Smith
and coworkers using a value of 41.8 for angle α between the helix director and the
transition-dipole moment of the amide I vibrational mode

18,19

experiment, the amount of lipid used per experiment is ~4 mg.

.

For our ATR FT-IR
Considering the area of

the ATR plate covered (~500 mm2), the films on the plate in our experiments are
assumed to be greater than ~10 μm.
is applicable 20.

For calculating dichroic ratio, the thick film limit

Equations that we have been using for the calculating the dichroic

ratios are based on this assumption.
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Chapter 3
Insight on the dimer structure of the tranesmembrane region of FGFR3
In the previous chapter, it was revealed that the tilt of the transmembrane (TM) helix
relative to the membrane modulates the interaction of the intracellular juxtamembrane
(IJM) region and the membrane, which also suggests that the TM region has an active
role in the receptor function.

One of the earliest studies that shed light on the role of

the TM region for receptor tyrosine kinase (RTK) function is a sturdy by Bargmann and
coworkers who found a constitutively active and oncogenic mutation (V664E) in the
TM region of ErbB22,3.

Later on, Smith and coworkers reported that the side chain of

glutamic acid residue from the V664E mutation form an inter-helical hydrogen bound to
stabilize its active dimer structure4. Furthermore, Stern and coworkers have reported
that changing the relative position of VE664G within the TM region promotes weak
dimerization but not transformation5.

These findings suggest that the dimerization of

TM region is not enough for the receptor to perform its function.

The authors, in our

previous study on the structure of TM-IJM region of ErbB2/Neu6, found that the IJM
region release from the relative orientation of TM helices that are in dimer.

The

evidences suggest that, also for FGFR3, to get insight on a possible role of the TM
region, the orientation of the TM helices mentioned in the previous chapter must be
discussed in a context of dimer structure.

In this chapter, the author focuses on dimer

interface of the TM region of FGFR3.
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Results
- Deuterium NMR provides a probe of helix dimerization, orientation and motion
The FT-IR spectra indicate a distinct change in helix tilt between the TM-IJM peptides
corresponding to inactive wild type and active mutant sequences.

Hristova and

coworkers have shown that the TM sequences of the wild type, G380R and A391E
peptides of FGFR3 have the potential to dimerize in lipid bilayers7-9.

Comparison of

dimerization between the wild type and G380R peptides showed that the G380R
mutation did not alter the monomer-dimer equilibrium in lipid bilayers7.

In contrast,

comparison of the wild type and A391E mutant peptides showed that the A391E
mutation stabilizes the TM dimers8.
Deuterium magic angle spinning (MAS) NMR spectroscopy provides a simple method
to probe helix dimerization, orientation and motion10.

The intensities of the spinning

side bands in the deuterium MAS spectrum are sensitive to molecular motion.

Leucine

with a single deuterated methyl group at the end of its long side chain is highly mobile
in TM helices when facing the surrounding lipids and is relatively more constrained
when being packed within a dimer interface, suggesting its use as a probe of the
interface for interacting TM helices.

The author used deuterium NMR here to see if

the changes observed by fluorescence and FT-IR between wild type and mutants are
observed (i.e. that the wild-type sequence is different from G380R and A391E, but that
G380R and A391E are similar).
Deuterated luecine was introduced to positions 385 and 388 of the TM-IJM sequences
of the wild type, G380R and A391E peptides.
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These leucines are in the middle of the

TM region.

The spectra are shown in Figure 3-1.

Figure 3-1. Deuterium MAS spectra of 5, 5, 5-2H Leu385 and Leu388 incorporated to the
wild type, G380R and A391E FGFR3 TM-IJM peptides.

Wild type (top), G380R

(middle), A391E (bottom) peptides with deuterium labeling at Leu385 (left column) and
Leu388 (right column) were reconstituted into DMPC: DMPG vesicles.
obtained at 25 °C with a MAS frequency of 5 kHz.

The spectra were

The MAS sidebands are labeled as ±1,

±2, ±3 etc., from the center band at a frequency of 0 kHz.

The spacing between side bands

corresponds to the MAS frequency of 5 kHz.

Distinct differences can be observed between the spectra of Leu385 and Leu388 in
TM-IJM (wild-type).

The line shape of Leu385 is broader than Leu388, which

corresponds to decreased mobility of the Leu385 side chain.

(Differences in the

breadth of the line shape are reflected, for example, in the intensity of the -2 and 2
spinning side bands.)

The line shape of Leu385 is typical of that observed when the

labeled leucine is in a dimer interface6,11.

In contrast, the -2 and 2 side bands in the
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spectrum of Leu388 are much less intense than the -1 and 1 side bands indicating that
Leu388 is more mobile, consistent with an orientation facing the lipids.
Comparison of the spectra of the TM-IJM (wild-type) peptide with those of TM-IJM
(G380R) and TM-IJM (A391E) peptides shows that for Leu385 the side band pattern is
slightly narrower than that observed for Leu385 in TM-IJM (wild type).

One

possibility is that the mutant peptides have a different dimerization interface from the
wild type.

A second possibility is that the association of the IJM sequence to the

membrane surface influences rotational diffusion of the TM dimer.

The rotational

diffusion of the TM dimer can be increased with the IJM regions being released from
the membrane resulting in a narrower overall line width.

- Dipolar assisted rotational resonance (DARR) experiment provide a distance
information for TM dimer associating site

Figure 3-2. Helical wheel diagram for TM region of FGFR3 with key residues.

The line shape of Leu385 in Figure 3-1 is typical of that observed when the labeled
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leucine is in a dimer interface.

A simple helical wheel diagram in Figure 3-2 suggests

that Ser378 and Gly382 may also be located in the dimer interface.

The

Ser378-Gly382 interface is consistent with the small amino acid motif originally
identified in the N-termini of RTKs by Sternberg and Gullick12.

The dimer interface

predicted here agrees with the one obtained from MD simulation by Sansom and
coworkers on FGFR313.
To test whether this Ser378-Gly382 mediates inter-helical association, solid-state
NMR experiments were undertaken of the membrane-reconstituted FGFR3 TM-IJM
region in the wild-type sequence.

Figure 3-3 presents the results of NMR

measurements between FGFR3 TM-IJM peptide at Gly382.

Two peptide were

synthesized for these experiments; one with 1-13C-Gly and the second with 2-13C-Gly.
The two peptides were reconstituted in a 1:1 molar ratio.
13

The observation of a

C…13C crosspeak (shown with arrow in Figure 3-3) in the 2D dipolar assisted

rotational resonance (DARR) NMR experiment indicates that these carbons are in
contact, consistent with the formation of TM dimer.

Together with deuterium MAS

data from the previous section and this 2D spectrum suggest that the wild-type TM-IJM
peptides dimerize helix using an interface mediated by Ser378-Gly382-Leu385.
For TM helices dimer in the wild type sequence of FGFR3, a high-resolution structure
is reported by Arsiniev and coworkers 1.
helices in detergent micelles.

