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Abstract

Signaling mediated by Notch receptors and theards is essential in cell differentiation
and morphogenesis in metazoans. As both receptods ligands are cell-surface
expressed proteins, Notch signaling is restricechéarby interacting cells. The five
human ligands of Notch receptors are all singlesp&goe | transmembrane proteins
consisting of an extracellular region involved ieceptor binding and of a 100-150
residue intracellular tail. One of these ligandslt®like 4 (DLL4) is a human
homologue oDrosophila Delta protein, and plays an important role in degelopment
of blood vessels. The intracellular region of DLL®DLL4 IC) is required for
receptor/ligand endocytosis, undergoes regulateda-membrane proteolysis and,
through its C-terminal PDZ binding motif, mediateg interaction of DLL4 with Dlg-1,

a protein involved in the organization of cell-gelhctions. The sequence of DLL4_IC is
very well conserved through evolution but does antode any domain of known
structure. Using a recombinant purified protein resped from a codon-optimized
synthetic gene, we demonstrate through varioushlygipal methods such as circular
dichroism, size-exclusion chromatography, and NM#attDLL4 _IC is globally
disordered in solution, but can form inter-con\®di local secondary structures in
response to specific variations in the physico-dbahmilieu, as well as in the presence
of its target PDZ domain. Most of these conformaaicchanges occur in the functionally
relevant C-terminal segment. A computational stodythe incidence and location of
protein intrinsic disorder in 369 human receptofrgh®e same transmembrane class of
DLL4 provides evidence that disorder concentrateshie cytoplasmic tail of these
proteins and represents a general phenomenomghiindf these findings, we propose that
global disorder in the cytoplasmic tail, in conoeith local pre-organization, may play a
role in the function of DLL4 as well as in that other single-pass transmembrane

proteins.



List of publications

Publications on the subject of this thesis:

1. De Biasio A Guarnaccia C, Popovic M, Uversky VN, Pintar AnBor S. Prevalence
of intrinsic disorder in the intracellular regiof gingle-pass transmembrane proteins:

the case of the Notch Ligand Deltad®roteome Res., in press

2. Pintar A,_De Biasio APopovic M, Ivanova N, Pongor S. The intracelluiegion of
Notch ligands: does the tail make the differenBisP Direct. 2007;2:19.

3. Popovic M, _De Biasio APintar A, Pongor S. The intracellular region lo¢ tNotch
ligand Jagged-1 gains partial structure upon bigpdinsynthetic membraneSEBS J.
2007;274(20):5325-36.



Acknowledgments

This thesis was prepared in the Protein Structur@ Bioinformatics Group at the
International Centre for Genetic Engineering anot&hnology (ICGEB) in Trieste,

Italy, and was supported by an ICGEB predoctoiévieship.

First, | need to express my gratitude to my sugeryi Prof. Sandor Pongor, for his

advice and care throughout the time | spent irdtis

| am deeply indebted to Dr. Alessandro Pintar whpesvises the studies on Notch
signaling within the lab, for his day-to-day help advice throughout the entire project,
and especially for his patience in taking me thiotlge challenging yet fascinating field
of protein NMR.

I am grateful to all the people in the Protein 8twmwe and Bioinformatics Group, for
having shared hundreds of morning coffees and g&ons on international politics and

ethical issues.

My gratitude goes to Jovana, for sharing the buroebeing hostage of the “Trieste

effect”. Her presence has been central for thdteeaahieved herein.

And, of course, | thank my parents and my sistemaror their hope, trust and unlimited

support. This thesis is dedicated to them.



Table of Contents

Abstract

List of publications
Acknowledgments
1. Introduction

Notch Signaling
Mechanism of the core signaling pathway
Notch signaling and cell fate decisions
Non redundant functions of ligands in Notch signahg
Notch ligands: same dog with different tails
Structural biology of Notch ligands

Aim of the work
2. Results

2.1. Structural characterization of the cytoplasmidail of DLL4 (DLL4_IC)
Sequence analysis
Gene synthesis, protein expression and purification
DLL4 _IC is mainly disordered in solution
DLL4 _IC displays propensity to form secondary strut¢ures
The N-terminal region is not required to for helixformation induced by SDS
The central region is mainly disordered

The C-terminal region displays structural plasticity

11

11

12

15

17

18

18

18

20

22

26

31

33

35



Conclusions
2.2. Studying the interaction between thecytoplasmic tail of DLL4_IC and
its target PDZ domain
PDZ domains: structure and function
DLL4 _IC interacts with the first PDZ domain of DIg-1in vitro
Expression and purification of the first PDZ domainof Dlg-1 (PDZ1)
The C-terminus of DLL4 interacts with PDZ1
PDZ1 triggers aggregation of DLL4_IC
The titration of PDZ1 with the P3 peptide points toa p-enrichment in the
peptide
2.3. Widening the view: intrinsic disorder in singe-pass transmembrane
receptors
Disorder predictions
Charge/Hydropathy plot

Amino acid compositional analysis
3. Discussion
3.1. Intrinsic global disorder and inducible globalorder in the intracellular tail
of DLL4: implications in function
3.2. Protein intrinsic disorder in the cytoplasmictail of single-pass
transmembrane proteins: a conserved functional rol@

Materials and Methods

References

36

37

39

42

43

44

45

49

49

51

52

54

54

65

69

79



1. Introduction

Notch signalling

Mechanism of the core signaling pathway

Notch mediated signal transduction controls cete féspecification, differentiation,
proliferation and survival) and is a key procesfisaue patterning and morphogenesis in
developing vertebrates and invertebrdtésThe main players in this signaling network
are Notch receptors, four members of which haven bdentified in humans (NTC1,
NTC2, NTC3, NTC4), and their corresponding ligan@i®longing to two distinct
families: homologues oDrosophila delta protein (Delta-like 1, Delta-like 3 and 2elt
like 4") and homologues drosophila Serrate, Jagged-1 and -2 (JAG1, JAG?2).

