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Abstract

Epidermal growth factor (egf) domains are 30-50 residue long repeats characterized
by the strict conservation of six. cysteine residues, which are forming three disulfide
bonds with the topology 1-3, 2-4, 5-6. The common structural feature of egf domains
is a two-stranded beta-sheet from which the three disulfide bonds depart to connect
the N- and C-terminal loops, to make a rather compact structure. Beside the six
cysteines, a wide variability in the length and composition of the stretches connecting
the cysteines has been observed. Probably because of its capability to accommodate
very different sequences on a common scaffold, the egf domain is one of the most
frequently employed building blocks in modular proteins. In order to investigate the
factors that determine the correct folding of epidermal growth factor-like repeats (egf)
within a multi-domain protein, we prepared a series of six peptides that, taken
together, span the sequence of two egf repeats of human tenascin, a large extra-
cellular matrix glycoprotein expressed during embryonic development and in
proliferative processes such as wound healing and tumorigenesis. The peptides were
selected by sliding a window of the average length of tenascin egf repeats over the
sequence of egf repeats 13 and 14. We thus obtained six peptides, egf-f1 to egf-f6,
that are 33 residue long, contain six cysteines each, and bear a partial overlap in the
sequence. While egf-fl corresponds to the native egf-14 repeat, the others are frame-
shified egf repeats. We carried out the oxidative folding of these peptides in vitro,
analyzed the reaction mixtures by acid trapping followed by LC-MS, and isolated
some of the resulting products. The oxidative folding of the native egf-14 peptide is
fast, produces a single three-disulfide species with an egf-like disulfide topology and
a marked difference in the RP-HPLC retention time compared to the starting product.
On the contrary, frame-shified peptides fold more slowly and give mixtures of three-
disulfide species displaying RP-HPLC retention times that are closer to those of the.
reduced peptides. In contrast to the native egf-14, the three-disulfide products that
could be isolated are mainly unstructured, as determined by CD and NMR

spectroscopy. We conclude that both kinetics and thermodynamics drive the correct




pairing of cysteines, and speculate about how cysteine mispairing could trigger

disulfide reshuffling in vivo.

The results of this work are published in:
Zanuttin, F., Guarnaccia, C., Pintar, A., Pongor, 8.

Folding of epidermal growth factor-like repeats from human tenascin studied through

a sequence frame-shift approach.

European Journal of Biochemistry. 2004 Nov; 271 (21): 42259-40.
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1 Introduction

1.1 The epidermal growth factor

The epidermal growth factor (EGF) was the first growth factor to be discovered. It was
isolated for the first time by Stanley Cohen and coworkers in the 1962 from a
submaxillary gland extract (1). This 54 amino acids peptide belongs to a large family of
molecules with the ability to modulate cellular growth. EGF has been demonstrated to
elicit significant biological responses in cell culture systems as well as in vivo, inducing
cell proliferation, particularly of keratinocyles and fibroblasts (2). In the organism the
EGF production is stimulated by testosterone and inhibited by estrogens (3,4). EGF is
expressed as a trans-membrane protein from which the mature peptide is released by
proteolysis (5). EGF 1s present in milk, saliva, urine, and plasma and in most other body
fluids such as pancreatic juice (2). The 6 KDa peptide isolated by Cohen is the prototype
of a heterogeneous family of growth-promoting proteins, which all share one or more
EGF or EGF-like structural units. A variety of different growth factors belong to the
family of the EGF-like, among them the transforming growth factor-u (TGF- «) and the
heparin-binding EGF-like growth factor (HB-EGF). The EGF-like unit is defined by six
conserved cysteines in a 35-45 amino acid sequence. These cysteines form three disulfide
bonds (6)with a typical conserved topology C1-C3, C2-C4, C3-C6 (7).

All these growth factors bind to four homologous EGF receptors (EGFR: EGIET
(ErbB1/HER1), ErbB2 (HER2), ErbB3 (HER3) and ErbB4 (HER4) ) (8). The structure of
EGF receptors is a prototype of receptor tyrosine kinases (9,10). They are formed by a
tyrosine kinase cytoplasmic domain with a C-terminal regulatory sequence, a single
transmembrane lipophylic a-helix and an N-terminal extracellular domain involved in
ligand binding and receptor dimerization. Like most of the protein-tyrosine kinase
receptors known so far, also EGF receptors consist of a single polypeptide chain.
EGF-like growth factors bind EGFR monomers, promoting receplor dimenzation and
oligomerization{11). Consequently to the growth factor binding, the receptors forming
homo or hetero-dimers activate each other by transphosphorylation of the cytoplasmic

tails. The phosphorylated tyrosines, usually six, are docking sites for effector molecules.
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These intracellular factors are generally other kinases, which trigger a complex network

of intracellular signal transduction pathways that regulate cell growth.
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Figure 1: The proliferative effects of EGF are signaled through several pathways, Binding of EGF results in
ERFR dimerization, autophosphorylation and tirosin phosphorylation of other proteins. The EGF receptor
activates ras and MAP kinase pathways, ultimately causing phosphorylation of transcription factors sach as c-Fos
to create AP-1 and ELK-l. Activation of STAT-1 and STAT-3 transcription factors by JAK kinases and
Phosphatidylinosito] signaling contributes to proliferative effect. Crosstalk of EGF signaling with other pathways

makes the EGF receptor 2 junction point between different signaling systems.

The activated EGF receptor recruits ras (12) and MAP kinase, finally causing
phosphorylation of transcription factors such as c-Fos to create AP-1 and ELK-1. STAT-
1 and STAT-3 are also activated by JAK kinases in response to EGF stimulation
establishing a fast-responding connection between tirans-membrane receptors and
transcription factors. Another component of EGF signaling is protein kinase C, which is
activated by phosphatidylinositol signaling and calcium release (13). Many points of the
EGF signaling are shared with other pathways, making EGF one of the elements of a
complex cross-talk network regulating cell growth (14).



An increased activity of growth faclors and their receptors can lead Lo an uncontrolled
cell proliferation. 1t is not surprising that tumors express high levels of these proteins and
an overexpression of the EGF receplor family is frequently observed m human
carcinomas. An increased expression of EGFR has been demonstrated in a variely of
solid tumors, particularly in breast, (15}, colon, prostate (16} and ovarian cancer (17). In
particular, the over-expression of two of the EGFR family receptor, EGFr and ErbB2, 1s
associated with advanced stages of the disease, more aggressive clinical bechavior and
poor prognosis for the paiient. The role played by EGF receptors in human cancer
development makes them a possible target for new treatment strategies (18). For this
reason possible therapies directed at blocking the function of these receptors have been

the argument of intensive studies in the last decade (19,20).
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1.2 EGF like moiifs

Sequences with a significant homology to EGF are present in many different proteins
either in single copy or arranged in multiple tandem repeats. EGF-like modules usually
comprise from 45 to 53 residues with 6 cysteine residues linked to form three disulfide
bonds. This module is present in a wide variety of multidomain proteins where it
probably mediates similar biological functions. The EGF-like superfamily is formed by
three families, EGF-laminin, EGF-like motifs and EGF-Calcium binding modules. The
Laminin EGF family is distinguished by having a C-terminal extension with an additional
disulphide bond. Among different EGF-like domains, the number and type of amino
acids between cysteines can be significantly different. Considering a comparison of many

different EGF-like modules, the following consensus sequence was proposed: (21).

XXXXRCK 70K 4 (G/AMCK | attax CxTxxGax sGxxCx

Where: A is an aromatic amino acid, t is a non-hydrophobic and x denotes any possible
residue.

Some multidomain proteins of the extracellular matrix like laminin, tenascin and
thrombospondin present several consecutive copies of the EGF-like repeat. Fibrillin, for
example, contains 47 EGF-like modules arranged in 8 consecutive clusters while the
Notch receptors, involved in the development, contain 36 EGF-like modules in tandem
(22). These clusters are supposed to be originated by gene duplication and exon shuffling
events. The multidomain glycoproteins are thought to possess specific biological
activities in morphogenesis and cell motility, development, tissue repair (23,24), but the
exact role played by EGF-like modules as integral elements of the extracellular mairix
remains fairly uncertain (25,26). At least in two of these cases, laminin and tenascin-C,
the EGF-like repeats have been demonstrated to trigger EGFR signaling acting as low
affinity ligands or enhancers of soluble EGF (27).

EGF-like domains are also part of different trans-membrane proteins such as the low-

density lipoprotein receptor (LDLR) (28) and cell surface receptors involved in



development. The three N-terminal EGF-like modules present in this protein are named
EGF-A, B and C. They participate in LDL binding and internalization of the receptor.
Domains with a close or distant homology with the EGF module are present even in some
proteins involved in biood cloiting, complement system and ncural development (29).
The coagulation enzymes, factors VII, IX and X and protein C, all have two EGF-like
modules (30).

Several EGF-like domains present typical post-transiational modifications. These are the
O-fucosylation, O-glucosylation of the serine and threonine residue and f-hydroxylation
of asparagine and aspartic acid (31). EGF-like modules of serum glycoproteins invalved
in blood clotting are subject to O-glucosylation and O-fucosylation. These saccaridic
residues once attached to the protein can be elongated o give O-glucose and O-fucose
trisaccharides. Among all different proteins presenting EGF-like modules only few of
them are subjected to glycosylation. Broad consensus sequences for different type of
modifications have been identified (31).

A Tlarge subset of EGF-like domains bind one Ca’ ion, which is important for the
orientation of neighboring modules required for biological activity (32). Coagulation
factors V11, IX and X, protein C, protein S, fibrillin-1 and Noich receplors, all contain
Ca’" binding EGF-like modules. The Ca™ binding capacity is associated with [i-
hydroxylation of a particular Asp or Asn residue (33). Site-directed mulagenesis
demonstrated that EGF-like modules unable to bind Ca® jon give biologically inactive
proteins (34,35).

In many cases EGF modules have been found to be invelved in protein-protein
interactions (22,36,37). The most remarkable examples are represented by the LDL
receptor, Notch receptors, coagulation factor VII and urokinase receptor. In the latter, a
single EGF mediates the interaction with its ligand. The hypothesis ol a biological active
role of EGF-like modules is also supported by the existence of post-translational
modifications that might have a regulatory function. In most cases, however, the exacl

biological role of the EGF-like module is still unknown (38).




1.2.1 EGF-like domain structure

The archetype of proteins that contain EGF-like modules is the EGF precursor. This large
trans-membrane protein contains nine EGF modules in its amino-terminal extracellular
region. The EGF module closest to the cell membrane is released as active soluble EGF

after proteolytic cleavage of the precursor operated by a metalloproteinase (5).
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Figure 2 Schematic diagram of the secondary structural features of residues 1 to 48 of human EGF.
Disulfide bonds are marked with yellow solid lines, while hydrogen bonds are indicated with dashed blue
lines. Amino acids are represented by the standard one-letter code.

The fate and role of the large amino terminal fragment containing the remaining eight
EGF modules after release of the soluble peptide is to date unknown. Diffusible EGF is a
small protein containing 53 amino acids, its structure being stabilized by three disulfide
bonds. Its six Cys residues form a conserved pattern of disulfide bonds between residues
6-20, 14-31 and 33-42, which is characteristic of all EGF modules. The human EGF
(hEGF) is characterised by a two sub-domain structure; an N-terminal domain spanning

from residue 1 to residue 32 and a C-terminal one from residue 38 to residue 48 (39,40).



Figure 3: EGF molecule consists of two subdomains, residues from 1 to 32 and residues from33 to 48.
Residues 19 to 23 and 28 to 32 form an antiparallel B-sheet that is the most important structural feature for
biological activity. The C-terminal B-sheet involves residues 37, 38 and 44, 45.The first five N-terminal
amino acids are not shown in this model

The two sub-domains are linked by a tight turn (Val34-Gly37). The N terminal sub-
domain contains an antiparallel B-sheet (19-32) and two disulfide bonds involving Cys 6-
20 and 14-31. The two strands of the B sheet are connected by a B-turn formed by
residues 24 to 27. The first five N terminal residues are very mobile and unstructured, but
can weakly interact with the B-sheet forming a transitory third strand. The smaller C-
terminal sub-domain contains one disulfide bond and forms a minor B-sheet made up by
residues 37-38 and 44-45 connected by a turn in region 40. Highly conserved aromatic
residues, Tyr 13, 22 and 29 in hEGF, are close in space and form an aromatic cluster.

The minimal part of EGF that can independently bind the EGF receptor is the peptide
encompassing residues from 20 to 31. This segment includes the N-terminal B-sheet
domain and is considered the most important part for biological function as confirmed by
the loss of activity caused by the disruption of this structure.

As the four loops formed by the three-disulfide bond constraints can be different in
length, the structure of distinct EGF-like domains can present significant differences.
Among all the structures the antiparallel f-sheet between Cys 20 and Cys 31 appear as

the most conserved motif. The other regions show less conserved structures even if the
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position of turns appears to be more regular, which probably explains the importance of
the few highly conserved residues in the EGF-like consensus sequence (38). The EGFE
motif forms a very stable structure that, in the absence of reducing agents, can be
denaturated only under harsh conditions. A study on murine EGF suggests that the
disulfide bond pattern is not the determinant feature in establishing the native fold. The
EGF backbone fold, in fact, might accommodate two disulfide patterns other than the
native one (1-3,2-4,5-6 and 1-3, 2-5, 4-0). Both of them perfectly satisfy the structural
restraints being indistinguishable from the native one. From a kinetic point of view the
native pattern is reached flowing through three groups of highly heterogencous folding
intermediates. Among the five 1-disulfide isomers characterized in the folding pathway
of human EGF, only one presents a native disulfide bond. All other species have non-
native disulfide bonds mostly established between neighboring cysteines. A single stable
2-disulfide 1somer (EGF-II) is considered the main kinetic trap during the folding
reaction, representing more than 85% of the total protein. EGF-I1 is characterized by the
presence of two native disulfides (14-31, 33-42). Nevertheless, the formation of the final
bridge (6-20) is a very slow process and EGF-II can rather accomplish the native state
through non-native 3-disulfide scrambled isomers. EGF and EGF-like modules present
three major peculiar characteristics among other known disulfide rich proteins: (i) The
compatibility of the native structure with different, even non-native, disulfide patterns.
(11) the presence of several non-native isomers along the folding pathway and (iii) the low
sequence similarity within the family. Even if the folding of this peptide has been largely
investigated, it is not possible up to now to draw a comprehensive general description of
the process. Moreover is the driving force that leads such a heterogenic group of proteins

to reach the same disulfide bound pattern and a similar foldremains unclear.



1.3 Disulfide bonds

Cysteine residues in proteins targeted to the extra-cellular environment can undergo an
oxidative reaction to form disulfide bridges. Disulfide bonds constitute a stable constraint
that strongly increase the protein stability, and allow proteins to survive in the
extracellular environment and in harsh conditions like strong acids or boiling (47). The
disulfide bond is not linear and prefers non-planar conformations introducing a peculiar
asymmetry in the protein structure. The distribution of the value of the dihedral angle y3
shows two peaks at —80° for the left-handed disulfides and at +100° for the right-handed
bridges. Conformational parameters like distance between Co. carbons and other dihedral
angles are different in left-handed and right-handed disulfide bridges while the average

distance of the two sulfur atoms is in average of 2.02 A in both conformations.

Figure 1: Structure of disulfide cross-links. Note that the two methylene groups are not in the same plane.
The illustration defines the different dihedral angle in the disulfide bridge.