The structure was obtained with the TM

One of the important features is that the dimer interface

contains Gly380, which contradicts with the results mentioned above.

Here author

investigated to see whether this contact reported by Arsiniev and coworkers can be
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found in the conditions used in this study.
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Figure 3-3. 2D DARR NMR measurments between FGFR3 TM-IJM peptide labelse at
Gly382.

Two peptides were synthesized for these experiments; one with 1-13C-Gly and the

second with 2-13C-Gly.

The two peptides were reconstituted in a 1: 1 molar ratio.

spectrum is shown in the top.

The 2D

A slice from 13C=O diagonal peak is shown in the bottom.

Stars show spinning side bands.

Cross peaks are shown in red arrows.

Figure 3-4 presents the results of NMR measurements between FGFR3 TM-IJM
peptides labeled at Gly382.

Two peptides were synthesized for these experiments; one

with 1-13C-Gly and the second with 2-13C-Gly.
a 1: 1 molar ratio.

The two peptides were reconstituted in

No 13C…13C crosspeak in the 2D DARR spectrum indicates that

these carbons are not in contact.
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Figure 3-4. 2D DARR NMR measurments between FGFR3 TM-IJM peptide labelse at
Gly380.

Two peptides were synthesized for these experiments; one with 1-13C-Gly and the

second with 2-13C-Gly.

The two peptides were reconstituted in a 1: 1 molar ratio.

2D spectrum is shown in the top.
bottom.

The

A slice from 13C=O diagonal peak is shown in the

Stars show spinning side bands.

Discussion
In Figure 3-5 (A), a model derived from structural constraints mentioned above for the
TM dimer structure is shown.

This dimer structure is one of the structures calculated

from the simulation program CHI 14.

The deuterium NMR results suggest that Leu385

lies in the dimer interface of the wild type receptor.

Furthermore, DARR results

suggest that Gly382 is participated in the inter-helical contact in TM helices in dimer.
Also it was found that Gly380 was not involved in an inter-helical contact.
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This

orientation is consistent with the presence of the Ser378-Gly382 sequence at the
N-terminus of the TM helix.

An SxxxA motif has been shown to mediate dimerization

of TM region of ErbB2 15, while both GxxxG
implicated in TM dimerization.

16

and SxxxS

17

sequences have been

The dimer interface that we predict agrees with the

one obtained for FGFR3 by Sansom and coworkers using molecular dynamics

13

.

However, the result does not agree with the interface observed in the high-resolution
structure reported by Arsiniev and coworkers rather (Figure 3-5 (B)) 1, it corresponds to
the activated configuration that they proposed.

The difference from our structure may

arise from their use of detergent micelles as a membrane mimicking media.

Micelles

and bilayers may impose different constraints on the tilt angles of the interacting helices
and hence the lowest energy interface.

Figure 3-5.

Structural models for TM dimer of FGFR3.

authors’s study,

A: The model established in the

B: Structrue derived from Arsiniev and coworkers1.
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Material and methods
Sample preparation was performed as described in the previous chapter.

- Solid-state NMR spectroscopy
Solid-state NMR magic angle spinning (MAS) experiments were performed on Varian
Infinity-plus 500, 600 and 700 spectrometers operated at 11.47 T, 14.09 T and 16.44 T,
respectively (Palo Alto CA).

For deuterium-observe experiments, the magic angle

spinning (MAS) frequency was maintained at 5 kHz and single pulse excitation was
employed with a 5 ms 90 ° pulse length, followed by a 10 ms delay before data
acquisition.

A total of ~600,000 transients were averaged for each spectrum.

For

Carbon 13 observe experiments, solid state NMR MAS experiments were performed on
JEOL RESONANCE 500 spectrometers operated at 11.74 T.
resonance MAS probes for 3.2 mm rotor was used.

Broadband triple

The ramped amplitude cross

polarization contact time was 2 ms. Two-pulse phase-modulated decoupling was used
during the evolution and acquisition periods with a field strength of 72 kHz.
Internuclear

13

C…13C distance constraints were observed from 2D DARR NMR

experiments using a mixing time of 500 ms.
at 213 K.
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The sample temperature was maintained
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Chapter 4
Semi-synthesis of FGFR3 [FGFR3 (23-407)] and FGFR3 Y373C [FGFR3 Y373C
(23-422)]
Ligand binding to the extracellular domain (ECD) is a common initial step for the
activation of RTK.

As mentioned in Introduction, our research is aimed at

elucidating the activation mechanism of FGFR3 and the missing part to be uncovered is
structural change in the TM and JM regions for the activity.

A challenge in this thesis

is semi-synthesis of FGFR3 [FGFR3 (23-407)] and FGFR Y373C [FGFR3 Y373C
(23-422)], which must provide a way to proceed to the structural biophysical research
by enabling introduction of specific labels to the TM-JM region.

The concept of

semi-synthesis is shown in Figure 4-1.
Semi-synthesis is to ligate expressed protein fragment to chemically synthesized

Figure 4-1. Concept of semi-synthesis of FGFR3 (23-407) and FGFR3 Y373C (23-422)

counterpart 1, 2. In our research, the ECD with a certain modification for the purpose of
ligation is prepared by expression system either in E. coli or mammalian cells.
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The

TM-IJM region is chemically synthesized or biologically expressed depending on a
method of structural characterization.

Desirable labels and/or modifications can be

incorporated to the TM-IJM region. In this section, semi-synthesis of FGFR3 [FGFR3
(23-407)] and FGFR Y373C [FGFR3 Y373C (23-422)] is described.

Details on the

preparation of building blocks and the ligation reaction are reported.

Results
Overall scheme for semi-synthesis of FGFR3 [FGFR3 (23-407)] and FGFR Y373C
[FGFR3 Y373C (23-422)] is shown in Scheme 4-1.
Pecursor protein 1
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Fragment 2
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H Cys- FGFR3 Y373C EJM-TM-IJM (374-422)

Native Chemical Ligation

Native Chemical Ligation

FGFR3 ECD-EJM-TM-IJM (23-407 )

FGFR3 Y373C ECD-EJM-TM-IJM (23-422)

Scheme 4-1. Semi-synthesis of FGFR3 ECD-EIJM-TM-IJM (23-407) and FGFR3 Y373C
ECD-EIJM-TM-IJM (23-422)

The products in each step were named (Precursor

protein1, Fragment 2, Peptide 3, Precursor protein 4, Fragment 5 and Peptide 6).

N-terminal building blocks, fragment 2 and 5, were obtained by the thiol-induced
cleavage of “precursor” protein 1 and 4, which were expressed by E.coli or
mammalian cells.