ECN NTM
R
' L1z T™
EGF-ike repeats repeats NLS PEST

Il

Proteolytic sites [ 52

s3

Figure 1.1 Domain organization of Notch receptors. Human RbdtéNTC1) is shown as an example.
Proteolytic cleavage by furin at site S1 produces subunits, ECN and NTM, which remain non-
covalently associated at the cell surface. EGF-likadules 11 and 12, implicated in ligand binding in
Drosophila Notch, are shaded. S2 and S3 identify the sitggai&olytic cleavage induced upon activation

by the ligand. ICN, intracellular domain of NotcNLS, nuclear localization signal, PEST, proline,

glutamate, serine, threonine rich sequence; TAdhs&ctivation domain; TM, transmembréane

' Delta homologues are also abbreviated as DLL1,®ahd DLL4. From here on these abbreviations will
be used in the text.



Notch receptors are membrane-spanning glycoprotagsembled in a non-covalent
heterodimeric complexFHgure 1.1). The polypeptide encoded by Notch genes is
proteolytically cleaved in the Golgi during thersport to the cell surface, to give an
extracellular (ECN) and a transmembrane subunitMNTThe ECN contains an array of
29-36 EGF tandem repeats, followed by three LINdf2eats that maintain Notch in a
resting state. The intracellular region of the NTidludes a RAM domain, followed by
seven ankyrin repeats, a TAD domain, and a PESibrred\ll Notch ligands share a
similar architectureKigure 1.2): a poorly characterized N-terminal region recgifer
receptor binding, a Delta/Serrate/Lag-2 (DSL) domai variable number of EGF-like
repeats, a trans-membrane segment, and a relatbhadgt (~100-150 amino acids)
cytoplasmic taif. Jagged ligands have an additional, cysteinerggion proximal to the

trans-membrane segment.

oy &—]

MNLL gutiiE MI_
<

Figure 1.2 Domain architecture of Notch ligands. Typical domorganization of Notch ligands: MNLL,
N-terminal domain; DSL, Delta/Serrate Ligand dom&GF, Epidermal Growth Factor repeat; VWC, von

delta

Willebrand Factor type C domain. The transmembisggment is shown as a blue bar. The number and

type of EGF repeats can vary.

Notch signaling is initiated by receptor-ligandergctions between two distinct cells. The
receptor/ligand interaction has not been charasdrn detail yet. From deletion studies,
it has been found that a couple of tandem EGF teprdhe receptor (EGF-11 and -12)
and the DSL domain in the ligaficire the minimal requirement for the binding tourcc
In response to ligand binding, the transmembrarmurgti of the receptor (NTM) is
cleaved by an extracellular ADAM (A Disintegrin aniblletalloproteinase) type
metalloproteinase, 12 residues upstream of the marakspanning region. This cleavage

facilitates a further cleavage of NTM, on the cyagmic side. This cleavage is carried



out by the presenilip/secretase protease and releases the intraceflataain (ICN)
from the membrané. This series of controlled proteolytic events &erred to as
"regulated intramembrane proteolysis" or RIP, ama isignal transduction mechanism
shared with the adhesion molecules CD44 and néctthe amyloidB-A4 protein, the
ErbB-4 receptor tyrosine protein kinase, and oth@rsce translocated into the nucleus,
the ICN interacts with nuclear factors that acevanscription, the main target being a
transcription factor (CSL) called BF1/RBP in mammals, Uppressor of Hairless in
Drosophila, and_LAG-1 in C. elegans (Figure 1.3).

Recognition
of ligands

endocytosis Metalloprotease
and degradation cleavage

Figure 1.3 Key biochemical events in the Notch signal trarcsidn pathway. This figure was adapted
from reference 3.

Notch signaling is regulated at different levéigy(re 1.4): glycosylation of receptors
and ligands is tuning receptor/ligand recognifipaytoplasmic proteins like Numb and
Deltex play a role in suppressing Notch signaluBRjuitin ligases regulate the level of
Notch signal by targeting its components for degtia °, and several nuclear proteins
take part to the activation of transcription.
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Figure 1.4 Regulation of Notch signaling. Binding of Notakceptors to ligands of the Serrate and Delta
families result in successive cleavages, firshimaxtracellular domain by ADAM-type proteases, Hrah

in the transmembrane domain by presenilin-depengeoteases, which release ICN and permit its
translocation to the nucleus. The ability of Sexldite ligands to activate Notch is antagonizedFoynge
(FNG) glycosylases, which modify Notch extraceliuttobmains. In the nucleus, ICN activates targetegen
expression by binding the transcription factor CSlisplacing corepressors (CoR), and recruiting
coactivators (CoA), including mastermind (MAM) ()1"Poorly characterized CSLindependent pathways
also exist that may proceed through Dtx (“2”) orkmown factors (“3”). Notch signals are negatively

regulated by the cytoplasmic protein Numb, and tmayositively or negatively regulated by deltexxDt
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Notch signaling and cell-fate decisions

Notch signaling can have many different, if not ogife effects depending on the timing
and the tissue conteXt"*2 For example, while the maintenance of stem cefls
progenitor cells in an undifferentiated state ha&een observed in the hematopoietic
system and in the pancreas, terminal differentiaigoinduced in the skin by DLL1 or
Jagged. In general, Notch signaling is acting dhfate decisions either through lateral
signaling or through inductive signaliflg In lateral signaling, equivalent, equipotent
cells initially express both Notch receptors andirtigands, but the concentrations of
these proteins start to differ between neighbodelds perhaps due to fluctuations in the
steady-state expression levels. Small differencesdeptor and/or ligand concentrations
in cells are amplified over time, leading to cefleat exclusively either express the
receptors or their ligands, thus guiding the speation of the cell fate and cell
differentiation. In inductive signaling, the intet®n occurs between two
developmentally distinct cells expressing exclugivathet the receptor or the ligand.
The fate of the bi-potential precursor cell is ded by the occurence of this interaction,
while in the absence of Notch signal the precucssh would follow another fate. The
cell expressing the receptor, and therefore thipiext of the Notch signal, is induced to

differentiate into a particular cell lineage.