Cysteine residues not involved in disulfide bridges are generally deeply buried into the
structure respects to the linked that are more accessible by the solvent (48). Free
cysteines are preferentially present in a-elices while residues involved in disulfide bonds
do not show a clear structural preference. Most of the proteins contain an even number of
Cys residues, demonstrating that the disulfide bond formation is the favored condition
(48). Generally proteins present only one disulfide bridge, and the average spacing
between cysteines is of 11 or 16 residues. Small proteins contain a larger number of
disulfide bridges with respect to larger proteins, and peptides up to 50 amino acids do not

contain free cysteine residues.

12



Generally a protein lacking some of its disulfide bonds can maintain its native
conformation even if with a different stability (49). For example, bovine pancreatic
trypsin inhibitor (BPTI) adopts its native conformation even without any one of its three
disulfides (50). Many other proteins show the same behavior and in some cases like the
immunoglobulin domain (51) and TEM-1-lactamase the unique disulfide bond has a

very marginal role in protein folding and functionality (52).

1.3.1 Disulfide bond formation in vivo

Both in eukaryotic and prokaryotic cells, the disulfide bond formation and isomerization
process takes place only in the extra-cytoplasmatic environments while in the cytosol
disulfide bridges are formed only transiently as part of the catalytic cycle of enzymes.

Disulfide bridge formation occurs in vivo in the endoplasmatic reticulum of eukaryotic
cells and in the periplasm of Gram-negative bacteria. In these compartments disulfide
bonds are very stable because the redox couple GSH/GSSG maintains a much more
oxidizing environment in respect to the cytoplasm. It has been observed that even if
performed in the presence of physiological concentrations of GSH/GSSG, the disulfide
bond formation in vitro is much slower than in vivo. The process has been extensively
studied in bacteria where, four proteins named DsbA, DsbB, DsbC and DsbD. are the
crucial elements of the two distinct pathways of disulfide formation and isomerization
(53). DsbA is a small periplasmic protein that belongs to the thioredoxin superfamily.
The members of this family share a typical fold and contain an active site motif: -~ Cys,-
Gly-His-Cys, (54,55) (Fig. 4). The accessible thiol group of Cys; residue can react with
other disulfide bonds as a redox agent. The product is an unstable mixed-disulfide which
can spontaneously give the correct disulfide bond on the substrate protein releasing the
enzyme in its reduced form. Structural perturbations necessary to favour the disulfide
reshuffling are mediated by non-covalent interactions between the target protein and
different domains of the catalyst (56,57). Cys; and Cys, in the active form of DsbA are
linked with a disulfide bridge. The DsbA active site is an electron acceptor which.

receving two electrons from the reduced substrate protein, catalyzes the disulfide



formation. The reduced DsbA is then re-oxidized by DsdB (58) (Fig. 2). DsdB is a
transmembrane protein presenting two periplasmic cysteine pairs located in two different
domains. These two cysteine pairs are the electron acceptor which can oxidize the
catalytic site of DsbA restoring its activity (59). Mutants in the DsbB gene producing an
inactive protein accumulate DsbA in the reduced form and are deficient in disulfide
formation (60). DsbB can finally regain its active oxidized form thanks to a not well-
characterized membrane electron transportation pathway (61). Recent in vivo

experiments demonstrated that disulfide bond formation is strictly related

S S
SH SH .
S S )
) { DsbA
DsbA | © SH
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i‘“ \ ,,\\.
cytoplasm
Figure 2: Schematic representation of the In vivo disulfide bond formation in E. Coli.

to the electron transport chain (60). The entire system relies on NADPH as a source of
reducing equivalents, which is finally produced in the respiration process. We can then
simplify the disulfide bond formation as an oxidation reaction between two cysteine

residues and a molecule of oxygen.

2RSH + 120, —*® RSSR + HyO
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Disulfide reshuffling in bacteria is catalyzed by a number of enzymes, among which a
protein named DsbC is the most important (62). The role of these proteins is to correct
the improper disulfide bonds produced during the process of oxidative folding. In E. Coli
a complex cytoplasmic membrane protein called DsbD is responsible for regeneration of
DsbC (53). DsbD is part of a poorly characterized electron transfer pathway which moves

electrons from the cytoplasm to the periplasm.

SH SH

éy”top lasm

Figure 3: In eukaryotic organisms the oxidative folding takes place in the lumen of the ER. PDI and Erol
are the most important catalyst of the disuifide formation and isomerization processes.

In eukaryotic organisms disulfide formation takes place in the lumen of the endoplasmic
reticulum (ER). Protein disulfide isomerase (PDI) contains two thioredoxin domains and
is considered the most important eukaryotic cathalyst both in disulfide formation and
isomarization. In its oxidized form, PDI has the function of an oxidase for proteins that
are emerging in the ER lumen while the reduced PDI released after disulfide formation
can then catalyze the isomerization of incorrect disulfides. A conserved ER membrane
associated protein (Erol) have been demonstrated to be responsible for the direct
oxidation of PDI playing a role analogous to that of the bacterial periplasmic protein
DsbB (Fig. 3). While in bacteria the oxidative folding is coupled with the molecular
oxygen through the respiratory chain, in eukaryotes Erol uses a flavin-dependent reaction

to exchange electrons directly to the molecular oxygen. This process produces reactive
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oxygen species (ROS) and is supported by an active transport system that imports FAD
into the ER.

Many aspects of in vivo protein oxidative folding remain to be clarified. Very little is
known about the exact mechanisms of electron transfer through membranes and many
elements of the electron transfer pathways are still completely unknown. It is not clear
yet how can PDI accomplish both oxidation and isomerization reactions, two processes

that require a different oxidation state of the catalytic site.

Figure 4: All proteins involved in disulfide-bond catalysis, in eukaryotes and prokaryotes, share a typical
thioredoxin fold. The thioredoxin protein is a ubiquitous redox molecule. It consists in a single domain with
a central five-stranded B-sheet (in red) flanked by four a-elices (in blue). The dithiol/disulfide active site is
constituted by the sequential amino acids Cyss,-Glys3-Pross~Cysss. Cyss, and Cysss are marked in yellow.

1.3.2 Disulfide bond formation in vitro

Oxidative folding experiments are performed in vitro in the presence of a redox couple
that provides a correct equilibrium between reduced and oxidized forms. Generally the
redox potential is generated by Cys/cistine or by reduced/oxidized glutathione
(GSH/GSSG) couples. A thiolate anion of a free cysteine residue reacts with a disulfide
bond of the redox couple forming a mixed-disulfide intermediate between the

polypeptide and the redox reagent. The mixed-disulfide then reacts with another Cys to
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generate a new disulfide bond (Fig. 5). The disulfide of the redox reagent can belong 10
the same protein, in this case it is an intramolecular reaction called disulfide reshuffling.
The reactivity of the thiol group is a fundamental element in disulfide bond formation.
and the pKa value of a thiol determines its degree of ionization and its intrinsic reactivity
at any value of pH. The pKa of a typical cysteine sulfydryl group is about 8.6 and is
strictly related with the chemical environment created, into the protein, in the close
proximity of the sulfur atom. Since the disulfide formation/reshuffling process is
promoted by the nucleophilic attack of a thiolate anion, the reaction rate will increase
with the increasing pH and will be suppressed at acid pH. Non-polar environments and
clectrostatic interactions with nearby charged residues can heavily influence the reactivity

of the thiol group and, thus, the disulfide bond formation (63).

_ -+ +
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Figure 5: Disulfide bond formation and reshuffling occur always through a thiol'disulfide exchange
reaction. The thiolate group is a strong nucleophile that can react with an existing disulfide bond. The
reaction might involve a redox reagent present in solution (GSSG) or a pre-existing disulfide bond of the
same protein promoting, in this second case, a disulfide reshuffling

The course of an oxidative folding reaction is conditioned by other two structural features
proximity and accessibility (64). The accessibility of the disulfide bond by the redox
reagent is a fundamental feature because the disulfide bond formation and reshuffling can
occur thanks to a thiol/disulfide exchange reaction. A disulfide bond located at the
protein surface can be formed rapidly, but thiol groups deeply buried in the structure have
fewer possibilities to react. One the other hand even the opposite reaction of reduction is
slow and disulfides buried in a folded protein are thus very stable. The proximity is
determined by the tendency of the protein to bring the Cys in close approach with the
right orientation during the folding pathway. The possibility for the sulfur atoms of two
Cys residues to come in the correct position to react and form a disulfide bond depends

on the energetic balance of the protein refolding process. Disulfide bonds, in fact.



constraint a intrinsically stable structure and their stabilization effect is, indeed, very
complex depending on the structural environment. The structure perturbations necessary
for the access of the redox agent impose a high free-energy barrier, and consequently the
first step of the thiol/disulfide exchange reaction constitutes the rate limiting step. The
formation of each disulfide bond can be hampered or favoured by the formation of the
former one. The stabilization of a certain structure by a disulfide bond can allow or not
the correct approach between other two thiol groups, can modify the chemical
environment influencing their reactivity or impose a kinetic block burying them in the

protein interior (49).
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1.4 Protein folding

A protein, once synthesized, can correctly fulfill its biological function only if it first
reaches the native conformation. A protein is able to autonomously search and find its
unique native fold because the instructions for this task are included in its own amino
acid sequence. Considering the different conformations that each amino acid residue can
experience, even for a small protein the number of possible states is astronomically large.
We could thus expect a protein to need an infinitive time to randomly find its unique
correct fold. Surprisingly, the experimental observations demonstrate that proteins can
find their way to the native state very quickly end effectively. Most of the single-domain
proteins, in fact, can fold in vitro within a second or, very often, in a much shorter time
(65). \

All possible conformations form a potential energy surface where distinct states have
different energies and are thus not equally probable. It is now accepted that the native
state coincides with the condition of minimum energy and the protein can easily reach it
following energetically convenient paths through a funnel-shaped energy landscape
(66,67).

The classic idea of a specific and precise folding pathway has been replaced by the
concept of the energy funnel where the folding is described as a statistical-based process.
An unfolded protein sample is a heterogeneous population of molecules, each of them
experiencing different conformations within all permitted states (68). According to the
“molten globe” theory the polypeptide chain undergoes a rapid structural collapse led by
the hydrophobic interactions. The resulting compact structure is stabilized by the
formation of the hydrophobic cluster and by an array of specific and non-specific
interactions between different parts of the peptide. This initial step occurs with a loss of
potential energy due to the, on average, stabilizing character of the interactions. The
“molten globe” corresponds with a local minimum of energy where the peptide is trapped
while searching its native interactions. This is a bottleneck, slow step in folding process

(49,69).
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This stage is overcome, with an apparent two-state process, by the formation of a core

structure that allows the system to precede downhill toward the native state (70).
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Figure 1: A schematic energy landscape for protein folding. The surface funnel is derived from a computer
simulation of the folding of a highly simplified model of a small protein. The critical region on a funnel
surface is the saddle point corresponding to the transition state, the barrier that all molecules must cross if
they are to fold to the native state. Superimposed on this schematic surface are examples of structures
corresponding to different stages of the folding process. The structure of the native state is shown at the
bottom of the surface; at the top are indicated schematically some contributors to the distribution of
unfolded species that represent the starting point for folding of individual molecules. Also indicated on the
surface are highly simplified trajectories for the folding of individual molecules. (Adapted from:(69))

If the folding pathway cannot be foreseen for a certain molecule because it is a statistical
process, the energy landscape of a particular protein is self-included information,
determinate by its own amino acid sequence. Distinct molecules of the population will
travel on the same surface following different trajectories since the starting
conformations are different but will all finally arrive at the unique native state (Fig. 1).
The uniqueness of the native folding is due to the fact that the interactions that stabilize

the native state, at the same time strongly destabilize misfolded structures with the same
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sequence. The energy balance that favors the native structure sums up all contributions of’
the free energy function, entropy and enthalpy. Non-polar groups strongly favor the
folded state owing to the hydrophobic effect and van der Waals interactions between their
side chains in the tightly packed core (71). The contribution of polar groups (polar and
charged side chains and peptide groups) is much smaller and its stabilization effect 15 a
balance of interactions inside the protein core and outside with the solvent. The
stabilization of the native state due to the contribution of enthalpy is counterbalanced by
the configurational entropy, which strongly favors the denatured state. The result of these
two contrasting contributions is that the native state of a protein has, in physiological

conditions, a free energy that is only slightly lower than that of the denatured state.

1.4.1 Cotranslational protein folding

An important difference between in vivo and in vitro folding is that /n vivo, during
translation the N terminus of the peptide is available for folding before the C terminus. In
contrast in vitro refolding takes place under conditions where the entire polypeptide 1s
involved, since the beginning, in the reaction. In principle, the N-terminus can fold as it
emerges from the ribosome or as it is translocated into the ER. The successfulness of i
vitro refolding experiments demonstrates that the cotranslational folding is not essential
to obtain a correctly folded protein. /n vivo folding process must be completed only once
the protein is fully synthesized in order to establish multiple highly cooperative
interactions essential to stabilize the tertiary structure. The cotranslational and
cotranslocational folding involves other complex processes like the disulfide bond
formation and the post-translational modifications. The whole process is assisted i/ vivo
by enzymes and molecular chaperons, which are located in the lumen of the ER. Unlike
in vitro refolding of small single domain proteins, the refolding of larger multidomain
proteins in vitro is generally inefficient. Single domains can usually be successfully
refolded individually in an in vitro process, whereas the same domain within the full-
length protein is unable to fold properly. These observations suggest that the folding of

an individual domain may be hindered by unfavourable interactions in the rest of the



protein. The difficulties in refolding large proteins raise the possibility that, the in vivo
folding process of large multidomain protein is promoted by the cotranslational (or
cotranslocational) formation of folded structures. This theory is known as the vectorial
model. It describes the cotranslational folding as a systematic process that proceeds
linearly from the N to the C terminus. Recent researches are shedding a new light on the
cotranslational folding demonstrating that for the low-density lipoprotein receptor (LDL-
R) the folding process does not occur in vectorial manner. LDL-R is a multidomain
protein that reaches its native state passing through misfolded states containing non-
native long-range interactions involving even incorrect disulfide pairings between distant
cysteines. The progression of folding appears to depend on the balance of local and non-
local interactions and to involve a rapid collapse to misfolded states that require re-
organization to reach the native state. In the case of LDL-R and perhaps in other
multidomain proteins, the vectorial model seems to be not the correct one. The protein
does not reach its native state tMough the folding of smaller independent units but
through a rearrangement of the full-length molecule. The capacity of the protein to fold
according the correct frame therefore lies into the different modules. According to the
vectorial theory the independent domains are guided toward the correct structure through
a limited combination of local interactions. On the contrary, in the non-vectorial model,
the modules can attain their correct structure into an array of different folding frames and
log-range interactions. It is not clear if the native structures are selected according to their

kinetic (rapidity of folding) or for their thermodynamic (minimum energy) features.



1.5 Tenascin-C and tenascin family

The tenascin family is composed of three large glycoproteins (~240 KDa) present in the
extracellular matrix and known as Tenascin-C, -R and —X (41). These proteins are
expressed during embryonic development in brain, cartilage, mesenchyme and are re-
expressed in tumors, wound healing and generally, in adult tissues under active
remodeling. Their localization pattern and the high level of conservation in all vertebrate
species suggest that tenascins play an essential role in cell adhesion and motility (42).
Tenascin-C, as the other members of the family, is found in tissues as a disulphide-linked
hexamer called hexabrachion. The Tenascin monomers are modular proteins constituted
of a series of repeated domains. All the members of the family show a characteristic
pattern of four domain types. The 150 amino-terminal residues constitute the distinctive
region that contains the oligomerization domain. Next to it a series of EGF-like domains
each 31-34 amino acids long that can contain from 8 up to 18 modules. Remarkably, this
region 1s encoded by a single exon. The EGF-like array is preceded by an incomplete
EGF module. The next segment is made up by a series of fibronectin type III domains
(FN-III) each of them about 91 amino acids long. A significant characteristic of tenascins
is that splice variants exist for each of the three forms, and are characterized by the
difference in the number of FN-III modules, suggesting that these domains have a
functional role that can be regulatéd by splicing. In TN-C and TN-R, the alternatively
spliced FN-III modules are inserted between domains 5 and 6.