The thiol-induced cleavage occurs with folding of the intein

including protein 1 as described in Introduction.

The C-terminal building blocks,

peptide 3 and 6, were obtained by the chemical synthesis. Fragment 2 and peptide 3,
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fragment 5 and peptide 6 were ligated respectively by native chemical ligation in
aqueous buffer including detergent to obtain the semi-synthesized receptor.

Results

for each steps are described.

Semi-synthesis of FGFR3 (23-407) using protein expression by E. coli
- Preparation of N-terminal building block, fragment 2, with expression by E. coli
pTXB1 FGFR3 ECD His tag vector was subcloned to express the precursor protein of
FGFR3 ECD, FGFR3 ECD (23-338)-Mxe gyrA intein-chitin binding domain (CBD)-His
tag (precursor protein 1), by E. coli.

The construct of vector was shown in Figure

4-2.

Figure 4-2. Construct of pTXB1 FGFR3 ECD with His tag vector

The vector was transformed to E. coli BL21 (DE3) pLysS to obtain precursor protein
1.

Precursor protein 1 was found in the cell pellet.

The pellet was dissolved in 100

mM Tris-HCl (pH8.0) buffer containing 6 M guanidinium hydrochloride and 1 mM
TCEP.

Purification of precursor protein 1 was performed by Ni-NTA in buffer

including 6 M guanidinium hydrochloride.
Figure 4-3.

The result of the purification was shown in

The band corresponding to the molecular weight of precursor protein 1

(63 kDa) was found in lane 5-7 which were elutions collected by the addition of
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imidazole.

Although there still were impurities in the collected fraction, the author

proceeded for further experiments.

Figure 4-3. SDS-PAGE showing purification of precursor protein 1 (MW= 63k Da)
Precursor protein 1 was purified by affinity chromatography using Ni-NTA.
collected cells were sonicated in buffer and centrifuged.
with guanidinium hydrochloride (lane 2).

The

The precipitation was dissolved

The solution was loaded on to the Ni-NTA and

then Ni-NTA was washed the buffer (lane 3: flow-through, lane 4: wash).

The precursor

protein 1 bound to the column was eluted by the addition of imidazole (lane 5-8).

To obtain fragment 2, purified precursor protein 1 was refolded by dialysis against
25 mM HEPES (pH7.5) including 150 mM NaCl and 10 % glycerol as described by
Plotnikov and coworkers3, with 50 mM MESNA.

SDS-PAGE gel on Figure 4-4

shows the result on refolding of the intein portion in precursor protein 1.
2 show contents in the solution before and after refolding, respectively.

Lane 1 and

Refolding was

performed against a buffer containing MESNA, which triggers thio-induced cleavage to
liberate fragment 2 from precursor protein 1.

Bands corresponding to fragment 2

(35 kDa) and tag including Mxe gyrA intein, CBD and His-tag (28 kDa) were found in
lane 2. Result suggests that the thiol-induced cleavage was occurred as the intein
portion in precursor protein 1 folded in presence of MESNA to give fragment 2.
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Figure 4-4. SDS-PAGE showing refolding of precursor protein1 and release of fragment
2.

Precursor protein 1 dissolved in guanidinium hydrochloride (lane 1) was refolded by

dialysis against 25 mM HEPES pH7.5, 150 mM NaCl, 10 % glycerol and 50 mM MESNA.
As a result, bands from fragment 2 (35 kDa) and the fragment of the intein sequence, CBD
and His-tag (28 kDa) were observed (lane 2).

- Synthesis of C-terminal building block, peptide 3, in Fmoc chemistry
Synthesis of C-terminal building block, peptide 3 was summarized in Scheme 4-2.
Fmoc - NH - SAL - PEG resin
1) Piperidine (20 %) / NMP
2) Fmoc-A.A.-OBt
H-Cys(Trt) - Leu - Ala - Gly - Asn(Trt) - Ser(tBu) - Ile - Gly - Phe - Ser(tBu) - His(Trt) His(Trt) - Ser(tBu) - Ala - Trp(Boc) - Leu - Vla - Val - Leu - Pro - Ala -Glu(OtBu) Glu(OtBu) - Glu(OtBu) - Leu - Val - Glu(OtBu) - Ala - Asp(OtBu) -Glu (OtBu) - Ala Gly- Ser(tBu) - Val - Tyr(tBu) - Ala - Gly - Ile - Leu - Ser(tBu) -Tyr(tBu) - Gly - Gly Val - Gly - Phe - Phe - Leu - Phe - Ile - Leu - Val -Val - Ala - Ala - Val- Thr(tBu) - Leu Cys (Trt) - Arg(Pbf) - Leu - Arg(Pbf) - Ser(tBu) - Pro - Pro - Lys(Boc) - Lys(Boc) - Gly Leu - Gly - NH2 - SAL - PEG resin

1) TFA, 1,2-Ethaneditiol, thioanisole
2) RP-HPLC
H-Cys - Leu - Ala - Gly - Asn - Ser - Ile - Gly - Phe - Ser - His - His - Ser - Ala - Trp -Leu Vla - Val - Leu - Pro - Ala -Glu - Glu - Glu - Leu - Val - Glu - Ala - Asp -Glu - Ala -GlySer - Val - Tyr - Ala - Gly - Ile - Leu - Ser -Tyr - Gly - Gly - Val - Gly - Phe - Phe - Leu Phe - Ile - Leu - Val -Val - Ala - Ala - Val- Thr - Leu - Cys - Arg - Leu - Arg - Ser - Pro Pro - Lys - Lys - Gly - Leu - Gly - NH2

Scheme 4-2. Synthesis of peptide 3
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Starting from NH2-SAL-PEG resin, the C-terminal segment, FGFR3 EJM-TM-IJM
(residues 339-407) was synthesized by Fmoc chemistry.
cleaved from the resin by treatment with TFA.

The peptide component was

Purification using RP-HPLC was

performed a linear gradient of formic acid/ water (3:2) and formic acid/ 1-propanol (4:1)
at a flow rate of 1.75 ml/min.

The RP-HPLC chromatogram was shown in Figure 4-5.

The content of the main peak shown with an arrow on Figure 4-5 was characterized
with MALDI-TOF mass spectrometry.

The mass number found agreed with the

calculated value for the desired product (found m/z: 7247.6, calcd for [M+H]+: 7245.4).
The C-terminal building block, peptide 3, was obtained using peptide synthesis.

Figure 4-5. RP-HPLC elusion profiles of the purification of peptide 3.

The details of

conditions are indicated under the chromatogram.

- Native chemical ligation of fragment 2 at the C-terminus and peptide 3
Fragment 2 and peptide 3 were mixed in 20 mM HEPES pH 7.5 containing 50 mM
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MESNA, 30 mM OG, 3 mM TCEP and 500 mM NaCl at 4 °C or 37 °C overnight for
the ligation.