Non redundant functions of ligands in Notch signahg

Although the molecular grounds of ligand specifiaciemain to be determined) vivo
studies suggest that each ligand exerts uniqu@andedundant effects. Gene knock-out
of Jagged-12 or DLL1 **, heterozygous deletion of DL, or homozygous mutants in
Jagged-2'° all lead to severe developmental defects and esnimylethality in mice.
Recently, impressive advances in establishing ¢fe of DLL4 in the development of
blood vessels have been achieved and several segfatved that the blockade of DLL4
signaling can inhibit tumor growth by deregulatiaggiogenesis’® , making DLL4 a
potential pharmacological target for the treatmehtsolid tumors?®?’. DLL4/Notch
signaling can be blocked by either a specific amtjpagainst DLL4 that selectively

11



neutralizes DLL4 or a soluble DLL4 fusion proteimat works by preventing Notch

receptors from interacting with endogenous ligands.

Notch ligands: same dog with different tails

Notch ligands are all type | single-pass transmeamdr proteins with a common
architecture igure 1.2: an extracellular portion mainly made of globutimains (i.e.
EGF repeats), required for receptor binding, fobovby a transmembrane segment and a
short intracellular region which does not encodg damain of known structuré A
potentially novel aspect of Notch signaling in maatenhas recently emerged and
underscored the central role of the intracellulagion of Notch ligands in several
mechanisms, such as the interaction with membrasee@ated proteins, the endocytic
processes that control receptor/ligand interactiand the signaling in the ligand bearing
cell, where the ligand cytoplasmic tail acts as emirane-tethered signaling fragment.
Our multiple sequence alignments showed that, wittie same ligand type, the
intracellular region of the five Notch ligands (DLLDLL3, DLL4, JAG1 and JAG2) is
well conserved through evolution, while differengjand types show quite distinct
cytoplasmic tails®®. Sequence conservation within ligand types sugg#sit precise
sequence characteristics might be required for iipguatterns of post-translational
modifications to take place and for specific pmtpiotein interactions to occéf. The
functions mediated by the cytoplasmic tail of Notoands are described in detail

hereafter.

The cytoplasmic tail couples Notch ligands to PDZantaining proteins

Independent on the interaction with receptors, di@plasmic tail of Notch ligands

couples the Notch signal transduction machinery PIDZ containing, membrane

associated proteins that play a role in the orgaioz of cell-cell junctions. Jagged-1 has
been shown to interact with the unique PDZ domdithe ras-binding protein afadin

(AF6) in a PDZ-dependent manrn@r Dlg-1, the human homologue of tBeosophila

12



Discs Large protein, was identified through peptdfnity chromatography as a binding
partner for DLL1 and DLL4®. It was shown that DLL1/4 can recruit Dig-1 atlazml|
junctions, tighting cell contacts and reducing aalbtility 3. The interaction is PDZ-
dependent, although it was not determined whiclhefthree PDZ domains in Dlg-1
mediates this interaction. In similar studies, ithteraction between DLL1 and members
of the MAGI family (Membrane_Asociated_@Ganylate_Knases with_iverted domain
arrangement) has been reportéd The interaction specifically occurs between the C
terminus of the Delta proteins and the forth PDZndm of MAGIs. As there are over
300 human proteins containing at least one PDZ dofits, it is not clear yet whether
specific recognition relies on subtle differencasthe PDZ domains*, on a binding

region larger then the canonical, C-terminal PDidbig tetrapeptidé®, or both.
Ubiquitination of the cytoplasmic tail drives endogtosis

The cytoplasmic tail of Notch ligands is also inxed in ligand internalization. Although
in some instances soluble forms of DSL ligands activate Notch signals, normally an
intact membrane anchored ligand is required fdrdalivation Figure 1.5). The current
hypothesis is that after a receptor/ligand inteéoacts established, "receptor shedding" is
required to expose the juxtmembrane region of éteptor to proteolytic cleavag&>®
Recent data suggest that receptor shedding i®dhdaromoted by endocytosis of the
ligand/ECN complex, which physically dissociates téthd heterodimers before
proteolysis can occut’. The internalization of the ligand/ECN complexdsven by
mono-ubiquitination of the ligand by the E3 ubiquitligase. Whereas in model
organisms the only apparent function of the intitatzr region is to carry lysine residues
that can be ubiquitinylated to trigger endocyto®i§" it seems that in mammals the
differences in the cytoplasmic tails may underlierenspecific mechanisms to control the
endocytic pathways. In fact, several different B&juitin ligases that ubiquitinate Notch
ligands are being identified, and different ligatds specifically recognized by different

E3 ubiquitin ligase§®*®

13
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The cytoplasmic tail of the ligands makes Notch sigling bi-directional

Recent reports show that Notch ligands undergmteplytic processing that is strikingly
similar to that reported for Notch receptofsgre 1.6).

Figure 1.6.Bidirectional signaling.

Delta and Jagged undergo ADAM-mediated ectodomaiocgssing followed by

presenilinf-secretase-mediated intramembrane proteolysideéase signaling fragments
4447 The regulated intramembrane proteolysis, followmd the release from the
membrane and the localization in the nucleus, stggepossible role of the intracellular

region in transcriptional regulation. In cotransiee studies, the intracellular region of

14



Jagged-1 was able to promote transcription of artepgene in COS, CHO, and HEK
cells specifically through the AP1 (Activator Priotel, p39 jun) enhancer elemefit
Activation by Jagged-1 is at odds with AP1 repm@ssiarried out by the intra-cellular
domain of Notch. There is no experimental evidermmyever, that the intra-cellular
region of Notch ligands can bind DNA directly anddeed, they do not contain any
recognizable DNA binding motif. More probably, thé&ynction in combination with
transcriptional complexes or specific transcriptfantors. Evidence in this direction is
given by the interaction observed between the mddisel intracellular region and
specific Smad transcription factors (Smad-2, -3¢ a#) involved in TGH3/activin
signaling, that results in a significant enhancetnierhe transcription of specific genes
leading to neuronal differentiation of mouse newtaim cells*®. Moreover, co-culture
experiments showed that DLL1 proteolytic processang nuclear localization can be
enhanced through interaction with Notctfl These observations strongly implies the
existence of Delta signaling, which means thatNbé&h-Delta signaling pathway is bi-

directional.