The carboxy-terminal domain, which is highly conserved in TN-C, TN-R and TN-X,
consists of 215 amino acids and is homolog to the C-terminal domain of B and y-

fibrinogen.
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Figure 1: Tenascin C is a modular protein constituted by a series of repeated, independently folding
domains. The number of FN-III domains is variable and distinguish different splicing isoforms.
Alternatively spliced domains are inserted between modules 5 and 6.

One of the most important findings about this protein family is the re-expression of TN-C
in several kinds of tumors. TN-C is largely expressed in malignant breast cancer (43), in
a variety of benign tumors (44,45) and in fibrocystic disease, raising the hypothesis of a
clinical relevance of this protein (46). Very recently, it was demonstrated that specific
EGF-like modules of TN-C can elicit a mitogenic response through the EGFR signaling
pathway (27). EGF-like domains 11/12/13 and 14 of TN-C have been demonstrated to act
as “immobilized” ligands of the EGFR promoting mitogenic activity at a concentration
range between 3 and 0.3 pM. The mitogenic stimulation has been demonstrated even in
the absence of a soluble EGF factor. These data support the hypothesis of an intrinsic
capacity of the EGF-like domains to act as low affinity ligands of the EGF-receptors.
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1.6 Aim of the work

Epidermal growth factor-like domains (EGF-like) constitute a heterogeneous family
characterized by a highly conserved disulfide topology. Beside the invariable disulfide
bond pattern, the length and the amino acid composition within the family is widely
variable resulting in the peculiar capacity of EGF-like modules to adapt different
sequences into the same structure. One of the most important structural features of EGF-
like family is a two-stranded antiparallel B-sheet connected by two disulfide bounds (1-3
and 2-4) with the N-terminal part of the protein. The resulting structure is rather compact
and stable with the cysteine residues involved in disulfide bond closely paired to one
another. The EGF-like domains are present in many different proteins, many of which
belong to the extracellular-matrix and contain several consecutive copies of EGF-like
modules. Human Tenascin-C for example has an array of 14 EGF-like domains whose
correct folding depends on the proper combination of all their 84 cysteines residues. All
modules, in fact, have the typical EGF-like disulfide topology and structure, and all

cysteines have to pair with their correct counterpart within each repeat.

187 EPECPGNCH.LRGRCIDGQCICDDGFTGEDCS EGF-1
QLACPSDCN.DQGKCVNGVCICFEGYAGADCS EGF-2
REICPVPCSEEHGTCVDGLCVCHDGFAGDDCN EGF-3
KPLCLNNCY . NRGRCVENECVCDEGFTGEDCS EGF-4
ELICPNDCF.DRGRCINGTCYCEEGEFTGEDCG EGF-5
KPTCPHACH.TQGRCEEGQCVCDEGFAGLDCS EGF-6
EKRCPADCH.NRGRCVDGRCECDDGFTGADCG EGF-7
ELKCPNGCS . GHGRCVNGQCVCDEGYTGEDCS EGF-8
QLRCPNDCH.SRGRCVEGKCVCEQGFKGYDCS EGF-9
DMSCPNDCH . QHGRCVNGMCVCDDGYTGEDCR EGF-10
DRQCPRDCS .NRGLCVDGQCVCEDGEFTGPDCA EGF-11
ELSCPNDCH .GQGRCVNGQCVCHEGFMGKDCK EGF-12
EQRCPSDCH.GQGRCVDGQCICHEGFTGLDCG EGF-13
QHSCPSDCN.NLGQCVSGRCICNEGYSGEDCS 621 EGF-14

* * * * % *

Figure 1: Sequence alignment of the 14 EGF-like sequence domains of Tenascin-C
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The aim of this work is to contribute to understand which are the determinants that drives
such a multidomain protein in its correct folding frame. In order to simplify the system
under study we synthesized a serie of 6 peptides of 33 amino acids containing 6 cysteine
residues. Each peptide corresponds to a part of the tenascin sequence spanning from
residue 560 to residue 622 that accomodates EGF-like modules 13 and 14. Starting with
the EGF-like 14, the sequence of the peptides is obtained sliding the 33 amino acids
reading frame by one cysteine at the time toward the N terminal of the protein. In this

way all peptides contain 6 cysteines differently spaced on a native EGF-like amino acid

sequence.
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EQRCPSDCHGQGRCVDGQCICHEGFTGLDCGQHSCPSDCNNLGQCVSGRCICNEGYSGEDCSE
GQHSCPSDCNNLGQCVSGRCICNEGYSGEDCSE £l

EGFTGLDCGQHSCPSDCNNLGQCVSGRCICNEG £2
ICHEGFTGLDCGQHSCPSDCNNLGQCVSGRCI £3
DGQCICHEGFTGLDCGQHSCPSDCNNLGQCVSG f4
HGQGRCVDGQCICHEGFTGLDCGQHSCPSDCNN £5
SDCHGQGRCVDGQCICHEGFTGLDCGQHSCPSD fo

Figure 2: Sequence of the peptide under study and their position into the EGF-13 and EGF-14 modules

Our approach intends to investigate whether the native EGF structure is favored by the
kinetics of the folding process or rather if are the structural elements (cysteine spacing)
that impose a unique possible fold. The model simulates a multidomain system and
permits to compare folding process of a native in frame EGF with that of the frame

shifted peptides, forced to an out-of-frame misfolding.
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2 Materials and Methods

2.1 Synthesis of EGF-14

The difficulty of the synthesis was initially assessed with the Peptide Companion
software and through consultation of the bibliography regarding the synthesis of similar
peptides. It was thus decided to carry out the synthesis of EGF 14 (Swiss-Prot

TENA HUMAN) automatically with the PS3 Protein Technology synthesizer available
in our laboratory. The 33 amino acids peptide was build on 350 mg of TentaGel S PHB-
Glu(t-Bu)Fmoc resin with a substitution of 0.2 mmol/g to obtain a 0.07 mmol synthesis
scale. The standard Fmoc-based strategy was employed. The incoming Fmoc-protected
amino acids were used in 4 molar excess with respect to the original resin substitution.
The final concentration of the protected amino acid in the reaction mixture was 0.3 M.
The uronium salt activator TBTU was chosen as coupling reagent and used in 1:1 ratio
with the protected amino acid. The neutralization of the reaction mixture was achicyved
with N,N-Diisopropylethylamine (DIEA) used in 8 molar excess with respect to the
growing peptide. All coupling reactions took place in DMF and were carried out at room
temperature for 45 minutes until the residue Cys16. Reaction times were then prolonged
to 1.5 h for the remaining amino acids. This strategy was followed to compensate the
increasing difficulty of amino acid incorporation consequent to the aggregation tendency
of larger peptides.

A different procedure was adopted for the introduction of Cys residues in order to avoid
racemisation. N-o-Fmoc-S-trityl-L-cysteine pentafluorophenyl ester [Fmoc-Cys(Tr1)-
OPfp] building blocks were manually added in DMF/DCM (3:1 v/v) solution at Cys
positions. Coupling reactions with Fmoc-Cys(Trt)-OPfp were carried out for two hours at
room temperature to compensate for the low reactivity typical of preformed active esters.
The Fmoc cleavage was achieved after each successful coupling with a double reaction of
5 minutes each. For the deprotection reaction a 20% piperidine, 0.1M HoBt solution was

used.
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Once the synthesis was complete, the protected peptide-resin was washed with DCM,
dried and stored at 4 °C. The cleavage reaction proceeded for 2 h at room temperature in
90% (v/v) TFA, 5% (v/v) EDT, 2.5% (v/v) TIS, 2.5% (v/v) water and 0.5 M phenol. The
reaction mixture was then filtered in order to separate the insoluble resin from the
solution containing the peptide and the scavengers. The solution was purged with a
nitrogen stream, evaporated in vacuo and the pellet dissolved in water. The scavengers
were removed from the aqueous solution by mean of five extractions with 8 volumes of

diethyl ether. The peptide solution was finally freeze-dried and stored at 4°C.

2.2 Manual synthesis of frame-shifted peptides

Whereas the synthesis of an egf-like peptide is a well-established procedure, the
preparation of the frame-shifted products was actually new and difficulties could only
partially be assessed referring by similarity to the EGF-like peptides. We thus decided to
synthesize simultaneously the 5 frame-shifted peptides using a manual procedure. With
this procedure the formation of deletion products originated by unexpected difficult
couplings can be minimized. In Manual synthesis the completeness of each synthesis step
can be verified before the incorporation of the next amino acid. Moreover, in a manually
performed synthesis, different peptides can be prepared at the same time significantly
reducing the time required. The peptides were built on TentaGel-S-PHB solid supports
derivatized with the proper Fmoc protected amino acids. The coupling reactions were
performed with a 4 molar excess of Fmoc protected amino acids, with respect to the
growing peptide, and the same excess of activator reagent (TBTU). The coupling reaction
took place in DMF in the presence of 8 equivalents of DIEA for 1 h at room temperature.
The completion of each coupling reaction was proved with the Kaiser assay. This is a
sensitive colorimetric test that reveals the presence of free amines in the growing peptide
if an incomplete acylation reaction occurred (72). A second coupling reaction was
attempted, if revealed necéssaryr by a positive result of the Kaiser’s test. 'Strrdnger
coupling reagents like PyBop or HATU were employed in the second reaction. Fmoc

protecting groups were removed by a 20% (v/v) piperidine solution in DMF. HOBt was
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added in 0.1 M concentration to the deprotection solution to minimize the occurrence of
aspartimide formation.

Even for these peptides the incorporation of Cys residues was achieved employing the
activated ester of the amino acid. Fmoc-Cys(Trt)-OPfp was used in the first acylation
reaction, which was carried on for 2 h at room temperature. The double coupling
procedure was systematically adopted for Cys residues. In the second coupling reaction
Fmoc-Cys(Trt)-OH building block was used with TBTU as coupling reagent and 2,6-
dimethylpyridine as weak base to minimize racemization.

After the first Cys residue of each peptide a capping reaction was performed. This step
was introduced to block the growth of deletion products on unfunctionalized binding sites
on resin support. Capping was repeated twice at room temperature with a 0.5M Ac,O,
0.125M DIEA and 0.2% (w/w) HOBt solution in NMP.

In peptide f3, two extra amino acids have been added (Ser at the carboxyl and Ala at the
amino terminal) to prevent a cysteine residue to be located at the N/C terminus of the
peptide. Such a position might affect the possibility to interact with other Cys residues to
eventually form disulfide bonds. The proximity of the thiol group with the terminal
charge can modify its reactivity. At the same time the N/C charge can influence, by
electrostatic attraction or repulsion, the approaching with other Cys residues. Finally, a
terminal Cys is much less sterically hindered with respect to an internal one; the major
accessibility can favour the disulfide bond formation. Alanine and Serine were chosen
because supposed to cause limited perturbations of the physico-chemical characteristics
of the peptide. Once the synthesis was completed the product was cleaved/deprotected
with TFA following a standard protocol, extracted six times with diethyl ether and finally

freeze-dried. Detailed records of the syntheses are reported in Appendix A.

2.3 Peptide purification

The crude egf-14 and f5 peptides were purified by RP-HPLC on a Gilson
chromatographic apparatus using a PrePak Cartridge 25 x 100 mm C-18 (Agilent) cast on

a PrepLC Universal Base apparatus (Waters) with a linear gradient of triethylammonium
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acetate buffer (25 mM, pH 7) and triethylammonium acetate buffer (25 mM, pH 7) in
water/MeCN 1/9 (v/v). The peptides were further purified and desalted. This was
achieved through a second RP-HPLC on the same Gilson chromatographic apparatus
with a Zorbax 300SB-C18 9.4 x 250 mm column (Agilent). Samples were eluted with a
linear gradient of water/TFA 0.1 % (v/v) (buffer A) and MeCN/TFA 0.1 % (v/v) (buffer
B).

Preparative HPLC of frame-shifted peptides {2, f3, f4 and f6 were carried out with the
same chromatographic apparatus (Gilson) with a PrePak Cartridge 25 x 100 mm
(Agilent) and Zorbax 300SB-C18 9.4 x 250 mm (Agilent) columns. For these peptides a

linear gradient of buffer A and buffer B was used.

2.4 Folding and purification of EGF-14

The crude EGF-14 peptide prepared as previously described underwent a large scale
folding process. The pure peptide was desalted by a RP-HPLC (see above) with a
H>O/MeOH/0.1% TFA buffer system and then freeze-dried in the presence of NaOH in
order to remove traces of TFA. Lyophilised EGF-14 was dissolved in acidic water
solution (0.01% TFA) to prevent disulfide formation and then diluted 10 times in the
refolding buffer (0.1 M ammonium acetate, 2 mM EDTA, Cys/cystine 20:1 (w/w). pH
8.5) previously purged with a nitrogen stream. The final peptide concentration was 50
mg/L while the molar ratio between peptide cysteines and the cystine in the redox couple
was 1:10. The folding reaction was carried out over night at room temperature even if
HPLC-MS controls demonstrate that the process was complete after 2 hours. The folded
EGF-14 was finally purified by preparative RP-HPLC with a C-18 PrePak Cartridge 25 x
100 mm (Agilent) on a Gilson chromatographic apparatus. Folded EGF-14 was eluted
with a linear gradient of buffer A and buffer B and finally lyophilised.
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2.5 Time course folding experiments

After purification by HPLC, the reduced and lyophilized peptides (egf-14 and £2-f6) were
dissolved in an acidic water solution (TFA 0.01% (v/v)) in order to prevent, with the low
pH, an uncontrolled rearrangement of the disulfide bonds. The time-course folding
experiment is started diluting the reduced peptides 10 times in the refolding buffer (0.1 M
ammonium acetate, 2 mM EDTA, Cys/cystine 20:1 (w/w), pH 8.5). In order to eliminate
the oxygen, which can alter the redox potential of the solution, the refolding buffer is
previously flushed for 10 minutes with a nitrogen stream. The molar ratio between the
peptide cysteines and the cystine of the redox couple in the refolding buffer was 1:10.
Comparable amounts of each peptide, estimated by HPLC-UV detection at 214 nm, were
used in the time course refolding experiments that took place at room temperature in a
final volume of 5 mL. Aliquots of the reaction mixtures were quenched at selected times
(2.5, 5, 10, 15, 20, 30, 40, 60, 90, 120 min, 4 h and 24 h) by acidification with TFA (2%
(v/v) final concentration) and immediately stored at —80 °C. The folding progression was

then monitored by LC-MS (see Mass spectrometry section).

acid quenching at the selected
times

% HPLC
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. ESl-mass
‘ > ) > spectrometry
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Freeze-dried Fefolding buffer > % sy UV detection
peptide CH3;COONHy4

dissolved in
acidic cys/cyss S % N
conditions pH=8.5
disulfide formation
no | yes ] no no

Figure 2: Schematic representation of the time-course refolding experiment. The oxidative state of the
cysteine residues is shown in the lower panel
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The final products from the folding reactions of egf-14, f5, and f6 were purified by RP-
HPLC using a Zorbax 300SB-C18 (4.6 x 150 mm, 3.5pm) column by means of the same
buffer system (buffers A and B).