The reaction was monitored by SDS-PAGE. The result was shown in

Figure 4-6.

The band corresponding to ligation product (42 kDa) was found in the

lane 2 and 3, which was shown with red arrow.

In Chapter 1, it was described that

the efficiency in the ligation reaction for the synthesis of the TM-IJM region sequence
was higher when it was performed in presence of OG at a concentration below CMC.
However, at the concentration below CMC, 15 mM, both building blocks were not
soluble.

Raising the OG concentration up to 30 mM allowed all of reactants to be

soluble throughout the period of the reaction.

It was also found, for this reaction, that

the lower temperature at 4 °C kept the reactants soluble.

At the higher temperature at

37 °C, some precipitates were observed during the reaction.

Figure 4-6. Ligation of FGFR3 ECD with thioester at the C-terminus (lane 1) and
EJM-TM-IJM.

The reaction was at 4 °C (lane 2) or 37 °C (lane 3) overnight.

The

molecular weight of ligation products, FGFR3 ECD-EJM-TM-IJM (23-407), was 42 kDa
and the band from the ligation product was indicated the arrow in the SDS-PAGE gel.

Semi-synthesis of FGFR3 Y373C (23-422) using protein expression by mammalian
cell
- Preparation of N-terminal building block, fragment 5, with expression by
mammalian cells
For preparing the ECD of FGFR3, mammalian cells has a great advantage for its
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production in a folded state.

As it was observed that the production yield for the ECD

with E. coli was not as high as expected, it was decided to examine the ECD preparation
with mammalian cells.

pFUSE ssIL2 FGFE3 Y373C ECD-Intein-PA tag vector was

subcloned to express the precursor protein of FGFR3 Y373C ECD (23-372)-Mxe gyrA
intein-PA tag (precursor protein 4), by HEK293S cells.

The construct of the vector

was shown in Figure 4-7.

Figure 4-7. Construct of pFUSE ssIL2 FGFR3 Y373C ECD-Intein-PA tag vector

The vector was transfected to mammalian cells, HEK293S, to obtain the precursor
protein 4.

Purification of precursor protein 4, which was secreted from cells, was

performed by NZ-1-Sepharose4.
was shown in Figure 4-8 (A).

The result of purification for precursor protein 4
The bands corresponding to precursor protein 4 (62

kDa) with carbohydrate chains was found on the Western blot analysis.

To purify

fragment 5, the fragment was co-incubated with NZ-1-Sepharose in the solution of 25
mM HEPES pH 7.5 with 50 or 250 mM MESNA at 4 or 37 °C overnight.
of the purification of fragment 5 was shown in Figure 4-8 (B).

The result

In the Western blot

analysis, the single bands corresponding to fragment 5 (38 kDa) with carbohydrate
chains were found in lane 2 and 4.

The bands corresponding to precursor protein 4

and fragment 5 were found in lane 7-10.
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Fragment 5 was eluted from

NZ-1-Sepharose as the result of cleavage from precursor protein 4 induced by
MESNA at 4 °C overnight.

Fragment 5 was obtained relatively more effectively with

the solution of 250 mM MESNA.

Figure 4-8. Western blot analysis of precursor protein 4 and fragment 5 using expression
of mammalian cells, HEK293S.

(A) SDS-PAGE was transferred to a membrane and the

membrane was immunoblotted with FGFR-3 (H-100).
by NZ-1-Sepharose (lane 2).

Precursor protein 4 was purified

(B) SDS-PAGE was transferred to a membrane and the

membrane was immunoblotted with FGFR-3 (H-100).

Fragment 5 was purified from

NZ-1-Sepharose, which precursor protein 4 bound, by incubation with solution of
MESNA overnight (lane 2: 50 mM MESNA at 4 °C, lane 3: 50 mM MESNA at 37 °C, lane
4: 250 mM MESNA at 4 °C, lane 5: 250 mM MESNA at 37 °C).

Precursor protein 4and

fragment 5 were also found from NZ-1-Sepharose and the precipitation (lane 7: rest of lane
2, lane 8: rest of lane 3, lane 9: rest of lane 4, lane 10: rest of lane 5).

- Synthesis of C-terminal building block, peptide 6, in Fmoc chemistry
	
  Synthesis of C-terminal building block, peptide 6 was summarized in Scheme 4-3.
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Fmoc - NH - SAL - PEG resin
Liberty Blue microwave peptide synthesizer
1) Piperadine (10 %) /HOBt (0.1 M) / Ethanol (10 %) / NMP
2) Fmoc-A.A.-OBt
H-Cys(Trt) - Ala - Gly - Ile - Leu - Ser(tBu) - Tyr(tBu) - Gly - Gly - Val - Gly - Phe - Phe Leu - Phe - Ile - Leu - Val - Val - Ala - Ala - Val - Thr(tBu) - Leu - Cys (Trt) - Arg(Pbf) - Leu Arg(Pbf) - Ser(tBu) - Pro - Pro - Lys(Boc) - Lys(Boc) - Gly - Leu - Gly - Ser(tBu) - Pro Thr(tBu) - Val - His(Trt) - Lys(Boc) - Ile - Sre(tBu) - Arg (Pbf) - Phe - Pro - Leu - Lys(Boc) Arg (Pbf) - NH2 - SAL - PEG resin

1) TFA, 1,2-Ethaneditiol, thioanisole
2) RP-HPLC
H - Cys - Ala - Gly - Ile - Leu - Ser - Tyr - Gly -Gly - Val - Gly - Phe - Phe - Leu - Phe - Ile Leu - Val - Val - Ala - Ala - Val - Thr - Leu -Cys - Arg - Leu - Arg - Ser -Pro - Pro - Lys - Lys Gly - Leu - Gly -Ser - Pro - Thr - Val - His - Lys - Ile - Ser - Arg - Phe - Pro - Leu - Lys - Arg NH2

Scheme 4-3. Synthesis of peptide 6

Staring from NH2-SAL-PEG resin, the C-terminal building block, FGFR3 Y373C
EJM-TM-IJM (residues 373-422) was synthesized by Fmoc Chemistry using automated
microwave peptide synthesizer, Blue Liberty (CEM corporation).
component was cleaved from the resin by treatment with TFA.

The peptide

Purification was

performed by RP-HPLC.

Figure 4-9. RP-HPLC elusion profiles of the purification of peptide 6.
conditions are indicated under the chromatogram.

79

The details of

Purification using RP-HPLC was performed a liner gradient of formic acid/ water (3:2)
and formic acid/ 2-propanol (4:1) at a flow rate of 1.75 ml/ min.
chromatogram was shown in Figure 4-9.

The RP-HPLC

The content of the main peak shown with an

arrow on Figure 4-9 was characterized with MALDI-TOF mass spectrometry.