Structural biology of Notch ligands

Very little is known about the detailed moleculaechanisms involved in Notch signal
transduction. Currently, structural studies on KHosignaling are mainly focused on
proteins playing a role in signal transductionhe signal-receiving cell. The structure of
a NL (Notch/Lin12) repeat®, and the structure of the ligand binding regiorNwkch,

encompassing three epidermal growth factor rep@atsave been determined by NMR.
The structure of Notch ankirin repeats have alsenbsolved® % Of the effector

proteins, the structure of CSL bound to DNA hasnbsaved by X-ray crystallography
%3, On the other hand, little or no data has beemymed concerning the structure of
Notch ligands or their protein targets in the slggending cell. The interaction of Notch
ligands with their receptors requires the DSL (B&errate Ligand) domain, but neither
the structure of this domain nor the mechanisminflibg has been determined. Notch
signaling is sensitive to the concentration of as#tlular calcium, but the effect of

calcium ions on receptor and ligand structure has Imeen studied yet. Notch

15



receptor/ligand recognition is modulated by glydasgn, but the structural determinants
that regulate this interaction are not known. Oftst-translational modifications, lie

hydroxylation at aspartic or asparagine residuege Haeen identified, but their role
remains unclear. Also, the cytoplasmic tails of M@ch ligands, which are multi-task
structural requirements needed to perform the ahewméioned functions (i.e. PDZ
recognition, ligand endocytosis, intra-membrane tgolysis and transcription co-
activation), are still awaiting a structural chaeaization. Interestingly, our predictions
supported by preliminary experimental results paintards a mainly disordered nature
for the cytoplasmic tail of Notch ligand$>**°(Figure 1.7), suggesting a prominent role
for intrinsic disorder in the molecular mechanisthat govern the function of these

proteins.
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Figure 1.7. Intrinsic disorder. Disorder in the extracelluldslack circles/bars) and intracellular (red
circles/bars) regions of Notch ligands are shown(asa plot of the mean net charge v. the mean
hydrophobicity and (b) as the percentage of disedieesidues calculated by DisEMBL using the "hot
loops" definition. In (a), the border between faldend natively unfolded proteins is drawn as a. lift@s

figure was adapted from reference 28.
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Aim of the work

The rapidly expanding experimental data understmeamportance of Notch ligands in
several cellular processes. Most of the recent wmaskraised many issues on the role of
the cytoplasmic tail of Notch ligands in bi-dirextal signaling, in the cross-talk with
other signaling pathways, in cell-autonomous, Netdependent signaling, and in
endocytosis-mediated receptor shedding. Among itlee fuman homologues of Notch
ligands, DLL4 has proven to be a target of exceytionterest, given its central role in
blood vessels development and since the blockatteeddLL4-mediated Notch signaling
can inhibit tumour growth. Moreover, DLL4 coupldsetNotch signaling network to
proteins involved in the organization of cell-cglhctions, through the interaction with
the PDZ domains of DIg-1 mediated by the ATEV mdti€ated at C-terminus of the
cytoplasmic tail. The same type of interaction obseé between Notch ligand DLL1 and
Dlg-1 is required to recruit DIg-1 at the cell menaue, thereby tighting cell contacts and
reducing cell motility, suggesting a similar roler DLL4 in this process. No structural
characterization of the cytoplasmic tail of DLL4 shheen performed so far. The
cytoplasmic tail of DLL4 (DLL4_IC, 133 aminoaciddpes not encode any domain of
known structure and the aim of this work is to:g$sess, through sequence analysis and
biophysical studies on a recombinant protein, wérellLL4 IC encodes a new globular
fold or, inversely, if it is partly or entirely disdered and (ii) identify which of the three
PDZ domains of Dlg-1 interacts with DLL4 IC and dyu by making use of a
recombinant protein encoding the target PDZ domhoaw the interaction affects the
structure of DLL4_IC. Overall, this study will pri@le important information to describe
the structural basis of DLL4 action in both the &etlependent and independent

processes this ligand mediates in the ligand-bgaet.
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2. Results

2.1. Structural characterization of the cytoplasmidail of DLL4 (DLL4_IC)

Sequence analysis

The amino acid sequenceidure 2.1) of the cytoplasmic region of Notch ligand DLL4
(DLL4_IC) was subjected to secondary structure disdrder predictions. DLL4_IC is
expected to adopt some secondary structure, agstegigby different secondary structure
predictors (PSIPREDINet,SSpro)*®>2 All tested methods predicted the presence of an
a-helix in the N-terminal region, starting at R13dafour stretches df conformation,
two located after the-helix and two located at the C-terminus and plytiacluding the
PDZ binding motif Figure 2.1). PONDRa disorder predictor based on neural networks
trained with sequences of intrinsically disorderedions®®, predicted four disordered
stretches that account for 37% of the entire secpief DLL4_IC, whereas DiSEMBL,
another neural network-based predictor, predict&¥ 5f disordered residues, when the
Hot-Loop definition of disorder was chosgee the Materials and Methods chapter for
details). 1UPred®®, which is a disorder predictor that estimates pagwise energies
within an amino acid sequence, predicted 56% obrdered residues. By contrast, as
expected from the globular nature of the extratailtegion of DLL4 Figure 2.1), the
disorder prediction carried out on this region categ only 7% (PONDR) and 14%
(DISEMBL) of disordered residues, while IUPred poteld no disordered regions in the
extracellular domain. Overall, these predictionggast a relevant content of protein
disorder in the cytoplasmic tail of DLL4 togetheittwthe propensity of this region to

adopt local secondary structures.
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Delta-like 4

DLL4_IC

MMILL

553 576 582 619 662 685
[ [ [ [ | [

Seq RQLRLRRPDDGSREAMNNL SDFQKDNL I PAAQL KNTNQKKEL EVDCGL DKSNCGKQNHT L DYNL APGPL GRGT MPGKFPHSDKSL GEKAPL RLHSEKPECRI SAI CSPRDSMYQSVCLI SEERNECVI ATEV