2.6 Disulfide bond topology

The assignment of the disulfide bond pattern was achieved by the analysis of the
fragments produced by digestion with properly chosen endoproteinases. The initial
hypothesis for the egf-14 peptide was a set of disulfide bridges typical of egf-like
domains. The digestion strategy was then set up to verify or discharge the starting
assumption.' Egf-14 was first treated with thermolysin. 40 pg of the purified peptide were
dissolved in 250 pl of 10 mM sodium borate buffer (pH 6.0) and incubated at 37°C for 2,
5 and 12 hours. The reactions were carried out with two different enzyme/substrate ratios
(1:3 and 1:10 w/w). In order to unequivocally assign the disulfide topology, a second
digestion was necessary. A part of the digest (enzyme/substrate 1:3, 12h) was then
adjusted to pH 6 with sodium phosphate buffer and AspN endoproteinase was added to
perform the second cleavage, and the reaction mixture was incubated for 12 h at 37 °C. In
both sets of digestions, reactions in absence of substrate and in absence of enzyme were
contemporarily performed as controls. Digestion mixture were analysed by RP-LC-MS
using a Zorbax 300SB C18 column (1.0 x 150 mm, 3.5 pm, Agilent). Different linear
gradients and MS parameters were employed in order to optimize the methodology
according to the specific conditions. Prediction of digestion products was obtained using

ProMAc (Applied Biosystem) and Sherpa light 4 (73) Macintosh based software.
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2.7 Circular dichroism spectroscopy

The secondary structure of folded EGF-14 and of the main folding products of f5 and f6
was investigated by Circular Dichroism spectroscopy. Samples were prepared dissolving
the lyophilized peptides in 500 pL of milly Q water. CD spectra were recorded on a Jasco
J-810 spectropolarimeter using 0.1 cm and 1 cm quartz cuvettes. CD spectra of f5b and
f6b were recorded between 250 and 190 nm (0.1 cm cuvette) and between 350 and 250
nm (1 cm cuvette); CD spectra of f5a and f6a were recorded between 250 and 190 nm in
a 1 cm cuvette. CD spectra of native egf-14 were recorded between 250 and 190 nm
using a 0.1 cm cuvette and between 350 and 250 nm with the same path-length and a 5X
solution. For each sample, five scans were acquired, with a scan speed of 10 nm/sec and
the baseline subtracted from the raw spectra. The molar ellipticity was calculated from
the CD signal intensity (mdeg) divided by ¢ x 1, where ¢ is the concentration (M) and |
the path length (cm). Peptide concentration was determined by amino acid analysis and

UV absorption at 215 nm.

2.8 Amino acid analysis

The concentration of the samples analysed by CD were estimated with the amino acid
analysis methodology. For this procedure a PICO-TAG Amino Acid Analysis System
(Waters) was employed following the suggested standard protocol. Lyophilised peptides
were hydrolysed under HC] saturated atmosphere for 1 hour at 150 °C in presence of
crystals  of  phenol.  Samples were dissolved in  re-drying  solution
(ethanol/water/triethylamine, 2/2/1 (v/v)) and lyophilised again. This procedure was
repeated twice in order to reach the basic pH required by the derivatization reaction.
Derivatization solution (PITC/EtOH/TEAfwater in ratio 1/7/1/1 by volume) was added in
the vials and the reaction let to proceed at room temperature for 20 min. Samples are then

freeze-dried and stored at -80 °C. RP-HPLC analyses were carried on with a gradient of

acetonitrile in Na-acetate buffer (pH 6.4) with a PICO-TAG column thermostated at 46




°C operating with a Gilson 306 pump system. UV detection was set at 254 nm. The
amount of the amino acids was calculated referring to a calibration curve obtained with a

commercial standard mixture of 19 amino acids (Fluka). The measurement of the peak

areas was performed with the Gilson UniPoint software.




3 Results

3.1 Peptide synthesis

The purity of the crude products was estimated by RP-HPLC with UV detection at 214
nm. LC-MS analysis confirmed, for all peptides, the correspondence between the
molecular weight assigned to the main chromatographic peaks and that of the expected
products (Tablel). Side products originated by piperidine transamination are the most
common contaminants heavily affecting particularly the synthesis of peptides f5 and 6.
Other side products are mainly due to deleted peptides originated by not-quantitative
incorporation reactions. Among them, des-Cys peptides were particularly frequent.

Products of Cys racemisation were not observed.

peptide | method yield purity final yield expected mass | observed mass
(%) (%) (%) (Da) (Da)

egf-14 a 85.5 66.4 56.7 3451.2 3452.0

2 m 84.6 46.5 39.3 3483.4 34843

3 m 86.1 441 38.0 3398.3 3398.0

f4 m 86.5 58.6 50.7 3327.3 3328.0

f5 m 83.4 48.3 40.3 3477.3 3478.7

f6 m 83.1 25.0 20.7 3451.3 3451.5

Table 1: Peptide synthesis. Synthetic method (a, automatic; m, manual), yield (%) of the crude deprotected
peptide as estimated by weight; purity (%) of the crude deprotected peptide as estimated by HPLC; final
yield (%); expected and observed average molecular mass (Da) of the reduced, purified peptide.

The employment of proper separation strategies (see materials and methods) permitted

the recovery of the peptides with a purity ranging from 95 to more then 99% (Table 2).
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Peptides Final Purity
EGFf1 >99%
2 99%
3 99%
4 99%
f5 99%
f6 >95%

Table 2: Purity of the peptides after RP-HPLC purification.
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Figure 1: RP-HPLC profiles of crude peptides accomplished by UV detection at 214 nm. The stars indicate

the peaks of peptides f5 and 6
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3.2 Oxidative folding

The purified, lyophilized peptides were refolded in the presence of the Cys/cystine redox

couple as previously described. The time course of the refolding kinetics was followed by

LC-MS (Fig. 3 and Fig. 4).
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Native

® 2.5 min
£ )
N 10 min
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Figure 3: Oxidative folding. HPLC profiles of oxidative folding reactions, of peptides EGF14, {2 and 3 as

detected by UV at 214 nm, of the different peptides at selected refolding times. The peak corresponding to
the initial, fully reduced form is marked by the name of the peptide.
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Figure 4: Oxidative folding. HPLC profiles of oxidative folding reactions, of peptides 4, f5 and f6 as
detected by UV at 214 nm, of the different peptides at selected refolding times. The peak corresponding to
the initial, fully reduced form is marked by the name of the peptide.




a
o £3
a
f4
b
2 5
b
a

o 6
1 i 1 N 1 ¥ 1
0 10 20 30

HPLC retention time (min)

Figure 5: Equilibrium mixtures. HPLC profiles of the oxidative folding reactions after 24h. Detection was
performed at UV at 214 nm.

LC-MS was used to monitor the formation of disulfide bonds from the loss of 2 amu in
molecular mass for each disulfide formed, while HPLC was used to measure retention
times and quantify the decrease of the starting product by UV detection at 214 nm.

Experiments showed that the reduced peptides convert rapidly in a mixture of 1 and 2-



disulfide products, which undergo a slower oxidation and reshuffling to give several 3-

disulfide isomers in frame-shifted peptides, while egf-14 gives a unique product.
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Figure 6: Oxidative folding kinetics. Panel A, disappearance of the starting product (%, area of the initial
reduced form with respect to the total integrated area) for egf-14 (blue), f2 (green), f3 (red), f4 (light blue),
£5 (black), f6 (orange). Panel B, formation of three-disulfide species (%, area of the three-disulfide species
with respect to the total integrated area) for egf-14 (blue), f2 (green), f3 (red), f4 (light blue), f5 (black), f6
(orange); different species (a, b) originating from the same peptide are shown as empty and filled triangles,
respectively. Oxidative folding kinetics were followed by HPLC and UV detection at 214 nm
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Under the described refolding conditions, efg-14 was rapidly oxidized and in two hours
almost completely transformed into a unique 3-disulfide species. On the contrary, the
oxidative folding of frame-shifted peptides f2-f6 resulted in a complex mixture of
oxidized isomers in all cases (Fig. 3 and Fig. 4).

The equilibrium pattern was reached for all peptides within 24 h (Fig. 5) and after this
time changes in the relative abundance of the species or formation of new products were
not observed (Data not shown). The LC-MS analysis confirmed that all products in the
final mixtures are 3-disulfide isomers. The quantitative aﬁalysis of the HPLC profiles
showed that the rates of disappearance of the reduced forms are similar but not identical
(Fig. 6, Panel A). A three-parameter exponential fit of experimental data (R > 0.99) gave
an apparent rate constant value of 0.54 min ' for egf-14, and values in the range 0.22-
0.26 min ~' for f3-f6; the fit for f2 was less good, but still gave a value that is smaller then
that obtained for egf-14. A noteworthy difference in the rate of formation of 3-disulfide
peptides was also observed (Fig. 6, Panel B).

I ox

N >

I OX

I red [ red

Tn HPI C retention time

Figure 7: We define R as the ratio between the retention time of the oxidized species (r .,) and that of the
reduced one (I ). Chromatograms relative to EGF14 are shown in the picture.

Egf-14 reached its fully oxidized form faster than the other peptides as demonstrated by
LC-MS. A further difference between egf-14 and the frame-shifted peptides is
represented by the change in the HPLC retention time (RT) going from the reduced to the
oxidized species. The final product of egf-14 oxidative folding has a RT that is
considerably shorter with respect to the reduced species (reduced form, 21.6 min;
oxidized form, 7.7 min) (Fig. 7), while for frame-shifted peptides most products show RT
values only slightly smaller than that of the corresponding reduced peptide. Only in the
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case of f5 and 6, the RT of one of the final products is significantly reduced compared
with the starting product. To quantitatively compare the behaviour of the different
peptides, the chromatographic parameter R, defined as the ratio between the retention
time of the oxidized product (r,x) and the retention time of the reduced peptide (r;q) was

chosen. As shown in figure 8, egf-14 displays the lowest R-value (Fig. 8).

peptide RT,eq (min) | RTo, (min) | ART (min) R
caf-14 21.6 77 13.9 0.36
fa 21.6 71 0.75
2 287 £2b 22.3 &4 0.78
3 277 23.0 47 0.83
7 263 207 5.6 0.79
f5a 12.3 105 0.54
5 228 £5b 18.2 4.6 0.80
f6a 12.6 10.6 0.54
6 2 f6b 18.0 52 0.78

B S

I Ecrre

| EGFf5
EGFf4
_|EGFRB
; [EGFf2
| EGFR2
EGFlike
0 0.2 0.4 0.6 0.8 1 j

Figure 8: Values of the R parameter reported for the most represented reduced species of the different
peptides. Table A reports the HPLC retention times. Retention times of the reduced (RT,.4, min) peptides
and of the main three-disulfide species (RT,,, min); difference in retention times of the reduced and
oxidized forms (ART, min) and selectivity parameter (A defined as RT,/RT,q) for three-disulfide species.
Panel B shows R values expressed in diagram.

3.3 Disulfide topology assignment

The determination of the disulfide bond topology was addressed with the peptide
mapping methodology tailored on the peptide sequence and potential topology of
disulfide bonds. Egf-14 was digested first by thermolysin. From the digestion two
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peptides were obtained, with molecular mass of 1403 and 2097 Da, respectively. The
former product confirms the disulfide bridge between Cys22 and Cys31. The 2097 Da
peptide, on the other hand, could not give an unequivocal answer about the two
remaining bridges, which could be either Cys4-Cysl9/Cys8-Cysl4 or Cys8-Cysl9/Cys4-
Cysl4. The 2097 Da peptide was therefore treated over night with AspN endopeptidase.

— _
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— |

X X X
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|
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o L) \ww Jf X’\/‘ vl WMMJKMVMN

Figure 9: Peptide mapping strategy to determine the disulfide topology of egf-14. The thermolysin
digestion confirms the 5-6 disulfide bridge but can not unambiguously define the topology of the first two
bridges (Panel A). Proteolytic digestion is monitored by LC-MS (Panel B).

minutes
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The reaction gave two fragments of 810 and 985.1 Da. This result unambiguously defines
the Cys4-Cysl9/Cys8-Cysl4 combination (Fig. 10). The experiment thus confirms that the
egf-14 from human tenascin has a disulfide topology typical of EGF domains (1,3-2,4-
5,6).

[ 1
GQHS(‘P#)('NN LGOC  VSGRC

1 AspN

l GOQHSCPS LGOC
I | b L -

]

DCNN VSGRC MW=810.5
MW=985 .1 &
A |
an s st A A derbh ot Ao a WA L. PV NSO, | S GV WSO S
minutes

Figure 10: The 2097 MW fragment obtained by thermolysin digestion is treated with endoproteinase AspN
and the digestion reaction is monitored by LC-MS. The reaction gave two fragments of 810.5 and 985.1
Da. This result unambiguously defines the Cys4-Cysl9/Cys8-Cysl4 combination. The experiment thus
confirms that the egf-14 from human tenascin has a disulfide topology typical of EGF domains (1,3-2,4-
5.6).

3.4 Circular dichroic spectra

The CD spectrum of egf-14 is dominated by a negative band in the far-UV region (F ig.
11). This band has its minimum at 200 nm, a shoulder at 215 nm and is going to zero at
~190 nm. Two additional much weaker positive bands can be observed in the far-UV at
~235 nm and in the near-UV at 270 nm (Fig. 11B). The CD spectra of f5b and f6b
(Figl1. A) are also dominated by the negative band at 200 nm and resemble that of egf-
14, but the shoulder at 215 nm and the positive bands are missing; on the contrary, the
CD spectrum of fobb is slightly negative at ~270 nm, and the intensity of this band is
roughly four times weaker then that of egf-14. The CD spectra of f5a and f6a could be
recorded only in the far-UV region. F5a has two very weak negative bands at 205 and
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230 nm, while the spectrum of f6a is characterized by a weak negative band shifted at
215 nm.

The positive CD band in the spectrum of egf-14 in the 250-300 nm region can arise both
from the contribution of the only Tyr present and from the disulfide bonds. F5b and f6b
do not contain any Tyr but one Phe instead, which does not contribute significantly to the
adsorption beyond 270 nm. The weak negative band displayed by f6b in this region might
then arise from a partial order in the disulfide bonds. On the contrary, 5b does not show
any optical activity in this range, suggesting that the disulfides are flexible.

The positive band at 230 nm in the far-UV CD spectrum of egf-14 can also arise from the
contribution of Tyr. This band is not present in the spectra of the frame-shifted peptides.
The other bands in this region are mainly dictated by the electronic transitions of the
backbone chromophores and are sensitive to the presence of secondary structure
elements. A qualitative analysis of the spectra suggests the absence of helical structure,
and a dominant component of irregular structure in all the peptides.