The

mass number found agreed with the calculated value for the desired product (found m/z:
5320.0; calcd for [M+H]+: 5314.9).

The C-terminal building block, peptide 6, was

obtained using peptide synthesis.

- Native chemical ligation of fragment 5 and peptide 6
Fragment 5 and peptide 6 were mixed in 25 mM HEPES pH 7.5 containing 250 mM
MESNA, 15 mM OG at 4 °C or 37 °C overnight for the ligation.
monitored by Western blot analysis.

The reaction was

The result was shown in Figure 4-10.

The band

corresponding to the ligation product (43 kDa) with carbohydrate chains was found in
the lane 3.

The ligation product was found in the reaction at 4 °C.

However, for the

reaction at 37 °C, the ligation product and the building block were not found.

Figure 4-11. Western bolt analysis of ligation.

SDS-PAGE was transferred to a membrane

and the membrane was immunoblotted with FGFR-3 (H-100).

Fragment 5 was obtained

(lane 2) and mixed with 1 mM peptide 6 and 15 mM OG at 4 °C (lane 3) or 37 °C (lane 4)
overnight.
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Discussion
The semi-synthetic FGFR3 (23-407) was obtained using native chemical ligation of
the ECD expressed by E. coli, and the chemically synthesized EJM-TM-IJM peptide.
There were some problems in this strategy.

The yield in this was too small to proceed

for an analysis on the TM-JM region by spectroscopic experiments and the refolding of
ECD was required after the ligation reaction.

The expression of precursor protein 1

by mammalian cells was introduced to solve the problem of the ECD refolding.
However, the precursor protein 1 was not obtained with the expression by mammalian
cells.

The reason seems to be the fact that the employed sequence, FGFR3 (23-338),

lacks the C-terminal portion of the Ig domain.

As we re-designed the ECD to the

sequence of FGFR3 (23-372), which contains full sequence of the Ig domain, its
expression by the mammalian cells was confirmed. Y373C mutation was introduced
for a synthetic purpose, which provides Cys residues for ligation site.

Y373C mutation

is known as a pathogenic mutation for FGFR3 but it is also known that it still has ligand
dependent kinase activity 5, 6. It is possible to analyze the structural change of TM-JM
region upon ligand binding to semi-synthetic FGFR3 Y373C.
As it was shown in Figure 4-11, the semi-synthetic FGFR3 Y373C was observed.
The yield for the ligation reaction was higher than that of FGFR3 (23-407) of which
ECD was prepared by E. coli.

Difference in yield of the ligation reaction for the two

proteins may be caused by structure of ligation site and solubility of building block.
The ECD building block prepared by the mammalian cells was soluble in the aqueous
buffer with 15 mM OG of which concentration allow solubilizing the TM-JM sequence.
However, this concentration did not give a clear solution for the reaction with the ECD
building block prepared by E. coli.

It was required to raise the OG concentration up to
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30 mM OG, suggesting that the ECD building block prepared by E. coli aggregated in
the buffer.
Although more effort is required to proceed to spectroscopic analysis on the receptor,
results herein show proof-of-concept for the semi-synthesis of FGFR3.

Material and methods
pUC57 FGFR3 ECD encoding FGFR3 ECD (residues 1-410) and primers were
synthesized by Hokkaido System Science Co., Ltd. (Hokkaido, Japan).

DNA

polymerase, KOD-Plus-Neo, and DNA ligase, Ligation high Ver.2, were purchased
from TOYOBO (Osaka, Japan).

pTXB1 vector encoding encoding Mxe gyrA intein

and CBD and restriction enzyme, Nde1, Sap1, BamH1 an Xho1 were purchased from
New England BioLab Inc. (New England, USA).

E. coli DH5α, PrimeSTAR®

Mutagenesis Basal Kit and In-Fusion® HD Cloning Kit were purchased from TaKaRa
(Shiga, Japan).

One Shot® BL21(DE3) pLysS Chemically Competent E. coli was

purchased from Life Technology (Carlsbad, CA, USA).
QIAGEN (Hilden, Germany).

Ni-NTA was purchased from

Pre-Stained Protein Markers (Broad range) was

purchased from Nacalai Tesque (Kyoto, Japan). pBlue Script ll SK (+) FGFR3 (cDNA
fragment) encoding human FGFR3 (residues 1-806) was purchased from Kazusa DNA
Research Institute (Chiba, Japan).

pFUSE IL2ss PA tag vector, NZ-1 resin and

HEK293S cells were obtained from Prof. Junichi Takagi at Institute for Protein
Research, Osaka university.

For Western bolt analysis, antibody against FGFR3

(H-100; sc-9007) and Anti-rabbit HRP conjugated antibody (W4011) were purchased
from Santa Cruz Biotechnology (CA, USA) and Promega (WI, USA), respectively.
Fmoc-NH2-SAL-PEG resin was purchased from WATANABE CHEM, IND., LTD.
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(Hiroshima, Japan).

Amino acid derivatives were purchased from the Peptide Institute

Inc. (Osaka, Japan).

The DNA sequencing process of obtained vector was entrusted to

Hokkaido System Science Co., Ltd. (Hokkaido, Japan).
Thermal Cycler Dice® (Shiga, Japan) was used.

For PCR, TaKaRa PCR

The peptide mass number was

determined using a MALDI-TOF MS autoflexTM (Bruker, Germany).

The matrix used

was sinapinic acid and peptides were dissolved in a mixture of formic acid and
trifluoroethanol.

Semi-synthesis of FGFR3 (residues 23-407) using the N-terminal building block
using the expression of E. coli
- Expression of precursor protein 1 and purification of N-terminal building block,
fragment 2
PCR products encoding FGFR3 ECD (residues 23-338) with Nde1 site at the 5’ end
and Sap1 site at the 3’ end site were amplified from pUC57 FGFR3ECD vector
encoding FGFR3 ECD (residues 1-410) by PCR using the following primers; left
primer:

5’-GGTGGTCATATGGAATCCCTGGGTACCGAGC-3’,

5’-GGTGGTTGCTCTTCCGCACGTGTATTCGCCAGCATC-3’.

right
The

primer:
amplified

PCR products and pTXB1 vector encoding Mxe gyrA intein and CBD were cleaved by
restriction enzyme, Nde1 and Sap1, and they were ligated to obtain pTXB1 FGFR3
ECD vector which was coded FGFR3ECD, intein and CBD.

His tag was inserted to

the C-terminus of CBD in pTXB1 FGFR3 ECD vector using PrimeSTAR® and the
following primers; left primer: 5’-CAACACCATCATCATCATCATTGACTGCAG
GAAGGGGAT-3’, right primer: 5’-TCAATGATGATGATGATGGTGTTGAAGCTG
CCACAAGGC-3’.