______________________________________ Khkkkkkhkhhkhhhhhhhhkhhkhhhhkkkkhkkhkh ok ok ok ko 4 L
psip ccccccccccchhhhhhhhhhhhhceeccecccceeccceeeeeeeccceccececcecececcccccccccccccccccccccccccccccceccccccccccccccccccccccccccccceeeeeeccccccceeeecc
jnet ccccccccccecchhhheccecccecccececececceeeecccceeeeecccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccceeeeeeeeccccceeeeect
sspro cccccccccccchhhhhhhhhecechecccccceeccccccceecccecececcccccccceccccccchecchhhhecececececceccecececchhhhececcheccecccccececeeccccccccceeeeeeeeccccceeeeeec
Cons cccccccccccchhhhhhhhhecheccccccceeecccceeeeecccccccccececcccecccccccccccccccccccccccccccccccccccccccccccccccccccccccceeeeeeeeccccceeeeecct
prob 7667899888865666544445436777654444577645665579988778777778877755665656678788888888776666777677888876667876688887545789985678856788669

Pondr  DDDDDDDDDDDDDDD DDDDDD DDDDDDDDDDDDDDDDDDD DDDDDDDD
DEMBL  DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD DDDDDDDDDDDDDDDDDDDDDDD DDDDDDDDDDDDDD
| Pred DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD DDD DDDDDDDDDDDDDDDDDDDDDDDDDDDDODDDDDDDDD

Figure 2.1. Sequence analysis and peptide design. Amino seigience of DLL4_IC, secondary structure and de&sopidedictions. Secondary structure
predictions (h, helix; e-strand; c, coil) were obtained running PSIPREDETINind SSpro from the PHYRE web server (http://wstg.bio.ic.ac.uk/); the

consensus secondary structure prediction and thre sce also shown; disorder predictions (D, disd residue) using PONDR with the VL-XT predictor,

DisEMBL according to the Hot-Loop definition and RPed with the long disorder prediction option. Td@id line above the sequence () indicates the
residues included inAN-DLL4_IC (res. 576-685). Segments covered by pkgstiare marked with (--),(P1,res.582-618),(**)(B2,619-661),(++)(P3,res.662-

685).
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Gene synthesis, protein expression and purification

The recombinant protein corresponding to the imdfatar region of human DLL4
(DLL4_IC, residues 553-685 of DLL4 HUMAN, 133 amiagids) was expressed kn
coli from a synthetic gene designed to optimize theonodsage for heterologous

expressionKigure 2.2and2.3).
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Figure 2.2. Codon usage optimization. Number of codons usetiuiman
cDNA (white) and in the synthetic gene (black) ofl@ IC partitioned

according to their relative abundarioe. coli Class Il genes.

Despite an extensive proteolytic degradation, thal fmaterial was highly pure (>95%,
as determined by RP-HPLC), and could be recoveregood yields (8 mg/L), which
allowed its characterization by circular dichroisftNMR and size exclusion
chromatography. The truncated protedN-DLL4 IC (see below in the text) was
expressed in a similar system, and recovery froctugion bodies allowed for a single
step purification by RP-HPLC.
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Figure 2.3 (a) Gene synthesis. Agarose gel (1%) of the genarddgePCR mixture. Lane 1, 1kb DNA
ladder plus; lane 2, PCR mixturd) (Protein purification. Coomassie Blue stained SES5E (4-12%) of
DLL4_IC before (lane 2) and after (lane 3) Hiag removal; lane 1 and 4, LMW markefs) Purification
in native conditions. RP-HPLC analysis of His6-DLIU& purified by IMAC followed by ion exchange

chromatography.
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DLL4 _IC is mainly disordered in solution

The presence of secondary structure in DLL4_IC imasstigated by CD spectroscopy.
The far-UV CD spectrum of DLL4 ICHgure 2.4 in Tris buffer shows a strong
minimum at 198 nm, which is typical of disorderewtpins. The deconvolution results
using CDSSTR show a high content of unordered &treq77%) and a poor residual
presence of secondary structure (3% Helix, 10%n8t@nd 8% Turns). Very similar
results were obtained from the CD spectrum of DUCApurified in native conditions
(Figure 2.39, confirming that the purification process did regnificantly affect the
intrinsic conformation of DLL4_ICKigure 2.4). The difference in the intensity of the
negative band at 198 nm observed in the two spectidikely consequence of the poor
accuracy in the estimation of the concentratiomftbe measured absorbance at 280 nm.
In fact, as the protein does not contain any Tgidrees, this could result in more than
10% error in the computed extinction coefficient.
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Figure 2.4.Circular dichroism. Far-UV CD spectrum of DLL4_IC.6 uM)
in 5 mM Tris-HCI buffer, 1 mM TCEP, pH 7.5, puriflein denaturing
conditions (red trace) and of His6-DLL4_IC (14.1 uM 5 mM Phosphate
buffer, 1. mM TCEP, pH 7.5, purified in native cotiolns (blue trace).
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Also, we observed some variability in tBesheet and turn content in different samples
and over time, which might reflect the formation pfotein aggregates and the
appearance of a subpopulation of molecules enriehigid those secondary structural
elements. This could well be explained by the ieheflexibility of DLL4_IC, which is
likely to make the protein structurally sensitive glight fluctuations in the chemical

environment (e.g. pH, ionic strength or tempergture

The conformation of DLL4_IC was further analyzed W¥IR spectroscopy. From the
'H-1>N HSQC spectrum of theN-labelled protein, ~100 HN backbone resonancekicou
be identified, which correspond to ~80% of the peekpected, the large majority of
them being clustered in a narrow region comprisetiveen 8.0 and 8.5 ppnriigure
2.59. The average value dHN chemical shifts (8.27 ppm) is nearly identicatiahe
dispersion only slightly largeo(= 0.18) compared to the values expected for a jprofe
the same amino acid composition and assuming rarmmhvalues® for all residues
(8.22 ppm ando = 0.14, respectively) Higure 2.59. The lack of chemical shift
dispersion in the HN region as well as in the metlegion (data not shown) is an
indicator of the lack of globular structure, andlittfe, if any, secondary structure. The
presence of strong and sharp resonances accomganiadch weaker peaks in thid-
>N HSQC spectrum, and the few peaks that could eetiiied in the HN-H region of
the *H-">N HSQC-TOCSY spectrun{gure 2.5b) are also pointing to the presence of

conformational exchange processes.