A quantitative analysis of secondary structure content was carried out using different
methods (SELCON3, CONTINLL, CDSSTR, K2D). These CD spectra analysis
programs did not produce satisfactory results in all cases. This is not surprising, given
that in such small, disulfide rich peptides containing relatively little regular secondary
structure, the contribution of side chains to the overall CD spectrum can be significant.
The amounts of B-sheet, turn, and unordered structure found by these methods are in the

range 25-35%, 15-20%, 40-65%, respectively, with no or negligible amounts of a-helix.
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Figure 11: CD spectroscopy. CD spectra (mean residue ellipticity, Oy, deg cm’ dmol™) in the far-UV (190-250 nm, A) of
egf-14 (black), f5b (red), f6b (blue), f5a (orange) and féa (light blue) and in the near-UV (250-350 nm, B) of egf-14 (black),
£5b (red), f6b (blue).
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4 Discussion

4.1 The “frame-shift” approach

Proteins targeted to the extra-cellular environment can contain several tandem cysteine-
rich domains, and the correct pairing of cysteines to form disulfide bridges is critical to
reach the final native fold. In principle, two different factors can determine the pairing of
cysteines to give disulfide bonds in multi-domain proteins: the topology of the disulfides
within each repeat, and the frame along which this topology is repeated over the amino
acid chain. Human tenascin contains 14 EGF-like repeats, for a total of 84 cysteines that
need to be correctly paired to form, within each repeat, the 1-3, 2-4, 5-6 disulfide bond
pattern that is characteristic of EGF modules. An incomplete EGF-like module 13 amino
acids long and with 3 cysteine residues precedes the first EGF-like domain.
Consequently, different frames are possible according to the cysteine chosen as the first
(Fig.1). The tandem repeats have thus an “‘arbitrary” starting point that determines its
folding frame. In principle the EGF-like module can be slid upward or downward
obtaining different folding frames all composed of 33 amino acids modules containing 6
cysteines each. Nevertheless, there is a unique folding frame, which is determined by the
spontaneous tendency of the modules to fold according to the EGF-like structure. To look
into the factors that drive the consecutive modules to fold within this unique correct
structural frame, we devised a simple model system that could be studied in detail by
physico-chemical methods. In this approach, six peptides were selected using a window
that corresponds to the average length of tenascin EGF repeats and sliding this window
over the sequence of tenascin EGF repeats 13 and 14 (residues 560-622) by one cysteine
at each step. The peptide sequences where choosen in order to minimize differences other
than the cysteine spacing. We obtained six peptides that are all 33 residues long, contain
six cysteines, and bear a partial overlap in the sequence (Fig. 2). The cases where a
cysteine residue is located at the terminal position were avoided in order not to modify its

reactivity. In peptide f3 it was necessary to add two extra amino acids. Alanine and
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Serine were chosen to minimize physico-chemical perturbations. While the first peptide

corresponds to the

107 [ezecelncatrsre TG0 TennaETaRRCSbrACR bbeNboGKCYIGYE

ICFEGYAGADCSREICPVPCSEEHGTCVDGLCVCHDGFAGDDCNKPLCLN
NCYNRGRCVENECVCDEGFTGEDCSELICPNDCFDRGRCINGTCYCEEGF
TGEDCGKPTCPHACHTQGRCEEGQCVCDEGFAGLDC SEKRCPADCHNRGR
CVDGRCECDDGFTGADCGELKC PNGCSGHGRCVNGQCVCDEGYTGEDCSQ
LRCPNDCHSRGRCVEGKCVCEQGFKGYDC SDMSC PNDCHQHGRCVNGMCV
CDDGYTGEDCRDRQCPRDC SNRGLCVDGQCVCEDGFTGPDCAELSCPNDC
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Figure 1: Human tenascin contains 14 EGF-like repeats, for a total of 84 cysteines that need to be correctly
paired to form, within each repeat, the 1-3, 2-4, 5-6 disulfide bond pattern that is characteristic of EGF
modules consequently, different frames are possible according to the cysteine chosen as the first. The
correct folding frame is shown in red.

native egf-14 repeat, the others are frame-shifted EGF repeats displaying a different

pattern in the cysteine spacing. The oxidative folding of frame-shifted peptides simulates,

in a way, the mispairing that would occur whether inter- rather then intra-repeat disulfide

bonds form. In other words, we forced misfolding to occur within short peptides that

nevertheless maintain their native sequence.
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Modules 13 and 14 were chose among the others mainly because EGF-like 14 was
demonstrated to present biological activity (27). Moreover, the boundaries of the tandem
repeats are defined at its C-terminal part by a fibronectin type-III module while, as
mentioned before, at its N-terminus an incomplete EGF-like module introduces

uncertainty in the experimental model.
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EQRCPSDCHGQGRCVDGQCICHEGFTGLDCGQHSCPS DCNNLGQCVSGRCICNEGYSGEDCSE
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EGFTGLDCGQHSCPSDCNNLGQCVSGRCICNEG f£2
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Figure 2: Sequence of the peptide under study and their position into the EGF-13 and EGF-14 modules

4.2 Oxidative folding

Because the EGF repeat is one of the most commonly employed building block in extra-
cellular proteins, we wondered if there might be a kinetic reason that largely favors the
correct formation of disulfide bonds within the same EGF repeat, or in other words, if the
EGF-type repeats are so successful in respect to all other possible arrangements of
disulfide patterns because they are stable, fast folding modules. Experimental results at
least partially support this hypothesis. Although the disappearance rates of the reduced
frame-shifted peptides, including egf-14, are all within the same order of magnitude, the
folding of egf-14 is indeed faster (Fig. 3). Moreover, the frame-shifted peptides only
slowly evolve towards three-disulfide species, and remain trapped in a series of products,
while egf-14 is quickly finding its pathway to the native form, which within 2 hours is the

major species. Both kinetic and thermodynamic factors are therefore favoring the EGF-
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like topology, determining a preferential “folding frame™ in the cluster of highly repeated

domains.
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Figure 3: Oxidative folding kinetics. Panel A, disappearance of the starting product (%, area
of the initial reduced form with respect to the total integrated area) for egf-14 (blue), f2
(green), f3 (red), f4 (light blue), f5 (black), f6 (orange). Panel B, formation of three-disulfide
species (%, area of the three-disulfide species with respect to the total integrated area) for egf-
14 (blue), 2 (green), {3 (red), f4 (light blue), f5 (black), f6 (orange); different species (a, b)
originating from the same peptide are shown as empty and filled triangles, respectively.
Oxidative folding kinetics were followed by HPLC and UV detection at 214 nm

4.3 Peptide structure

Detailed structural studies of frame-shifted peptides have been hampered by the
complexity of the mixtures obtained in the oxidative folding studies, and by the small
quantities of three-disulfide species that could be recovered. Our efforts pointed towards
the characterization of those products that represented a major species in the mixture, that
were well separated in HPLC chromatograms, and that displayed a large difference
between the retention time of the reduced and fully oxidized specie (f5a, f5b, f6a, f6b)
(Fig 4). The latter was considered an important indication of effective burial of

hydrophobic residues upon folding, with the formation of a relatively compact structure.
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Figure 4: Equilibrium mixtures. HPLC profiles of the oxidative folding reactions after 24 h. Detection was
performed at UV at 214 nm. The species isolated for structural studies are labeled with letters a and b.

Peptides with hydrophobic residues deeply buried into the structure expose to the external
environment a much more hydrophilic surface. This improves the solubility in buffer A
with a consequent reduction of the RP-HPLC retention time. A similar behavior can be
promoted by a “crossed” disulfide topology of the EGF type (1,3-2,4-5-6) or equivalent,
while a linear arrangement of disulfides (1,2-3,4-5,6) is less likely to produce compact
structures resulting in products with retention times similar to that of the totally reduced
forms. CD studies suggest that the products of the oxidative folding of frame-shifted
peptides (f5a, f5b, f6a, fob) are highly flexible in solution and only partially structured. In
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contrast, egf-14 displays the CD spectra characteristics of a compact globular domain.

These results have been confirmed even by NMR studies (Fig. 5)(74).
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Figure 5: CD spectra (mean residue ellipticity, fyg, deg cm” dmol™) in the far-UV (190-250 nm, A) of egf-
14 (black), f5b (red), f6b (blue), f5a (orange) and féa (light blue) and in the near-UV (250-350 nm, B) of
egf-14 (black), f5b (red), féb (blue). CD studies suggest that the products of the oxidative folding of frame-
shifted peptides (f5a, f5b, f6a, f6b) are highly flexible in solution and only partially structured. In contrast,

egf-14 displays the CD spectra characteristics of a compact globular domain.

4.4 Relevance to folding in vivo

The folding in vivo of an extra-cellular protein containing disulfide rich domains, the
low-density lipoprotein receptor, has shed new light on the folding process in the living
cell (75). In contrast to the commonly assumed “vectorial” model, in which domains in a
multi-domain protein would fold independently and sequentially from the N- to the C-
terminus, a different scenario has been proposed. In this view, after the initial polypeptide
chain collapses leading to the formation of non-native disulfide bonds that can be formed
even between distant cysteines, an extensive reshuffling of disulfide bonds occurs, in a

rate limiting process that is eventually leading to the native structure. Therefore, folding
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would mainly be a post-translational event. Reshuffling of non-native disulfide bonds, on
the other hand, is carried out by the protein disulfide isomerase enzymes, which operates
in concerted action and in physical association with chaperone proteins (76-78). The
mechanism through which a polypeptide chain is recognized as misfolded by the protein
disulfide isomerases is not known in detail yet. The structure of an entire PDI is still
lacking, but homology modeling of the peptide recognition domain b’ of PDI suggests
that a small hydrophobic pocket capable of hosting even single amino acids could
represent the binding site (79). In a similar way, a heptapeptide fragment of alternating
hydrophobic residues has been shown to be recognized by BiP (80), a mammalian
chaperone of the HSP70 family. Because the primary quality control system in charge of
rearranging a misfolded polypeptide chain in the lumen of the endoplasmic reticulum
must be relatively. unspecific in terms of amino acid sequence and secondary structure
recogmtlon the exposure of hydrophobic residues to the solvent is the simple structural
feature that rmght drive the reshuffling of disulfide bonds in vivo. There 1s also strong
evidence that the higher the stability of the folded protein, the higher the secretion level
(81), which suggests that the dynamic behavior of the polypeptide chain in the
folding/unfolding process can direct it either to secretion or to degradation.
| Some analogy between the folding in vivo and the oxidative folding of our model
peptides derived from the tenascin sequence can be drawn. While in principle all possible
combinations of cysteine pairing are possible in the native polypeptide chain, as shown
by'the fact that also frame-shifted peptides eventually evolve towards three-disulfide
species, both é kinetic and a thermodynamic selection is taking place during the oxidative
folding process. The kinetic selection is acting at the level of the disappearance of the
staﬁing reduced peptide, which is slightly faster for the native egf-14. The slow step
remains, however, the reshuffling of disulfide bonds. During this step, the
thermodynamlc selecnon is acting to reach when p0531ble a compact globu]en structure.
This is the case for egf—14 but not for the frame-shifted peptldes which exhibit only a
partially folded, flexible structure. What marks the border between the properly folded
native egf-14 and the partially folded frame-shifted peptides is the less.effective burial of
hydrophobic residues in the latters, as evidenced by the difference in retention time

between the reduced and oxidized form, which is highest in the native egf-14. This is
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apparently the same mechanism underlying the recognition of a misfolded polypeptide by

chaperone proteins, and probably by protein disulfide isomerases.

4.5 Prospects and conclusions

- The results obtained raise new questions and suggest further experiments. Important
information could emerge from the study of peptides containing more EGF-like tandem
repeats, the simplest of which is a double EGF-like module. Within this model the
structure, stability and folding dynamics could be studied in a system that is closer to the
reality. A similar investigation will probably require a different metllodology for the
peptide preparation. The chemical synthesis of a double EGF-like module peptide is not,
in fact, a straightforward process because the length of the peptide (66 residues) and the
presence of 12 cysteines can create difficulties during synthesis and purification.
Molecular biology methodologies like the gene synthesis coupled with the in vivo
expression are probably more suitable for this purpose.

Further investigations are necessary to determine the disulfide topology and structure of
f5 and f6 three disulfide bond products. Our intent to achieve these data was hampered by
the small amounts available. The comparison of the structure between the native egf-14
and f6a, b and f5a, b can explain the differences in the retention times observed by

HPLC. The determination of the egf-14 structure by NMR spectroscopy is in progress.
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5 Experimental techniques

5.1 Peptide Synthesis

5.1.1 Amide bond formation

The formation of an amide bond is the result of a nucleophilic attack of the a-amino
group of one a-amino acid to the carboxyl group of another a-amino acid. This reaction
has high activation energy and can take place only in very harsh conditions, which are
incompatible with the presence of other functional groups. /n vivo, the amino acids
polymerization requires the involvement of catalysts, i.e. the ribosomal proteins. In
ribosome-mediated synthesis, the addition of a new amino acid to the growing
polypeptide is driven by the carboxyl group, which is involved in a highly activated
esteric bond with the tRNA. The same strategy is used in vitro, through the activation of
the carboxyl group to generate a reactive species, which allows the nucleophilic attack
from the amino group and the formation of the amide bond at room temperature.

In order to obtain a linear peptide the a-amino terminus of the growing chain must react
only with the C-terminus carboxyl group of the in-coming amino acid. It is therefore
necessary to block all reactive groups not involved in the amide bound formation in order
to prevent the formation of branched products. At the same time the amino group of any
new amino acid and the carboxyl group of the growing polypeptide must be protected to
avoid uncontrolled polymerization. Three different types of protecting groups are used.
(1) The protection of the functional groups of the amino acids side chains prevents
undesirable reactions that could.lead to branched peptides. These groups.are stable during
all peptide synthesis steps and are finally removed to give the desired peptide. (ii) The
protecting group for Ne-amino function. The No-amino group of the entering amino acid
must be protected in order to avoid reactions with the activated carboxyl group of the
same reagent. This would bring to a in solution polymerization of the activated reagent

and introduction on the growing chain of an variable number of residues at the same
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coupling reaction. This group must be removed for the next coupling step to take place.
(i1i) The last type of protecting group is that on the C-terminus of the peptide. It must be
stable through all synthesis steps to be removed selectively if required.

5.1.2 Solid-phase peptide synthesis

In the Solid-Phase Peptide Synthesis (SPPS) approach, proposed by Merrifield in the
1963 (Nobel Price in chemistry 1984), the peptide is built up on an insoluble polymeric
support (82). With respect to the synthesis in solution this strategy has numerous
important advantages. The procedure is technically easier since the whole synthesis is
carried out in a unique vessel. As the growing peptide is linked to an insoluble support,
the isolation of synthetic intermediates is no more necessary because reagents and by-
products are filtered away after each step by washing. In the solid-phase strategy the first
amino acid C-terminus is anchored to the polymer, which is at the same time the C-
terminal—protécting group. The most important outcome of the introduction of the solid-
phase synthesis is a significant simplification that allowed the whole process to be
automated.

SPPS has two main drawbacks largely overweighed, anyway, by the already mentioned
advantages and today partly over-come by technical improvements. First: since the
peptide is linked to the resin, a characterization of the synthetic intermediate is difficult
and its purification impossible. The second is related with the deleted peptides formed
because of non-quantitative amino acid couplings or Nu-deprotection. These
contaminants are chemically and structurally strictly related to the target molecule and, in
some cases, difficult to eliminate.

Many reactions are required to successfully-obtain a synthetic-peptide and the different
steps of coupling and deprotection must proceed in the correct order until the whole
synthesis is complete (Fig. 1). The polymerization proceeds from the C to the N-terminus
which is blocked by a Na-protection group. In order to add a new amino acid, after each
coupling reaction, the next step is the removal of the Na-blocking group. Once the No-

terminus of the growing peptide 1s free, a new coupling reaction can be performed adding
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the next activated side chain-protected amino acid. The polypeptide chain is now one
amino acid longer. The newly introduced residue has its Na-terminus still blocked and a
Na deprotection is required to proceed. The procedure is reiterated until all residues have
been introduced, one at a time, in the correct order to finally achieve the desired peptide.
The Na deprotected product is then cleaved from the resin and side-chain deprotected in
a unique reaction. The soluble deprotected peptide should now be purified from side

products, mainly originated by not quantitative coupling reactions.

5.1.3 Solid supports

Chemical and physical properties of the solid carrier are essential in SPPS. First of all,
the resin must be chemically inert to all reagents and solvents employed during the
synthesis and cleavage-deprotection and at the same time must not interact with the
peptide chain in any way. In addition, the mechanical stability of the polymer particles
must permit an easy handling and a fast filtration. Most popular supports in use to date
are polyethylene glycol-grafted polystyrene resins (83,84). These carriers have been
demonstrated to give better performances than the cross-linked polystyrene resin
originally used by Merrifield because their structure permits a better solvation of the

peptide.