The obtained pTXB1-His tag FGFR3ECD vector encoding
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FGFR3 ECD (residues 22-407)-Mxe gyrA intein-CBD-His tag was transformed into E.
coli BL21 (DE3) pLysS cells.
37 ℃ overnight.

The cells were precultured in LB medium (20 mL) at

Cells were cultured in LB medium (1 L) at 37 ℃ for 1-2 h, induced

with 1 mM IPTG at 18 ℃ overnight and centrifuged.

Cells were sonicated with 25

mM phosphate buffer (pH7.5) containing 150 mM NaCl, 2 mM EDTA and 10 %
glycerol.

Following centrifugation, the pellet including the recombinant protein was

dissolved in 6 M guanidinium hydrochloride and 1 mM TCEP in 100 mM Tris-HCl
(pH7.5) at 37 ℃ overnight.
Ni-NTA resin.

The solubilized recombinant protein was added to

Ni-NTA resin, which the recombinant protein was bound, was washed

with 25 mM imidazole and 6 M guanidinium hydrochloride in 100 mM Tris-HCl
(pH7.5).

The recombinant protein was eluted from Ni-NTA resin with 250 mM

imidazole and 6 M guanidinium hydrochloride in 100 mM Tris-HCl (pH7.5).

The

purification was monitored by SDS-PAGE. The purified recombinant protein with
guanidinium hydrochloride was refolded by dialysis against 25 mM HEPES buffer
pH7.5 containing 150 mM NaCl, 10 % glycerol and 25 mM MESNA to obtain FGFR3
ECD (residues 22-338) with thioester at the C-terminus.

The refolding was monitored

by SDS-PAGE.

- Synthesis of C-terminal building block, peptide 3
Fmoc-NH2-SAL-PEG resin (0.24 mmol/g, 1.04 g) was treated with 20 % piperidine/
NMP solution (1x 5 min, 1x 25 min), washed with NMP (6x 1 min).

A solution of

Fmoc-amino acid (1.0 mmol), HOBt (1.0 mmol), HBTU (0.9 mmol) and DIEA (2.0
mmol) in DMF was added to the resin and stirred for 30 min.

After finishing the

coupling, the resin was washed with NMP (6x 1min) and added the capping solution of
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acetic anhydride (10 %) and DIEA (5 %) in NMP (1x 5 min).

These procedures were

repeated to obtain a protected peptide resin corresponding to the sequence of FGFR3
EJM-TM-IJM (residues 336-407); H-Cys(Trt)-Leu-Ala-Gly-Asn(Trt)-Ser(tBu)-Ile-GlyPhe-Ser(tBu)-His(Trt)-His(Trt)-Ser(tBu)-Ala-Trp(Boc)-Leu-Val-Val-Leu-Pro-Ala-Glu(
OtBu)-Glu(OtBu)-Glu(OtBu)-Leu-Val-Glu(OtBu)-Ala-Asp-Glu(OtBu)-Ala-Gly-Ser(tB
u)-Val-Tyr(tBu)-Ala-Gly-Ile-Leu-Ser(tBu)-Tyr(tBu)-Gly-Gly-Val-Gly-Phe-Phe-Leu-Ph
e-Ile-Leu-Val-Val-Ala-Ala-Val-Thr(tBu)-Leu-Cys(Trt)-Arg(Pbf)-Leu-Arg(Pbf)-Ser(tBu
)-Pro-Pro-Lys(Boc)-Lys(Boc)-Gly-Leu-Gly-NH2-SAL-PEG resin.

The protected

peptide resin (250 mg) was treated with a mixture of TFA (4.125 ml), thioanisole (250
μl), phenol (250 mg), ethandithiol (125 μL) and water (250 μl) at room temperature for
2 h 30 min.

After the deprotection, cold ether was added to the mixture and the

resulting precipitate was wash with ether and then dissolved in TFA.
passed through a filter and precipitated by the addition of cold ether.

The solution was
The precipitate

was washed with ether, and mixed with aqueous acetonitrile and freeze-dried to give the
crude powder.

Purification was performed on a Cosmosil column (10x 250 mm,

5C18-AR-300, Nakalai Tesque), and a linear gradient of formic acid/ water (3:2) and
formic acid/ 1-propanol (4:1) at a flow rate of 1.75 mL/ min.
dissolved in 70 % TFA with water and injected into the column.
and freeze-dried.

The crude powder was
Peaks were collected

As a result, a desired peptide was obtained; H-Cys-Leu-Ala-Gly-

Asn-Ser-Ile-Gly-Phe-Ser-His-His-Ser-Ala-Trp-Leu-Val-Val-Leu-Pro-Ala-Glu-Glu-GluLeu-Val-Glu-Ala-Asp-Glu-Ala-Gly-Ser-Val-Tyr-Ala-Gly-Ile-Leu-Ser-Tyr-Gly-Gly-Val
-Gly-Phe-Phe-Leu-Phe-Ile-Leu-Val-Val-Ala-Ala-Val-Thr-Leu-Cys-Arg-Leu-Arg-SerPro-Pro-Lys-Lys-Gly-Leu-Gly-NH2 (3-5 mg, MAS (MALDI) found for m/z: 7247.6,
calcd for [M+H]+: 7245.4).
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- Native chemical ligation of fragment 2 and peptide 3
FGFR3 ECD (residues 22-338) with thioester at the C-terminus (1 mg/mL, 50 μL) and
FGFR3 EJM-TM-IJM (residues 239-407) peptide with cysteine at the N-terminus (50
nmol) were dissolved in 20 mM HEPES buffer pH7.5 including MESNA (2.5 μmol),
OG (1.5 μmol), NaCl (25 μmol) and TCEP (0.15 μmol).
4 °C or 37 °C overnight.

The solution was stirred at

The reaction was monitored by SDS-PAGE.

Semi-synthesis of FGFR3 Y373C (residues 23-422) using the N-terminal building
block by expression of mammalian cell
-Expression precursor protein 4 by mammalian cells and preparation of fragment
5
PCR products encoding FGFR3 Y373C ECD (residues 23-372) with the insertion site
of pFUSE ssIL2 PA tag vector at the 5’ end and the fusion site of Mxe gyrA intein at the
3’ end site were amplified from pBlue Script ll SK (+) FGFR3 (cDNA fragment) vector
encoding human FGFR3 by PCR using the following primers; left primer:
5’-GCACTAAGTCTTGCAGAGTCCTTGGGGACGGAGCAG-3’,
5’-CACACTGCCCGCCTCGTCAGCCTC-3’.

right

primer:

PCR products encoding Mxe gyrA

intein with the fusion site of Mxe gyrA intein site at the 5’ end and the insertion site of
pFUSE ssIL2 PA tag vector site at the 3’ end site were amplified from pTXB1 vector by
PCR using the following primers; left primer: 5’-GAGGCGGGCAGTGTGT
GCATCACGGGAGATGCAC-3’, right primer: 5’-TGGCATGGCAACGCCGAGGCC
TGAGTTCAGACC-3’.