In order to better characterize the conformatiodbi4 IC in solution, we studied its
hydrodynamic properties through size exclusion etatmgraphy. DLL4 _IC (15 kDa) is
eluted from the size exclusion column as a peakesponding to a 31 kDa globular
protein Figure 2.6g. The sharpness and symmetry of the peak inditaéepresence of

a single, well defined species. The elution volunfiea protein from a size exclusion
column correlates with its hydrodynamic properti€ee hydrodynamic radius (Stokes
radius, R) of a protein can be deduced from its apparenteoudr weight (MW) as

determined by size exclusion.

23



= = g

Lol - 110.0

(a) 7"N (ppm) (b} f = | "N (ppm)

~

T T I T T T 130.0 T T T T ‘ - T T T ‘ T 130.0
9.0 8.0 7.0 5.0 4.5 4.0

88 87 86 85 84 83 82818079 78 77
3 (ppm)

Figure 2.5.NMR. (a) *H-">N HSQC spectra of DLL4_IC (0.5 mM) in,B/D,0 (90/10, v/v), 4 mM TCEP,
pH 5.6, recorded at 303 Kb) 1H-15N HSQC-TOCSY of DLL4_IC in H20/D20 (90/10 Y/eontaining 4
mM TCEP, 2 mM EDTA-d16, 15 mM DSS, pH 5.6, protemncentration ~0.5 mM. The spectrum was
recorded at 303 K, using a 40 ms mixing tine. distribution of'*HN chemical shifts of DLL4_IC in
H,0/D,0 (black bars), in the presence of SDS (grey bamsl) for random coil values for a protein of the
same amino acid composition (white bars).

The calculated Rfor an apparent MW of 31-kDa is 25.3 + 0.4 A. Ttheoretical radius
of a monomeric protein in either a native or unéaldstate (8N or RsU) can be derived
from its known molecular siZ&. In the case of DLL4_IC, R =19.3+0.3 A and & =

35.6 + 0.7 A. Therefore, the large value of the k8% radius for DLL4_IC,
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experimentally determined by size exclusion (25)3 iAtermediate betweensR and
RsU, is consistent either with a folded, stable dinoerwith a monomeric, disordered but
partially compact state. Since both CD and NMR detal to rule out a folded globular
state, we interpret size exclusion chromatogra@sylts in terms of the presence of a
monomeric, disordered but partially compact state.
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Figure 2.6. Size exclusion chromatograph{g) Elution profile of DLL4_IC on a Sephacryl S-200lwmn
(elution buffer; 50 mM Tris-HCI, 100 mM KCI, pH 7?.4The apparent molecular mass of DLL4_IC
deduced from the column calibration is indicat@a). Calibration standards are shown as open circles (1
lactate dehydrogenase (147 kDa); 2, bovine serlmmah (67 kDa); 3, carbonic anhydrase (29 kDa); 4,
horse myoglobin (17 kDa)), DLL4_IC as a filled squiéapparent MW = 31 kDa). The calibration curve (R

=0.99) is also shown.\£ elution volume.
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Taken together, CD, size exclusion chromatograpttydMR data are consistent with a
mainly disordered state of the protein in solutiamd the presence of little or no

secondary structure.

DLL4 _IC displays propensity to form secondary strut¢ures

The predictions lead us to speculate that DLL4 Ktosdary structure might be
stabilized by agents promoting native structure dsy an artificial
hydrophilic/hydrophobic interface (SDS micelles). drder to test this possibility, we
first analyzed the secondary structure of DLL4_I€ the presence of different
concentrations of TFE, which promotes secondanyctire formation by reducing the
protein backbone exposure to the aqueous solvehfaoring the formation of intra-
molecular hydrogen bond¥. Starting from a disordered conformation in aqueou
solution, a significant change in the secondanycsire was observed upon addition of
increasing amounts of TFE. The CD spectra develapgitiong ellipticity at 206 nm and
a shoulder at 222 nm, characteristic of ahmelical structure, at the expense of the
minimum at 198 nmKigure 2.7g. The helical content increases from 3% to 17%nupo
TFE addition (0-20%, v/v), with a drastic changeelhpticity already between 10% and
15% TFE. Also, a significant increasef8rstrand and turns structure is observed in the
presence of TFE. These results confirm that DLL4h&8 the intrinsic propensity to form

secondary structures, and the measured conteme®é is consistent with the predictions.

Similarly, at increasing concentrations of SDS, BALIC undergoes a conformational
change towards the-helical structure, reaching a maximum of ~8% oehelix at
saturation (10 mM SDSFigure 2.7b). Interestingly, at the same saturating SDS
concentration (10 mM), the-helical content undergoes a significant increas¢ha pH
decreases (8% af-helix at pH 7.5versus 23% at pH 6.3Figure 2.79, while the same
shift in pH only slightly increases tlfiestrand content of the protein alork@gure 2.7d).
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Figure 2.7.Circular dichroism. Far-UV CD spectra of DLL4_IC.§74uM) in 5 mM Tris-HCI buffer, 1 mM
TCEP, pH 7.5, and in the presence of increasingemmations of TFE (5, 10, 15, 20 %, v/@) por SDS

(b) or at different pHs in the presenc® ¢r absenced) of SDS at a super-micellar concentration (10 mM)