5.1.4 Side Chain protection and N-a protection

The two major protecting schemes used today in SPPS are the Boc and the Fmoc
approaches. The denomination refers to the Na protecting strategy. The t-Butoxycarbonyl
(Boc) protecting group 1s removed by acidolysis and all the side-chain protecting groups

are stable to the treatment with moderately strong acid solutions. The final treatment of
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Figure 1: Schematic representation of the SPPS procedures. Amino acids are represented with squares

while diamonds and ellipse are the side chain protecting groups. Red circle represents the Na-protection.
The growing peptide is shown linked to the insoluble support.
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cleavage-deprotection must be carried out with strong acids, usually liquid hydrogen
fluoride. The Fluorenylmethoxycarbonyl group (Fmoc) is labile in a solution of
secondary amines but is stable in acidic conditions (85). The deprotection, carried out
with a 20% (Vol/Vol) piperidine solution in DMF, takes few seconds to reach completion
and is considered the standard procedure. The side chain protecting groups and peptide-
resin linkage are labile to moderately strong acids. Usually, trifluoroacetic acid is used
for this purpose. The Fmoc strategy was used in our.work.

The role of Na protecting groups is to suppress the nucleophilic reactivity of the amino
group in these synthesis steps when it is notArequired. The protecting group, therefore, |

must be stable during the coupling reaction and should be easily removed before the next

To avoid the branching of the peptide, all amino groups other than the No must be
protected for the whole duration of the synthesis process. The g-amino group of the lysine
side chain is generally blocked with a tert-butoxycarbonyl (Boc) protecting group, which
can be removed with TFA. Arginine could be used unprotected, because the strong
basicity of its side-chain guanidino group makes it unreactive in normal conditions (86).
Nevertheless, due to its poor solubility and side reactions, arginine is generally used side
chain protected. 2,2,4,6,7-Pentamethyl-dihydrobenzofurane-5-sulphonyl (Pdf) is the most

common protecting group.
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Figure 2: Structures of some of the most important side chain protecting groups. Fmoc is the standard Nao-
protection in SPPS.
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The protecting group ter-Butyl (tBut) for aspartic and glutamic acid side chains is largely
employed in SPPS due to its stability during synthesis and its acid sensitivity, which
makes it cleavable with TFA. The hydroxyl groups of Ser and Thr can react with
acylating reagents and for this reason are used as side chain protected amino acids.
Trifluoroacetic acid treatment is sufficient for deprdtecting hydroxyl groups protected as
tert-butyl ether. All other reacting groups on amino acid side chains must be blocked with
suitable protecting groups. Cysteine thiols can react with amines during acylation
reaction because they are good nucleophyles and can be even oxidized to give inter and
intra-chain disulfide bonds. For this reason sulfthidryl groups must be kept blocked until
the end of the synthesis or longer, if necessary, to avoid undesired disulfide formation.
The most common used protecting group for Cys side chain is S-triphenylmethyl (Trt)

which can be removed with trifloroacetic acid treatment.

5.1.5 Chain elongation:
Amino acid activation and coupling

The activation is necessary for peptide bond formation because carboxylic acids simply
produce salts with amines at room temperature. Activation is achieved by attachment of
an electron-withdrawing leaving group to the o-carboxylic function. Acylating species
can be prepared separately and purified before being used in the coupling reaction or, in

the case of activation reagents, formed in situ in the presence of the amino component.

Preformed active esters

Pentafluorophenyl esters are the most common representatives of the pre-formed
reagents. They are less activated if compared with other acylating compounds and for this
reason they generally cause less extensive side reactions, including racemization (87).
Because of their under-activation, more time 1s needed for the reaction to reach

completion.
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Figure 3: The pentafluorophenyl esters of the amino acids are low-activated acylating species. With these
agents coupling reactions require longer time to go to completion.

Activation reagents

The most popular coupling strategy involves the use of activation reagents that create in
situ the activated acylating species. The most significant features of these compounds are

the simplicity and the rapidity of use. Couplings in fact are complete in one hour or less.

Carbodiimides

Dicyclohexylcarbodiimide (DCC) has been the most widely used activation reagent in
peptide synthesis, both in solid and solution strategy, since its introduction in 1955 (88).
Different pathways are thought to be involved in DCC activation mechanism but the most
important involve the symmetrical anhydrides formation (Fig 4) (89). All of these pass
through an O-acylisourea, which is an effective acylating agent (90,91). Several side
reactions take place when DCC is used, such as dehydration of the side chain amide
groups of Asn and Gln and racemization due to the potent activation (92). This problem
can be relieved if an additive is used in the reaction. These chemicals, among which
HOBt is the most common, interact with O-acylisourea or the symmetrical anhydrides
giving a less reactive active ester. Acylation reaction mediated by this agent is still rapid
--and efficient butless prone to by-product formation. - -

The coupling reaction occurs in organic solvent at room temperature in presence of

equimolecular amounts of carboxyl component and DCC.
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Phosphonium and Uronium Reagents

Phophosphonium cations reacting with carboxylate anions generate acyloxyphosphonium
species, which promote the peptide coupling rapidly and efficiently. 1H-benzotriazol-1-
yloxy-tris(dimethylamino) phosphonium hexafluorophosphate (BOP), the first successful]
compound of this category, produces the hexamethylphosphorotiamide, side product that
has been demonstrated to be highly toxic (93). This important drawback induced the
development of safer related compounds. The most popular among the several
phosphonium compounds available today, named PyBOP [1H-benzotriazol-1-yloxytris
(pyrrolidino) phosphonium hexafluorophosphate], has the same activity of the parent
molecule but forms less harmful side products.

Uronium salts are related molecules largely used in SPPS as coupling reagents with
comparable performances in respect to phosphonium activators. The most common ones
are O—(benzotriazol~l-yl)-l,1,3,3-tet1'amethyluronium tetraflouroborate (TBTU) and an
aza-analog hexafluorophosphate salt known as HATU (94).

Phosphonium and uronium reagents follow similar reaction pathways in amino acid
coupling (Fig.5). The coupling reagent is added in 1:1 ratio with the carboxyl species in
an ine;'t solvent, generally DMF or NMP, together with a tertiary amine to keep the

carboxylic group in the anionic form.

63




09
—_— N—C—N
Ill
2
?
OO
- U
Y- " ©
r, — L
R,” N
3b
pH OH

N, NN
Rp—u_(FH— =Ry | N = HOBt EI ,/N = HOAt
Ry N X~ "N

Figure 4: The mechanism of the carbodiimide activation starts with the formation of O-acylisourea (1).
This is the most reactive specie that can attack the amino component to give the corresponding amide
(Violet arrow). O-acylisourea can undergo a rearrangement to give the non-reactive specie N-acylurea (2).
With a intra-molecular cyclization (Green arrow) O-acylisourea can give a 5(4H)-oxazolone (3), which can
tautomarize with loss of chirality. When the reaction is carried out in solvents of low dielectric constant
like CHCI3 or CH2CI2 the specie 1 is instantaneously formed. If activation is performed in a more polar
solvent like DMF, specie 2 and symmetrical anhydride (4) are formed (Red arrow). Additives like HOBt or
HOAt are often used in DCC activation to reduce racemization. In presence of these substances the OBt
active esters (5) are formed (Blue arrow). These species are less reactive than 1 but less prone to racemize.
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Figure 5: Panel A: The most important phosphonium and uronium coupling reagents are shown. Panel B:
Mechanism of BOP-mediated coupling.

5.1.6 Cleavage and side chain deprotection

Acidolysis is commonly used to cleave peptides from the resin and, at the same time.
remove the side chain protecting groups. Cleavage and deprotection of peptides obtained
according to the Fmoc strategy can be achieved with trifloroacetic acid. Acid sensitive
protecting groups are released in the medium as carbocations or other alkylating species
and can react with sensitive unprotected amino acid side chains such as Trp, Met, Cys or
Tyr. It 1s therefore necessary the presence of molecules, like anisol, thiols or silane
derivatives in the cleavage mixture in order to trap the highly reactive carbocations.
These chemicals, called scavengers, are present in large molar excess in respect to amino
acid side chains and constitute the preferential target of alkylating agents, thus preserving

the peptide from undesired modification.



5.1.7 Problems occurring during the synthesis

The most important problems are commonly related to the amino acid coupling reaction
and the No deprotection step. The failure of these reactions is very often sequence
dependent due to the fact that some side-chain protected sequences are prone to
intermolecular aggregation or secondary structure formation. In these cases the N-
terminal amino acid is less accessible to the reagents resulting in a significant decrease in
the reaction yield. These difficulties can be addressed with different strategies that aim at
disrupting the secondary structures. Most common are the use of a different solvent or a
mix of solvents in order to change the chemical environment, or destabilize the
aggregates increasing the reaction temperature. These strategies are not always successful
and some peptides presenting particularly difficult sequences cannot be satisfactory
synthesized by step-wise SPPS.

Different problems can arise from side reactions that may occur during the synthesis
procedure depending on the peptide sequence and the employed methodology. The
diketopiperazine formation is an intramolecular cyclization of the growing peptide that
occurs at the stage of the third residue incorporation, considerably reducing the synthesis
yield. The free amino group of the second residue can attack the peptide-resin linkage
leading to the liberation of a cyclic dipeptide. This reaction is favored by the presence of
good leaving groups in the peptide resin anchorage and by the nature of the first and
second amino acid. Peptides where glycine or proline occur in these positions are
particularly prone to diketopiperazine formation.

With the unique exception of glycine, in all other amino acids and proline the a-carbon is
asymmetric, thus for each amino acid both R and S isomers are possible. Amino acids
that occur in nature belong to the R group while cysteine, according to the roles of Chan,
Ingold and Prelog, is an S amino acid. Non-conventional amino acids with the opposite
.conﬁguration have been found in some prbtéiné from plaﬁts, fungi and bacteria. The
stereochemical fidelity of the coupling reaction is thus an essential requirement in peptide
synthesis. Unfortunately, under standard condition of coupling some amino acids are

prone to racemization. This side reaction heavily affects the incorporation of cysteine
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residues where 1t can reach the unacceptable range of 5-33% expressed as the ratio of S:R

of the obtained peptide (95).

i H
|'H ' H
R1\[‘rNj;R2 R1\[(NIR2
O
X o O v Xq
@) H
@ ® = T
HX + j: )Ry == I )R == px+ )Ry
R ': N R2 N \\“ N
2 H R2 H

Figure 6: The azlactone formation/epimerization is promoted by acid activation and is influenced by the
nature of group R,. It is more rapid when R, is an alkyl, aryl or peptidyl group and is slower if R, a
urethane or carbamate group like Boc or Fmoc Na-protecting group.

There are two important racemization mechanisms: the base-induced abstraction of the
proton bound to the a-carbon and the epimerization by azlactone formation (Fig 6). In the
former case the re-protonation attack can take place on both sides of the planar ion
resulting in the incorporation of a mixture of R and S amino acids in the peptide. The
azlactone formation/epimerization is promoted by acid activation. Once an amino acid is
correctly introduced further epimerization reactions are considered quite improbable.
Considering that racemization is particularly enhanced in highly activated species and in
presence of strong bases, the strategies to reduce it first involve the employment of a
weaker base and less activated amino acids. Even the solvent plays its role in the process,
and substituting pure DMF with the less polar CH,Cl/DMF 1/1 mixture considerably

reduces the racemization rate.
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5.2 Mass spectrometry

5.2.1 Introduction

A mass spectrometer is an instrument that can separate ionized molecules according to
their mass to charge ratio (m/z). The information provided by the output data is the
molecular weight and the relative abundance of ions, but many other data about structure
and purity of the parent molecule can be argued. The formation of ions in the gas phase is
an essential step for the further processes of scanning and detection in a mass
spectrometer. The sample is ionized in the ionization source where, generally, Is
introduced already in gas-phase. Recently, sources that can accept liquid samples have
been developed; in this case ionization and vaporization take place contemporarily. Gas-
phase ions are thus accelerated in the analyzer where they are separated according to the
m/z ratio. A detector finally collects the signals, which are directly proportional to the
corresponding abundance (96).
We can summarize the mass spectrometry analysis process in tree main steps:

1. lonization

2. Scanning according to m/z ratio

3. Detection

5.2.2 lonization

The traditional ionization technique in mass spectrometry is the electron impact (El). In
this source the target molecule in gaseous state is collided with accelerated electrons (70
MeV). The radical cation produced by the reaction breaks down to give a single charge
jonized fragment. This methodology is highly informative when used for low-molecular

weight organic molecules. lons can in fact give precise information about the
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structure of the parent compound. Unfortunately, EI cannot be applied to not volatile
molecules or on aqueous solutions, which are two common features of biological

samples.
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Figure 2: Sketch of the ion desolvation in electrospray process.

These limitations have been overcome by new, recently developed ionization sources,
which gained a large popularity (97,98). Among all, electrospray ionization (ESI) is the
most widely used. In the electrospray ionization (ESI) the analyte solution flows through
a capillary in the source chamber. A strong electric field, approximately maintained at

+5000 V, is generated between the capillary and the inlet of the scanning device. The
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solvent ejected from the capillary is dispersed into a mist of highly charged droplets
accelerated by the field towards the counter electrode. The droplet shrinking, due to the
solvent evaporation, causes a strong electric repelling force that finally provokes the drop
explosion. The cascade formation of smaller and smaller droplets repeats until the radius
of curvature of the droplets becomes small enough for the field originated by the charge
surface density to induce the desorption of the analyte molecules from the droplet to the
gas phase. Desorped ionized analytes are suitable species for mass-spectrometry analysis.
ESI is a soft ionization procedure that allows for the formation of charged ions without
any fragmentation. Molecules with several ionization sites give multi-charged ions, but
even molecules without ionizable groups can be detected, thanks to the formation of
sodium, potassium or ammonium adducts. The production of multi-charged ions has
important implications. Because mass spectrometry detects the m/z ratio, high molecular
weight multi-charged molecules appear in the spectrum at m/z values that are fractions of
the mass of the parent compound. ThlS allows large molecules to give signals within the

instrument range. A Variety of algorithms have been developed to obtain the

reconstruction of the original molecular weight starting from the spectra (99,100).

The spray formation in ESI can be enthanced by a gas jet (air or nitrogen) in order to
accept larger solvent flows; in this case the source is named Ion Spray (IS).
The numerous advantages that ESI and IS offer in several applications, make them the
methods of choice in different fields such as biochemistry, environmental chemistry,
molecular medicine, drug and food analysis. ESI-MS can be efficiently applied to not
volatile, ionic and polar compounds. Most of the molecules of biological interest such as
DNA and polypeptides belong to this category of compounds. In many other applications
like pharmacology and environmental science, ESI-MS can be used to directly analyze
water- soluble molecules W1th thlS techmque it 1s no more necessary to go thloug]
| deri 1vat1sat10n steps to increase the volatility of the compounds The ESI 1s a m11d
ionization technique that limits the rate of fragmentation of the molecules. This feature
lowers the number of information available, especially for small organic molecules, but
on the other hand is very appreciated in the study of biological polymers. It is possible in

this case to directly verify the molecular weight of large molecules. A it is no more
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necessary to volatize the samples, electrospray ionization has emerged as a technique for
studying in solution large and fragile molecules of biological interest. Spectra have been
obtained of biopolymers having weights up to 130000 Dalton, allowing the use of the
mass spectrometry analysis into the study of protein chemistry. The protein sample to be
analyzed is typically a water or water-organic solvent solution with traces of acetic,

formic or trifluoroacetic acid added to promote the sample ionization.