The linearized vector of pFUSE ssIL2 PA tag was amplified

from pFUSE ssIL2 PA tag by PCR using the flowing primer; left primer:
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5’-GGCGTTGCCATGCCAGGTGCCG-3’, right primer: 5’-TGCAAGACTTAGT
GCAATGCAAGACAGGAGTTGC-3’.

The PCR products encoding FGFR3 Y373C

ECD (residues 23-372) and Mxe gyrA intein and the The linearized vector of pFUSE
ssIL2 PA tag were mixed with In-Fusion HD Enzyme Premix to obtain pFUSE ssIL2
FGFE3 Y373C ECD-Intein-PA tag vector encoding precursor protein 4.

pFUSE ssIL2

FGFE3 Y373C ECD-Intein-PA tag vector transfected to HEK293S cells by transfection
regent, X-tremeGENE HP DNA for 3 days.

After the transfection, the medium of

transfected cell was added to the NZ-1-Sepharose and incubated for 2 hours at 4 °C.
The NZ-1-Sepharose with precursor protein 4 was washed by 25 mM HEPES pH 7.5
buffer containing 150 mM NaCl and the purification of precursor protein 4 was
monitored by SDS-PAGE and Western blotting.

250 or 50 mM MESNA was added to

the NZ-1-Sepharose, which precursor protein 4 binds, to obtain and purify fragment 5.
The purification of fragment 5 was monitored by SDS-PAGE and Western blotting.
- Synthesis of peptide 6
Starting from Fmoc-NH2-SAL-PEG resin (0.24 mmol/g, 1.04 g), peptide chain
elongation was carried out using a automated microwave peptide synthesizer, Blue
Liberty (CEM corporation).

Protected peptide resin corresponding to the sequence of

FGFR3 EJM-TM-IJM (residues 373-422) was obtained; H-Cys(Trt)-Ala-Gly-IleLeu-Ser(tBu)-Tyr(tBu)-Gly-Gly-Val-Gly-Phe-Phe-Leu-Phe-Ile-Leu-Val-Val-Ala-Ala-V
al-Thr(tBu)-Leu-Cys(Trt)-Arg(Pbf)-Leu-Arg(Pbf)-Ser(tBu)-Pro-Pro-Lys(Boc)-Lys(Boc
)-Gly-Leu-Gly-NH2-SAL-PEG resin.

The protected peptide resin (250 mg) was

treated with a mixture of TFA (4.125 ml), thioanisole (250 μl), phenol (250 mg),
ethandithiol (125 μL) and water (250 μl) at room temperature for 2 h 30 min.

After

the deprotection, cold ether was added to the mixture and the resulting precipitate was
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wash with ether and then dissolved in TFA.

The solution was passed through a filter

and precipitated by the addition of cold ether.

The precipitate was washed with ether,

and mixed with aqueous acetonitrile and freeze-dried to give the crude powder.
Purification was performed on a Cosmosil column (10x 250 mm, 5C18-AR-300,
Nakalai Tesque), and a linear gradient of formic acid/ water (3:2) and formic acid/
1-propanol (4:1) at a flow rate of 1.75 mL/ min.

The crude powder was dissolved in

70 % TFA with water and injected into the column.
freeze-dried.

As

a

result,

a

desired

peptide

Peaks were collected and
was

obtained;

H-Cys-

-Ala-Gly-Ile-Leu-Ser-Tyr-Gly-Gly-Val-Gly-Phe-Phe-Leu-Phe-Ile-Leu-Val-Val-Ala-Ala
-Val-Thr-Leu-Cys-Arg-Leu-Arg-Ser-Pro-Pro-Lys-Lys-Gly-Leu-Gly-NH2

(3-5

mg,

MAS (MALDI) found m/z: 5320.0; calcd for [M+H]+: 5314.9).
- Native chemical ligation of fragment 5 and peptide 6
FGFR3 Y373C ECD (residues 22-372) with thioester at the C-terminus (50 μL) and
FGFR3 Y373C EJM-TM-IJM (residues 373-422) peptide with cysteine at the
N-terminus (50 nmol) were dissolved in 25 mM HEPES buffer pH7.5 including
MESNA (12.5 μmol) and OG (0.75 μmol).
overnight.

The solution was stirred at 4 °C or 37 °C

The reaction was monitored by SDS-PAGE and Western blotting.
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Summary
It has been over two decades since the ligand binding-induced dimerization triggering
RTK activation model was first established1. This model has provided the basis for
studies on the molecular mechanism of RTK activation. Recent findings, such as the
existence of preformed dimers on the plasma membrane2-4 or detailed analysis on the
negative cooperativity 5 suggests this initial model needs to be reconsidered.
In the case of preformed dimers, the inhibitory effect must be overcome by a structural
change in the receptor. McLaughlin et al. have suggested that, for EGFR, this inhibitory
effect is regulated by the interaction between the intracellular juxtamembrane (IJM)
region and the inner leaflet of the membrane, or more specifically PIP26-8.

Pike et al.

have suggested that the IJM region is involved in the regulation of negative
cooperativity, which also implies that the extracellular and IJM regions are coupled to
the mechanism regulating receptor function5.

Now, it is clear that the dimerization is

not enough for the activation, but there seems to be a sequential structural change in the
dimer upon ligand binding from the outside to inside or even, more interestingly, from
the inside to the outside (i.e. negative cooperativity).
Regarding FGFRs, there is one interesting report that suggests that FGFR2 exists as
preformed dimers at the membrane9.

Ladbury et al. found9 that growth factor

receptor-bound protein 2 (Grb2) binds to a proline-rich sequence at the C-terminus of
FGFR2 prior to growth factor stimulation. They demonstrated that Grb2 binds to
FGFR2 in a 2:2 stoichiometry and retains basal activity. Upon stimulation, Grb2 is
dissociated from the receptor, which allows for full activation of downstream signaling.
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They suggest that the Grb2 dimer stabilizes the FGFR2 preformed dimer. This model
implies that a structural or change in orientation within the dimer upon binding to the
ligand can be the key factor for activation.
To elucidate this possible mechanism, the transmembrane (TM) and the
juxtamembrane (JM) regions, which are the missing link, must be analyzed. In addition,
data demonstrating that mutations affecting receptor function are located in the TM
region indicate that the TM and JM regions play an active role in the activation
mechanism, and should stimulate further studies on the structure and chemistry of these
regions. Results reported in this thesis contribute to the structural characterization of the
region and offer a framework for future studies of the TM-IJM region to further our
understanding of the FGFR activation mechanism. In this chapter, results shown in
previous chapters are summarized and a model for an activation mechanism of FGFR3
is established. Furthermore, research prospects using semi-synthetic receptors are
discussed.