The SDS-dependent structural change of DLL4 ICcsompanied by its association
with micelles, as shown by changes in intrinsicofescence emission spectra and
fluorescence anisotropy. An increase in tyrosineritsscence, observed in the presence
of SDS, is consistent with the interaction with tinecelle surface Kigure 2.89. The
binding was saturable with increasing concentratiohSDS Figure 2.8b). The plot of
the micelle-induced fluorescence changesus SDS concentration was fitted with a
guadratic binding equation for a two-state bindofgm molecules of DLL4_IC to a
micelle of n SDS molecules (see Materials and Methods). Therm@ted value of the

dissociation constant ¢gkwas 2.4 uM for a complex of 4 protein moleculesiid to 60
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SDS molecules, a number that approximates the ggtioe number for SDSi.é.
number of SDS molecules per micelle). More conegkisialues for both the affinity and
the stoichiometry of the DLL4_IC-SDS micelle compleemain to be determined. The
titration with SDS reveals that SDS triggers bimdibbelow its critical micellar
concentration (7-10 mM), with a saturated bindinguad 1 mM for 45 uM DLL4_IC,
suggesting the possibility that DLL4 _IC might dritree formation of SDS micelle while

binding on its surface, as already seen desynuclein, another membrane-interacting

protein®*,
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Figure 2.8. Fluorescence spectroscofg) Tyrosine fluorescence emission spectra of DLL4(46 uM)

in 5 mM Tris-HCI buffer, 1. mM TCEP, pH 7.5, in tledsence—) or presence (--) of 10 mM SD#)
Concentration dependence of DLL4_IC fluorescenagedse induced by SDS. The data fitting was
performed as described in Materials and Meth{@sChanges in fluorescence anisotropy of DLL4_IC (45
MM) in 5 mM Tris, 100 mM NaCl, upon SDS additionNh
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The binding of DLL4_IC to SDS micelles was furthebserved by changes in
fluorescence anisotropy at increasing concentratioh SDS Figure 2.89. In fact,
anisotropy correlates with the diffusive motions tbke tyrosine fluorophore and is
proportional to the size of the rotating moleculs: increase upon SDS addition is
consistent with the formation of a protein-micelemplex. The binding saturates at
around 1 mM SDS, confirming the results obtainedmfrthe changes in intrinsic
fluorescence. The secondary structure formationDll4 IC observed by CD is
saturated at a SDS/protein molar ratio (>100:1yif@antly higher than that seen to be
sufficient to saturate the protein-micelle bindiag shown by intrinsic fluorescence
(~20:1). This seemingly discrepant data might iaticthat the protein binding to the
micelle precedes the partial folding on the micslieface, which can only be reached at a
certain excess of SDS molecules.

The conformation of DLL4_IC in the presence of Si8elles was further analyzed by
NMR. The'H-*N HSQC spectrum of DLL4_IC obtained at saturatingaentrations of
SDS is somewhat different from that of the protalone Figure 2.5a and 2.93.
Although several resonances are still missing, giobbbdue to overlap, HN cross-peaks
appear to be of similar intensity and slightly bettlispersed. Most of HN backbone
resonances are still clustered in a relativelyowanregion (7.7-8.4 ppm), but the average
value of'HN chemical shifts (8.11 ppm) is smaller and ttepdision slightly larger(=
0.20) compared to the values obtained for the prai®ne Figure 2.59. Moreover, ~90
cross-peaks could be counted in HN-Iegion of the'H-"N HSQC-TOCSY spectrum
(Figure 2.9b), most of them in the 4.2-4.6 ppm region. Siguifity, a discrete number
of non-glycine HN-Hx cross-peaks display a high field shift (< 4.2 ppiihe lack of
significant chemical shift dispersion in the HN ahidi chemical shifts even in the
presence of SDS micelles is an evidence of laderbifry structure. Also, NMR spectra
suggest that DLL4_IC is conformationally restraimethe presence of SDS micelles.
Determination of secondary structure, if any, frofiMR data is less straightforward.
Deviations from random coil values in the chemistifts of *Ha, °C,, and**C' have
been widely used to map regions with well definedosidary structure, but require

residue specific sequential assignments of the dmawk resonances. Recently it was
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shown that also backbori®IN and ®NH chemical shifts are somewhat sensitive to

secondary structuf®. The small upfield shift of these and of seledtd resonances in
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Figure 2.9.NMR. (a) *H-">N HSQC spectra of DLL4_IC (0.5 mM) in,B/D,0 (90/10, v/v), 4 mM TCEP,
pH 5.6, recorded at 303 K in the presence of SOBn{M); (b) 1H-15N HSQC-TOCSY of DLL4_IC in
H20/D20 (90/10 v/v), 50 mM SDS, containing 4 mM TEE2 mM EDTA-d16, 15 mM DSS, pH 5.6,
protein concentration ~0.5 mM. The spectrum wasndid at 303 K, using a 40 ms mixing time.

presence of SDS might then be explained in termgpastial a-helical formation,
consistently with CD results. It cannot be ruled, tnowever, that the negatively charged
head group of SDS can also contribute to the upaiift. It has to be noticed that all
NMR spectra in the presence or absence of SDS a@geired at pH 5.6, a value at
which the pH-dependent secondary structures irCtterminal region of DLL4_IC are

fully formed (see below).
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The N-terminal region is not required for helix formation induced by SDS

In order to test if thex—helical structure observed in the presence of TFESDS is
located in the N-terminal region as predicted by skcondary prediction&igure 2.1),
we expressed and purified a truncated form oEDUC (AN-DLL4_IC) in which the
first 23 N-terminal amino acids were deleted. Th2 $pectrum oAN-DLL4_IC alone is
typical of a disordered protein and is very simiathat of DLL4_IC Figure 2.1009. By
addition of increasing amounts of SDS, an increagée a-helical content is observed
similar to that seen with DLL4_IC titrated with SO8ata not shown). In fact, at a
saturating SDS concentration (10 mM), the variaiiorthe helical content in the two
proteins is very similarTable 1 and Figure 2.10a and b Furthermore, the same pH-
dependent increase arrhelix is seen in both proteins (23%). It can beataeded that the
interaction of DLL4_IC with SDS micelles does ndisalutely require the N-terminal
stretch (res. 553-576) and that the pH-inducedchkincrease involves residues located
elsewhere in the sequence.