5.2.3 Quadrupole analyzer

The analyzer devices differ mainly in three characteristics;
1. Upper mass limit. It is the highest value of m/z ratio that can be measured by the
device.
2. Transmission. It is the number of ions reaching the detector over that of ions
produced in ionization process.
3. Resolution. Indicates the ability to distinguish two peaks with a small difference
in m/z ratio.
The quadrupole is a low-resolution analyzer with a low mass limit (4000 Da) and it owes
its popularity to the two main advantages it offers in respect to the other scanning
devices, i.e. the low cost and the facility to combine it with different ionization sources.
Quadrupoles are made up of four parallel rods with circular or hyperbolic section. Tons
traveling through the analyzer are subjected to the combination of a constant electric field
(DC) superimposed on a radiofrequency (RF). Equations of motion show that the ions
trajectory, for given values of RF and DC, is dependent on the m/z ratio. Scanning is
carried out with a systematic variation of DC and RF at uniform velocity. The values of
RF and.DC define whether ions of a particular mass-to-charge ratio, accelerated through
the device, will follow a stable trajectory or not. At any moment only the selected m/z
ratio is allowed to reach the analyzer; all other ions will drift apart and collide against the
rods, not being detected (96). The resulting mass specttum is a unique peak in case of
single charged molecules or a series of peaks originated by the multiple charged

compounds. From this series the mass is determined with a deconvolution performed by a
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computer algorithm. Finally, a single peak is originated corresponding to the analyte

mass.

5.2.4 Liquid chrbmatography—mass spectrometry

HPLC is a rapid procedure that permits to separate a large number of water-soluble
compounds and high molecular weight molecules. The use of a mass sp'ectrometer as a
liquid chromatography detector offers higher sensitivity and much more specific
information than any other kind of detector. Unfortunately, the coupling of these
techniques was hampered for many years by several difficulties. On the one hand, HPLC
works with liquid phases at high pressure; on the other hand mass spectrometer must be
kept at a very low pressure for appropriate performance and can analyze only gaseous
samples. This difficult integration was finally made possible by the introductioﬁ of new
ionization sources; ESI and IS among all. The atmospheric pressure ionization (API)
source is a device where the ionization is carried out at atmospheric pressure. Most
common commercially available API sources rely on a IS ionization system. Ions
produced in a vaporization chamber are continuously introduced in the spectrometer
through a narrow inlet (orifice). The small diameter of this opening allows the vacuum
system to maintain a correct pressure (10°-107 Torr) in the analyzer compartment. A
nitrogen stream blown through the orifice protects the analyzer, sweeping away liquid

chromatography Vaporized solvents and not ionized molecules (101).

~_ 5.2.5 Mass spectrometry of proteins

In principle, all molecules that can be charged are accessible to ES-MS analysis. For
many years peptides and proteins were excluded from mass spectrometry studies due to
the difficulty to vaporize and ionize these molecules without destroying them. Since

1988, when two very different solutions to the problem were proposed, biochemists can




rely on the sensitivity and accuracy of mass spectrometry not only for molecular weight
determination but even for innovative applications where the mass is already known
(102,103). To date, mass spectrometry 1s the method of choice for the characterization of
primary structure of proteins, to identify post-translational modifications and disulfide
bond topology. Certain classes of proteins have proved to be very difficult to be analyzed,
including certain insoluble membrane proteins, proteins with very stable tertiary structure
and with a low number of basic residues. Water solubility of insoluble protein can be
improved with detergents and salt buffers, which however have the drawback of
interfering with the electrospray ionization and compete with the analyte molecules for
charges.

Recently several developments have extended the use of MS to the study of weak non-
covalent associations between biopolymers (104). The gentle electrospray ionization
process, in appropriate conditions, allows a wide range of non-covalent complexes to
pass intact to the gas phase and be analyzed by the mass spectrometer. The study of

super-molecular interactions of proteins is nowadays the most innovative and challenging

biological application of mass spectrometry.




5.3 Amino acid analysis

5.3.1 Introduction

An exact knowledge of protein quantities or composition is often a necessary premise for
further studies. Amino acid analysis is a reliable methodology used to determine the
amino acid composition and quantity of proteins and peptides. When the amino acid
composition is already known, this procedure is a precise method for protein
quantification. The relative amino acid composition gives also a characteristic profile of
proteins, which is often sufficient for their identification. The methodology is based on a
chromatographic separation of the free amino acid mixture obtained by total hydrolysis of
the protein‘ under study. The amino acids constituting the test sample are previously
derivatized. Derivatization has the role to improve the absorbance of the free amino acids

in order to make them easily detectable by ultraviolet-visible or fluorescence detectors.

Hydrolysis »  Derivatization > HPLC separation »  Data analysis
Figure 3: Schematic representation of the amino acid analysis procedure.

In order to obtain accurate results, the amino acid analysis requires the use of highly
purified samples and the employment of internal and external standards. For this purpose
an accurately known amount of free amino acids solution is processed in parallel with the
samples. The comparison between the internal standard and an identical not processed

external standard permits an estimation of the general recovery of the amino acids.
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5.3.2 Hydrolysis

Acid hydrolysis 1s the most used common methodology. The lyophilised sample is
hydrolysed by HCI vapours under vacuo in the presence of a small amount of phenol. The
reaction is carried out for 1 hour at 150°C or over night at 100 °C. Such harsh procedure
causes a complete or partial destruction of several amino acids. Tryptophan is destroyed,
serine and threonine are partially destroyed, methionine undergoes oxidation, cysteine is
recovered as cystine and partially destroyed as well. Asparagine and glutamine are
converted by deamination into aspartic and glutamic acid respectively. Those losses can
be reduced by the application of an adeguate vacuum or by the introduction of an inert
gas info the reaction chamber. Due to the loss of tryptophan, glutamine and asparagine,

only 17 are the amino acids can be finally used for analysis.

5.3.3 Derivatization.

Most of the free amino acids cannot be detected by HPLC unless they have been
derivatized. Derivatization is performed through the reaction of the free amino acids with
phenylisothiocyanate under basic conditions in order to produce phenylthiocarbamyl
amino acid derivatives. The reaction takes 20 minutes at room temperature and is

followed by the Iyophilization of the sample.

o Q i .
@—N=C=S + HoN—C—C-OH @—N-C—NH-CHC~OH
R pH 9-10 !

Figure 1: Reaction of the PITC derivative with the amino acid
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5.3.4 HPLC separafion.

The PTC-amino acids are separated by RP-HPLC using a triethyl ammonium acetate
buffer system. The PTC chromophore is detected at 254 nm. Chromatographic peaks are
identified using standard chromatograms as reference. Quantification of the amino acids

is based on the peak areas that are proportional to the relative abundance of each amino

acid.
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5.4 Circular dichroism spectroscopy

5.4.1 Physical principles

Circular dichroism (CD) spectroscopy is a form of electron absorption spectroscopy that
measures the difference in absorbance of right- and left-circularly polarized light by an
optically active substance. This technique is very sensitive to the secondary structure of
polypeptides and proteins particularly for spectra collected between 260 and 180 nm. The
analysis of CD spectra can therefore provide valuable information about secondary

structure of biological macromolecules.

Linear polarized light can be viewed as a superposition of opposite circular polarized
light (clockwise and counter-clockwise) of equal ainplitude and phase (Figure la). A
projection of the two amplitudes according to the rules of vector addition,
perpendicularly to the propagation direction, yields a line. When this light travels through
an optically active sample with a different absorbance for the two components, the
amplitude of the more absorbed component will be smaller than that of the less absorbed
. one. The consequence is that the superposition of the two components coming out from
the sample is no longer a linearly polarized wave. The resulting field vector, in fact, does
not oscillate along a line but it rotates along an ellipsoid- path. Such a light wave is called
an elliptically polarized light. The occurrence of ellipticity is due to differences in
extinction coefficients € of the sample for the two components (Fig.1b).

When a sample presents a difference in the refractive index n for the two circular
components of hght their phases become dlfferent causmg a rotatlon of the polarlzatmn
plane (or the axes of the elhpse) by a small angle Thxs effect is called circular
birefringence. It can be demonstrated that the two fenomena of ellipticity and
birefringence are directly correlated and that when ellipticity exists, optical rotation must

exist as well.
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The difference in absorption of right and left components to be measured is always very

small. The differential absorption is usually a few 1/100ths to a few 1/10th of a percent,
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Figure 1: Linear polarized light can be viewed as a vector addition of opposite circular polarized light of
equal amplitude and phase. A projection of the combined amplitudes perpendicular to the propagation
direction yields a line (figure 1a). When this light passes through an optically active sample with a different
extinction coefficient £ and a different refractive index # for the two components, the consequence is that a
projection of the resulting amplitude now yields a tilted ellipse instead of a line (figure 1b).

but it can be determined quite accurately. Given a difference in absorption for the left and
right circularly polarized light, in CD spectroscopy the Beer’s law must be obeyed. The
difference in absorption is given by:
AA = Acle

Where [ is the light pathlength measured in centimeters and ¢ the molar concentration.
Despite the fact that CD is now measured as the difference in absorbance of right- and
left- circularly polarized light as a function of wavelength, the unit ellipticity (8) persists
in CD measurements. Historically, ellipticity is the unit of circular dichroism and is
defined as the tangent of the ratio of the minor to major elliptical axis. The two quantities

are related by:

6 =32.98A4
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To be able to compare ellipticity values of different samples we need to convert them into
a normalized value. The most commonly used unit in protein and peptide work is the
mean molar ellipticity [€].

The relation between [#] and the experimentally measured 4 is:

[‘9](&) _ 1008 (2)

lc
The units of [6] are degrees cm” dmol.

The relation between molar ellipticity and the difference in extinction coefficient is the

following (105,106).
[0]=3298A¢

For CD measurements of proteins the mean residue molar ellipticity (MRE) is often used.
It is defined as:

[0] mre=[6] /n
where n is the number of residues in the protein. MRE units are degrees cm’ dmol”

residue” .

5.4.2 Circular dichroism spectroscopy of proteins and peptides

Circular dichroism is a sensitive technique for determining the structure of biopolymers.
Intrinsically asymmetric chromophores or symmetric chromophores in asymmetric
environments will interact differently with right- and left-circularly polarized light.

For proteins and peptides we mainly rely on the absorption of the peptide bonds
(symmetric chromophores) and amino acid side chains in the ultraviolet region of the
spectrum. The three aromatic side chains that occur in proteins (phenyl group of Phe,
phenolic group of Tyr, and indole group of Trp) also have absorption bands in the
ultraviolet spectrum. In proteins however, the contributions of these chromophores to the
CD spectra in the far UV, where secondary structural information is located, is usually
negligible. The disulfide group is an inherently asymmetric chromophore as it prefers a

gauche conformation, and can lead to a broad CD absorption signal around 250 nm. CD
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spectroscopy in the region of 230-190 nm is particularly powerful in monitoring
conformational changes. In this region of the spectra it is possible to observe the effects
of backbone conformational changes while CD effects at longer wavelengths (>230 nm)
are due to aromatic side chains and prosthetic chromophore contributions.

All proteins with only o-helix as secondary structure produce spectra with a double
minimum at 222 and 208-210 nm and a maximum at 191-193 nm. These features are
characteristic of pure o-helix structures. All-f proteins have a single negative CD band
between 210 and 225 nm and a single maximum between 190 and 200 nm. The signal
intensities of B-sheet structures are much lower than those of a-helix. In proteins where
both o-helix and B-sheet coexist the intensities of the signals reflect the amount of each
secondary structure. Short polypeptides and proteins with secondary structures not

defined as o or  usually show a strong negative signal around 200 nm.

5.4 3 Sample preparation and measurement

The protein solution used for measurement should contain only chemicals necessary for
protein stability or solubility at the lowest possible concentration. Any compound which
absorbs in the region of detection (250-190 nm) should be avoided and even buffers must
be as transparent as possible in the far-UV. A typical buffer used in CD experiments is 10
mM phosphate, although low concentrations of Tris, perchlorate or borate are also
acceptable. Potassium fluoride is preferred to NaCl to increase the ionic strength as the
chloride ion has a strong UV absorbance at low wavelengths. A high pure protein sample

1s also required because any contaminating peptide will contribute to the CD signal. The
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Figure 2: Circular dichroism spectra of "pure" secondary structures. Redrawn from Brahms & Brahms,
1980. Pure o helix spectrum is shown in solid line. Dashed line represents the pure B sheet and dotted line
the spectrum due to the turn structures. The dash-dotted line shows the contribution of different structures.

concentration of peptide is an important aspect of the experiment. As a general rule, the
total absorbance of the cell, buffer, and protein should be between 0.4 and 1.0. If the
absorbance of the sample rises above 1.0, accurate CD measurements are not possible.
Another consideration is that oxygen absorbs strongly below about 200 nm so very
extensive purging with pure oxygen-free nitrogen is necessary for these measurements.

In a CD spectropolarimeter the light beam is originated by a xenon lamp and then filtered
by a monochromator. A modulator induces a periodic variation of the light polarizatidn.
The light beam passes through all ellipticities from left circular to right circular passing
through ellipticals and linear light. After interaction with the sample, the transmitted light
is detected by a photomultiplier. Successive detections are performed at various

wavelengths to generate a complete CD spectrum..
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5.4.4 Methods to analyze protein conformation

Estimation of the secondary structure of a protein from its CD spectrum remains an
empirical task despite the numerous proposed methods of analysis. All these
methodologies are based on the same fundamental assumptions:

a. Contributions of individual secondary structural elements on the overall CD

spectrum are additive and the effect of tertiary structure is negligible.
b. Only peptide chromophores are responsible for the CD spectrum.
c. Each structural element such as a-helix and p-sheet can be described by a single
CD spectrum.

The simplest method of extracting secondary structure content from CD data is to assume
that a speétrum is a linear combination of CD spectra of each contributing secondary
structure type ("pure" a-helix, "pure" B-strand etc.) weighted by its abundance in the
polypeptide conformation. The calculation is based on standard synthetic peptides used as
models of pure secondary structures to obtain reference spectra. The CD specira
associated with pure secondary structures are shown in figure 2 (105,106).
Many different methods to extract protein conformation from CD spectra have been
developed and most of them are available as web facilities provided by different research
centers. As previously said all these methods are based on the assumption that the
experimental spectra can be considered as linear combinations of the spectra of the pure
secondary structural motifs. The accuracy of the different methodologies was compared
by performing the extraction of the secondary structure of the same set of proteins . All
the 16 proteins constituting the standard have a known structure solved by X-ray
diffraction. All methods compared gave reliable results in a-helix prediction but their
results are less consistent in the determination of the B-sheet and -turn contents.

~“The most important methodologies are briefly described below.

Multilinear regression.

It is the oldest and simplest method of analyzes. It fits the experimental data with the

standard spectra with the method of the least squares. MLR program is based on non-




constrained least-squares analysis. This method is the only that can be applied when the
sample concentration is not precisely known. It provides good results in o-helix and B-
sheet estimation but very poor results in the calculation of B-turn content. On the other
hand the constrained least-squares analysis is used by LINCOMB that improves the
estimation of the B-turn content (107).

Nowadays more recent programs that can provide, in most of the cases, more reliable

structure estimations have overcome the least squares based programs.

Selection method.