- Model for the activation mechanism of FGFR3
The mechanism that emerges from structural and biochemical studies is one in which
the FGF ligand binds to the extracellular domain (ECD) of the receptor in a 1:1 complex.
This complex is thought to form a symmetric dimer in the activated state10.

The ligand

binds to two of the immunoglobulin-like extracellular subdomains, D2 and D3. These
two subdomains and the D2-D3 linker are necessary and sufficient for ligand binding.
The D1 subdomain, together with the D1-D2 linker, play an autoregulatory role for the
91

receptor function10.

High resolution structures of the activated kinase domains of

FGFR1-3 reveal them to be asymmetric dimers11,12.

Importantly, Schlessinger and

coworkers demonstrated that formation of the asymmetric dimer between the activated
FGFR1 kinase domains is required for transphosphorylation of FGFR in
FGF-stimulated cells11.
The major question addressed in this thesis is how the proposed structural changes in
the extracellular and intracellular regions are coupled. For the purpose of this study, the
premise that preformed dimers exist at the membrane is used. Several lines of evidence,
especially the rigorous studies performed by Hristova et al.13-15, suggest that the TM
regions from FGFR3 dimerize in the lipid bilayer. In Chapter 3, the differences in the
TM helices dimer interface of wild type and constitutively active mutants is examined.
The working theory is that when the receptor is in the inactive state, prior to ligand
binding, the dimer interface in the TM helices is observed for the wild type sequence.
As shown in Figure 5-1, the association between S378-G382 in the TM helices
contributes to inactive dimer structure formation. The S378-G382 sequence can be
classified as a GxxxG-like motif that facilitates association of TM helices.
Another structural observation suggesting that the wild type structure represents the
inactive state is that the wild type IJM region is bound to the acidic membrane. The
basic IJM region in the inactive state can bind to the acidic inner leaflet of the plasma
membrane. In addition, it is possible that the IJM region interacts with PIP2, which can
drive the association of the regions themselves. By associating with the membrane, the
IJM regions can maintain the rest of the intracellular region in an inactive orientation.
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The precise structure or arrangement relative to the membrane of the inactive FGFR3
intracellular region is unknown. However, based on the activation model of EGFR it
can be hypothesized that the binding of the IJM region to the membrane results in an
inhibitory effect, which

prevents

the kinase regions

from interacting for

transphosphorylation16-18.
Moreover, it can be assumed that sequences containing the G380R or A391E
constitutively active mutations represent the structure of this region in the active state.
As mentioned in Chapter 3, the results of solid-state NMR experiments suggest that
introduction of these mutations induces a change in the dimer interface of the TM
helices. To date, the TM helices association site has not been identified in either of the
sequences. However, the results of polarized Fourier transform infrared spectroscopy
(FT-IR) experiments indicate that the structural rearrangement of TM helices containing
the mutation affects the relative orientation of the TM helices, observed as a change in
the TM helix tilt relative to the membrane. One of the important outcomes of this study
is the demonstration that when the TM helix is “standing up” relative to the membrane,
the IJM region is released from the membrane. This suggests a hypothesis specifying
that in the intact system, when ligands bind to the extracellular regions, a structural
rearrangement of the TM helices dimer occurs and, simultaneously, these helices “stand
up” in the membrane, which causes the release of the IJM regions from the membrane.
The release of the IJM region allows the intracellular regions to orient for
transphosphorylation.
The model described here resembles that one proposed for EGFR16-18.
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It should be

emphasized that the release of the IJM region from the inner leaflet of the plasma
membrane as a result of active structure formation in the TM region, could be a
common structural change in RTKs for the initiation of events inside the membrane.
The results and structural model described in this thesis regarding the dimer structure of
the TM helices differ from the high-resolution structure obtained by Bocharov et al.
with solution NMR19.
opposite

side

of

In their structure, the S378-G382 sequence is located at the

the

dimer

interface.

Dimerization

is

mediated

by

the

YA374X2L377X2G380X2FF384X2IL388X2A391X2TL395 sequence. They propose that the dimer
interface mediated by the S378-G382 sequence may be the one that leads to receptor
activation. The difference in the obtained structures is due to the membrane mimicking
system that each group employed. All structural analysis of the TM-IJM peptide in this
thesis was performed in lipid bilayers. In contrast, Bocharov et al. performed the
analysis of the TM region in a micelle environment. In a reconstituting system with
micelles, restrictions such as membrane thickness do not exist. As previously mentioned,
membrane thickness has an effect on TM helix orientation, which induces IJM
dissociation from the membrane. Although the dimer interface is currently unknown, it
can be hypothesized that the TM helices dimer structure in thicker membranes is similar
to that obtained in micelles. Detailed structural analyses are required to further elucidate
the TM-IJM region and the release of the IJM region from the membrane.
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Figure 5-1. The FGFR3 activation model proposed in this study. The upper panel
demonstrates the possible structure of the TM-IJM region in the inactive and active state.
The lower panel describes the overall structural changes to FGFR3.

- Reseearch Prospective
The molecular characterization of the TM-IJM region performed in this study offers a
framework for elucidating ligand binding-induced structural changes in this region;
future studies will focus on capturing ligand induced changes in the TM helices dimer
interface and the interaction between the IJM region and the membrane. Experimentally,
studies such as these are difficult to carry out; therefore, reconstituting systems or
artificial systems using semi-synthetic receptor are ideal for this purpose. As mentioned,
semi-synthesis is accomplished by condensing chemically synthesized and expressed
protein building blocks using ligation chemistry. A variety of specific labels and
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modifications can be introduced into the chemically synthesized building blocks.
Semi-synthesis of FGFR3 with stable isotope labels in the TM-IJM region is underway
for use in structural analysis using solid-state NMR. Furthermore, this reconstituting
system also provides an advantage in designing membrane systems with various lipid
molecules. This research sheds light on the importance of lipid composition for
membrane protein structure. Bio-membranes are a heterogeneous environment; and
each type of lipid molecule has an effect on the biology on the membrane. The use of
semi-synthetic receptors provides a new methodology for elucidating molecular
mechanisms of biological phenomena occurring at the membrane.
Another advantage of semi-synthesis is that it provides a means to produce artificial
receptors in the field of biomaterials. For example, in the case of RTK, if it were
possible to design the extracellular region as an artificial protein fragment, we could
also design a ligand molecule to regulate the signaling (Figure 5-2). One crucial and
challenging technology in the field of regenerative medicine is the regulation cell
growth. Synthesis of artificial receptors may contribute to the development of such
biomaterials.
Designed ligands

Semi-sythesized
artificial receptor

Plasma membrane

Activation with
the IJM release from
the inner leaflet

Figure 5-2. A concept of an artificial receptor as a biomaterial
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