In certain cases unreliable results are due to the presence in the reference standard of
proteins with unusual CD spectra. Aromatic amino acids, disulfide bridges or uncommon
conformations may originate these differences. The selection method aims to refer the
experimental spectrum with a more suitable standard taking in consideration the proteins
with the spectral characteristics most similar to the protein under study. Several available
programs are based on different selection procedures. The CONTIN software, for
instance, réfers to the ridge regression analysis. Others selection methodologies are the
variable selection (CDSSTR) (108) and the self-consistent method (SELCON software)
(109) while K2D (110) software is based on a neural network program.
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Appendix A

EGF-like f2

Characteristics

Sequence:

H-HEGFTGLDCGQHSCPSDCNNLGQCVSGRCICNE-OH
Amino acids: 33
Molecular weight 3451.2

Synthesis
Resin: ; TentaGel-S-PHB-Glu(t-Bu)Fmoc
Resin substitution: 0.2 mmol/g
Resin quantity: 05¢g
Synthesis scale; 0.01 mmol
Solvent: o DMF
Deprotection: 20% (V/V) Piperidine, 0.1M HOBt in DMF. 2 X 5 min.
AA Number | Molar
position Building Block Activator of excess | Minutes
couplings
2 Fmoc-Asn(Trt)-OH TBTU 1 4 60
3 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
Capping Reaction
4 Fmoc-lle-OH TBTU 1 4 60
5 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
6 Fmoc-Arg(Pbf)-OH TBTU 1 4 60
7 Fmoc-Gly-OH TBTU 1 4 90
8 | Fmoc-Ser(tBu)-OH TBTU 1 4 60
9 Fmoc-Val-OH TBTU 1 4 60
10 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
11 Fmoc-Gln(Trt)-OH TBTU 1 4 90
12 Fmoc-Gly-OH TBTU 1 4 90
13 Fmoc-Leu-OH TBTU 1 4 60
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Fmoc-Leu-OH PyBop 1 4 30

14 Fmoc-Asn(Trt)-OH TBTU 1 4 90
15 Fmoc-Asn(Trt)-OH TBTU 1 4 120
16 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120

17 Fmoc-Asp(OtBu)-OH | TBTU 1 4 90
18 Fmoc-Ser(tBu)-OH TBTU 1 4 60
19 Fmoc-Pro-OH TBTU 1 4 60
20 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120

21 Fmoc-Ser(tBu)-OH TBTU 1 4 60
22 Fmoc-His(Trt)-OH TBTU 1 4 60
Fmoc-His(Trt)-OH PyBop 1 4 60

23 Fmoc-GIn(Trt)-OH TBTU 1 4 90
24 Fmoc-Gly-OH TBTU 1 4 90
25 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120

26 Fmoc-Asp(OtBu)-OH | TBTU 1 4 90
Fmoc-Asp(OtBu)-OH | PyBop 1 4 60

27 Fmoc-Leu-OH TBTU 1 4 90
28 Fmoc-Gly-OH TBTU 1 4 90

29 Fmoc-Thr(tBu)-OH TBTU 1 4 120

30 Fmoc-Phe-OH TBTU 1 4 120
31 Fmoc-Gly-OH TBTU 1 4 90
32 Fmoc-Glu(OtBu)-OH | TBTU 1 4 90
33 Fmoc-His(Trt)-OH PyBop 1 4 120
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EGF-like f3

Characteristics

Sequence:

H-ACHEGFTGLDCGQHSCPSDCNNLGQCVSGRCIS-OH
Amino acids: 33
Molecular weight 3398.2

Synthesis
Resin: TentaGel-S-PHR-Ser(t-Bu)Fmoc
Resin substitution: 0.2 mmol/g
Resin quantity: 05¢g
Synthesis scale; 0.01 mmol
Solvent: DMF
Deprotection: 20% (V/V) Piperidine, 0.1M HOBt in DMF. 2 X 5 min.
AA Number | Molar
position Building Block Activator of excess | Minutes
couplings
2 Fmoc-Ile-OH TBTU 1 4 90
3 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
Capping Reaction
4 Fmoc-Arg(Pbf)-OH TBTU 1 4 120
5 Fmoc-Gly-OH TBTU 1 4 60
6 Fmoc-Ser(tBu)-OH TBTU 1 4 120
7 Fmoc-Val-OH TBTU 1 4 90
8 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
9 Fmoc-GIn(Trt)-OH TBTU 1 4 120
Fmoc-GIn(Trt)-OH PyBop 1 4 120
10 Fmoc-Gly-OH TBTU 1 4 90
11 Fmoc-Leu-OH ~ | TBTU 1 4 790 -
12 Fmoc-Asn(Trt)-OH TBTU 1 4 90
13 Fmoc-Asn(Trt)-OH TBTU 1 4 120
14 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH | TBTU 1 4 120
15 Fmoc-Asp(OtBu)-OH | TBTU 1 4 90
16 Fmoc-Ser(tBu)-OH TBTU 1 4 60
17 Fmoc-Pro-OH TBTU 1 4 60
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20 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
21 Fmoc-Ser(tBu)-OH TBTU 1 4 60
22 Fmoc-His(Trt)-OH TBTU 1 4 90
Fmoc-His(Trt)-OH PyBop 1 4 60
23 Fmoc-GIn(Trt)-OH TBTU 1 4 90
24 Fmoc-Gly-OH TBTU 1 4 90
25 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
26 Fmoc-Asp(OtBu)-OH | TBTU 1 4 90
Fmoc-Asp(OtBu)-OH | PyBop 1 4 60
27 Fmoc-Leu-OH TBTU 1 4 120
Fmoc-Leu-OH PyBop 1 4 90
28 Fmoc-Gly-OH TBTU 1 4 90
Fmoc-Gly-OH PyBop 1 4 90
29 Fmoc-Thr(tBu)-OH TBTU 1 4 120
Fmoc-Thr(tBu)-OH PyBop 1 4 120
30 Fmoc-Phe-OH TBTU 1 4 90
31 Fmoc-Gly-OH TBTU 1 4 .90
32 Fmoc-Glu(OtBu)-OH | TBTU 1 4 90
33 Fmoc-His(Trt)-OH TBTU 1 4 120
Fmoc-His(Trt)-OH HATU 1 4 90
34 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
35 Fmoc-Ile-OH TBTU 1 4 90
33 Fmoc-Ser(tBu)-OH TBTU 1 4 90
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EGF-like 4

Characteristics
Sequence:
H-DGQCICHEGFTGLDCGQHSCPSDCNNLGQCVS-OH
Amino acids: 32
Molecular weight 3327.3
Synthesis
Resin: TentaGel-S-PHB-Ser(t-Bu)Fmoc
Resin substitution: 0.2 mmol/g
Resin quantity: 05¢g
Synthesis scale; . 0.01 mmol
Solvent: DMF :
Deprotection: 20% (V/V) Piperidine, 0.1M HOBt in DMF. 2 X 5 min.
AA Number | Molar
position Building Block Activator of excess | Minutes
couplings
2 Fmoc-Val-OH TBTU 1 4 90
3 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
CAPPING REACTION
4 Fmoc-GlIn(Trt)-OH TBTU 1 4 120
5 Fmoc-Gly-OH TBTU 1 4 120
6 Fmoc-Leu-OH TBTU 1 4 120
7 Fmoc-Asn(Trt)-OH TBTU 1 4 90
8 Fmoc-Asn(Trt)-OH TBTU 1 4 120
9 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
10 Fmoc-Asp(OtBu)-OH | TBTU 1 4 90
11 Fmoc-Ser(tBu)-OH TBTU 1 4 90
12 " "Fmoc-Pro-OH = | TBTU 1 4 60
13 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
14 Fmoc-Ser(tBu)-OH TBTU 1 4 90
15 Fmoc-His(Trt)-OH TBTU 1 4 90
16 Fmoc-GIn(Trt)-OH TBTU 1 4 90
17 Fmoc-Gly-OH TBTU 1 4 90
18 Fmoc-Cys(Trt)-OPfp 1 4 120
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Fmoc-Cys(Trt)-OH TBTU 1 4 120

19 Fmoc-Asp(OtBu)-OH | TBTU 1 4 90
Fmoc-Asp(OtBu)-OH | PyBop 1 4 60

20 Fmoc-Leu-OH TBTU 1 4 120
21 Fmoc-Gly-OH TBTU 1 4 90
22 Fmoc-Thr(tBu)-OH TBTU 1 4 120
Fmoc-Thr(tBu)-OH PyBop 1 4 90

23 Fmoc-Phe-OH TBTU 1 4 90
24 Fmoc-Gly-OH TBTU 1 4 90
Fmoc-Gly-OH PyBop 1 4 60

25 Fmoc-Glu(OtBu)-OH | TBTU 1 4 90
26 Fmoc-His(Trt)-OH TBTU 1 4 120
Fmoc-His(Trt)-OH PyBop 1 4 90

27 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH HATU 1 4 120

Fmoc-Cys(Trt)-OH TBTU 2 4 60-o/n

28 Fmoc-Ile-OH TBTU. 1 4 90
29 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH PyBop 1 4 120

30 Fmoc-GIn(Trt)-OH TBTU 1 4 90
31 Fmoc-Gly-OH TBTU 1 4 90
32 Fmoc-Asp(OtBu)-OH | TBTU 1 4 120
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EGF-like f5

Characteristics
Sequence:
H-DGQCICHEGFTGLDCGQHSCPSDCNNLGQCVS-OH
Amino acids: 33
Molecular weight 3477.3
Synthesis
Resin: TentaGel-S-PHB-Asn(t-Bu)Fmoc
Resin substitution: 0.2 mmol/g ‘
Resin quantity: 05¢g
Synthesis scale; 0.01 mmol
Solvent: DMF
Deprotection: 20% (V/V) Piperidine, 0.1M HOBt in DMF. 2 X 5 min.
AA Number | Molar
position Building Block Activator of excess | Minutes
couplings
2 Fmoc-Asn(Trt)-OH TBTU 1 4 120
3 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
CAPPING REACTION
4 Fmoc-Asp(OtBu)-OH | TBTU 1 4 90
5 Fmoc-Ser(tBu)-OH TBTU 1 4 90
6 Fmoc-Pro-OH TBTU 1 4 90
7 Fmoc-Cys(Trt)-OPfp | 1 4 120
Fmoc-Cys(Trt)-OH | TBTU 1 4 120
8 Fmoc-Ser(tBu)-OH TBTU 1 4 90
9 Fmoc-His(Trt)-OH TBTU 1 4 120
Fmoc-His(Trt)-OH PyBop 1 4 120
10" | Fmoc-GIn(Trt)-OH | " TBTU - I 4 90
11 Fmoc-Gly-OH TBTU 1 4 90
12 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
13 Fmoc-Asp(OtBu)-OH | TBTU 1 4 90
14 Fmoc-Leu-OH TBTU 1 4 120
15 Fmoc-Gly-OH TBTU 1 4 90
16 Fmoc-Thr(tBu)-OH TBTU 1 4 120
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Fmoc-Thr(tBu)-OH PyBop 1 4 90

17 Fmoc-Phe-OH TBTU 1 4 90

18 Fmoc-Gly-OH TBTU 1 4 90

19 Fmoc-Glu(OtBu)-OH | TBTU 1 4 90

20 Fmoc-His(Trt)-OH TBTU 1 4 120

Fmoc-His(Trt)-OH PyBop 1 4 90

21 Fmoc-Cys(Trt)-OPfp 1 4 120

Fmoc-Cys(Trt)-OH HATU 1 4 120

22 Fmoc-Ile-OH TBTU 1 4 90

Fmoc-Tle-OH PyBop 1 4 90

23 Fmoc-Cys(Trt)-OPfp 1 4 120

Fmoc-Cys(Trt)-OH TBTU 1 4 120

24 Fmoc-GIn(Trt)-OH TBTU 1 4 90

Fmoc-Gln(Trt)-OH PyBop 1 4 90

25 Fmoc-Gly-OH TBTU 1 4 90

Fmoc-Gly-OH PyBop 1 4 90

26 . | Fmoc-Asp(OtBu)-OH | TBTU 1 4 90

27 Fmoc-Val-OH TBTU 1 4 120

28 Fmoc-Cys(Trt)-OPfp 1 4 120

Fmoc-Cys(Trt)-OH HATU 3 4 120
Fmoc-Cys(Trt)-OH PyBop 2 4 Over/night

29 Fmoc-Arg(Pbf)-OH TBTU 1 4 90
Fmoc-Arg(Pbf)-OH PyBop 1 4 Over/night

30 Fmoc-Gly-OH TBTU 1 4 90

31 Fmoc-GIn(Trt)-OH TBTU 1 4 90

Fmoc-Gln(Trt)-OH PyBop 1 4 90

32 Fmoc-Gly-OH TBTU 1 4 90

33 Fmoc-His(Trt)-OH TBTU 1 4 120
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EGF-like f6

Characteristics

Sequence:

H-SDCHGQGRCVDGQCICHEGFTGLDCGQHSCPSD-OH
Amino acids: 33
Molecular weight 34513

Synthesis
Resin: TentaGel-S-PHB-AsP(t-Bu)Fmoc
Resin substitution: ~ 0.18 mmol/g
Resin quantity: 0.55g
Synthesis scale; 0.01 mmo
Solvent: - DMF
Deprotection: 20% (V/V) Piperidine, 0.1M HOBt in DMF. 2 X 5 min.
AA Number | Molar
position Building Block Activator of excess | Minutes
: couplings
2 Fmoc-Asp(OtBu)-OH TBTU 1 4 90
3 Fmoc-Ser(tBu)-OH TBTU 1 4 90
4 Fmoc-Pro-OH TBTU 1 4 90
5 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
CAPPING REACTION
5 Fmoc-Ser(tBu)-OH TBTU 1 4 90
6 Fmoc-His(Trt)-OH TBTU 1 4 90
7 Fmoc-GIn(Trt)-OH TBTU 1 4 60
8 Fmoc-Gly-OH TBTU 1 4 90
9 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120
10 Fmoc-Asp(OtBu)-OH TBTU 1 4 90
c | Fmoc-Asp(OtBu)-OH |  PyBoP 1 - 4 60
11 Fmoc-Leu-OH TBTU 1 4 90
12 Fmoc-Gly-OH TBTU 1 4 90
13 Fmoc-Thr(tBu)-OH TBTU 1 4 120
Fmoc-Thr(tBu)-OH PyBop 1 4 60
Fmoc-Thr(tBu)-OH PyBop 1 4 90
14 Fmoc-Phe-OH TBTU 1 4 90
15 Fmoc-Gly-OH TBTU 1 4 90




16 Fmoc-Glu(OtBu)-OH TBTU 1 4 90
17 Fmoc-His(Trt)-OH TBTU 1 4 120
18 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH HATU 1 4 120

19 Fmoc-Ile-OH TBTU 1 4 90

Fmoc-Ile-OH PyBop 1 4 90
20 Fmoc-Cys(Trt)-OPfp : 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120

21 Fmoc-GIn(Trt)-OH TBTU 1 4 90

22 Fmoc-Gly-OH TBTU 1 4 90

Fmoc-Gly-OH PyBop 1 4 90

23 Fmoc-Asp(OtBu)-OH TBTU 1 4 90
24 Fmoc-Val-OH TBTU 1 4 120
Fmoc-Val-OH PyBop 1 4 120
25 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 3 4 120

Fmoc-Cys(Trt)-OH PyBop 2 4 90

26 Fmoc-Arg(Pbf)-OH TBTU 1 4 90

Fmoc-Arg(Pbf)-OH PyBop 1 4 60

27 Fmoc-Gly-OH TBTU 1 4 90

28 Fmoc-GIn(Trt)-OH TBTU 1 4 90

Fmoc-GIn(Trt)-OH PyBop 1 4 90

29 Fmoc-Gly-OH TBTU 1 4 90
30 Fmoc-His(Trt)-OH TBTU 1 4 120
31 Fmoc-Cys(Trt)-OPfp 1 4 120
Fmoc-Cys(Trt)-OH TBTU 1 4 120

32 Fmoc-Asp(OtBu)-OH TBTU 1 4 90

33 Fmoc-Ser(tBu)-OH TBTU 1 4 90
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