On the other hand, the TFE-induced helical incréaseore pronounced in the full length
protein compared tAN-DLL4_IC (17% versus 6% in 20% TFEFigure 2.10a, band
Table 1). Therefore, the N-terminal region is at leasttlgaresponsible for the helical
increase induced by TFE in DLL4_IC.
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Figure 2.10. CD of the different constructs in buffer, SDS,TdfE. Far-UV CD spectra o DLL4_IC
(7.6 uM), ) AN-DLL4A_IC (10.2 pM), €) P1 (14 uM), d) P2 (18.7 uM) andegj P3 (17.9 uM) in 5 mM
Tris-HCI buffer, 1 mM TCEP, in the presence of IMB8DS at pH 7.5 or 6.0, and in 20% TFB;far-uv

CD spectra of P3 in Tris buffer 5 mM (pH 7.5 oro8)20% TFE. The cylinder on top of each CD spectrum
represents the full length DLL4_IC and the shaded én the cylinder schematically shows the segeienc

covered by eac

h construct.
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H S T U total | NRMSD
DLL4_IC buffer pH 7.5 0.03 0.10 0.08 0.77 0.98 0.01
buffer pH 6 0.04 0.16 0.11 0.68 0.99 0.02
20% TFE 0.17 0.17 0.14 0.53 1.01 0.04
10 mM SDS pH 7.5 0.08 0.16 0.13 0.6p 0.99 0.0p
10 mM SDS pH 6 0.23 0.14 0.13 0.51 1.01 0.02
AN-DLL4_IC | buffer pH 7.5 0.03 0.19 0.12 0.66 1.00 0.03
20% TFE 0.05 0.24 0.17 0.53 0.99 0.03
10 mM SDS pH 7.5 0.06 0.25 0.17 0.5p 0.98 0.0b
10 mM SDS pH 6 0.23 0.17 0.15 0.46 1.01 0.02
P1 buffer pH 7.5 0.01 0.14 0.09 0.74 0.98 0.02
20% TFE 0.02 0.12 0.08 0.76 0.98 0.03
10 mM SDS pH 7.5 0.02 0.34 0.21 0.41 0.98 0.0b
10 mM SDS pH 6 0.02 0.31 0.18 0.48 0.99 0.09
P2 buffer pH 7.5 0.03 0.14 0.10 0.73 1.00 0.02
20% TFE 0.08 0.12 0.10 0.70 1.00 0.02
10 mM SDS pH 7.5 0.04 0.27 0.16 0.5p 0.99 0.0p
10 mM SDS pH 6 0.04 0.26 0.17 0.51 0.98 0.02
P3 buffer pH 7.5 -0.09 0.24 0.12 0.63 0.99 0.03
buffer pH 6 0.17 0.31 0.22 0.32 1.02 0.02
20% TFE 0.06 0.33 0.27 0.34 1.00 0.02
10 mM SDS pH 7.5 0.05 0.16 0.11 0.6b 0.98 0.0p
10 mM SDS pH 6 0.40 0.12 0.16 0.31 0.99 0.02

Table 1. Secondary structure analysis. Fraction of secondamcture (H, helix; S, strand; T, turn; U,
unordered; NRMSD, normalized root mean squaredatiewi) calculated by CDSSTR from far-Uv CD

spectra.

The central region is mainly disordered

To identify the region of DLL4_IC that undergoe< thH-dependent conformational
switch in the presence of SDS micelles, we syntieglsand studied the conformation of
three peptides (P1, P2 and P3) that cover theeebtit 4 |C sequence apart for the N-
terminal region. The DLL4_IC sequence was splip@&tine sites, because of its helix-
breaking properties, and the boundaries were selg¢aking into account the predictions
by PONDR Figure 2.1 and Figure 2.17). According to the fraction of disordered
residues in the segments relative to each pepteldigted by PONDR, the propensity to
acquire structure displayed by the three peptidesuld have the following order:
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P1>P3>P2. The conformation of the three peptiddsiffer alone and in the presence of
TFE and SDS was studied by far UV-CD spectroscopg the results from the
deconvolution of the spectra are summarizetahle 1

P1 is disordered in buffer and its conformatiohtike affected by TFEKigure 2.109.

AN-DLL4 IC
1.0+
0381 P3
goe— §
- a
? o] M AN
§M? \/\/ \/ \ g
0.2
I
P2
0.0

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Residue Number

Figure 2.11.Peptide design anBONDR prediction of unstructured regions in DLL4. Mhe prediction
score is plotted against the residue number. Regidth a score higher than 0.5 are considered to be

disordered. The peptides are represented by tlo& bkrs above the residue number axis.

No significant structural change is observed in glhesence of 10 mM SDS apart for a
slight increase in strand content (15%), which kb ipdependentKigure 2.109.This
result is in contrast with the disorder predictian,the sequence segment that spans P1 is
predicted by PONDR to be ordered.

Apart for a slightly higher helical propensity, Bi&splays a conformational behavior
analogous to that of PFigure 2.10d, consistently with the high proline content oisth
region. These results indicate that the pH-indukelix does not form in the region

covered by P1 and P2.
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The C-terminal region displays structural plasticity

P3 in Tris buffer at pH 7.5 is mainly disorder&dgure 2.109, with little strand content.
TFE induces a relevant conformational change imp#mide, by increasing its strand and
turns content up to 60%, with no increase in thHecalecontent Figure 2.10e, Table 1
This is consistent with sequence analysis reswhg;h predict two stretches of strand at
the C-terminus, partially including the PDZ bindingptif (Figure 2.1). In the presence
of 10 mM SDS at pH 7.5, a slight increase in thikchbcontent is observed. This change
is drastically enhanced when the pH is lowered t¢~60%, ~10 residues), with a
concomitant decrease [rstrand contentHigure 2.109. The conformational switch is
fully reversed when the pH is raised back to 7&tgdot shown). These data indicate
that the pH-dependent conformational switch in R3he presence of SDS micelles
accounts for most of the changes in the CD spechserved for the full-length
DLL4 IC, and is due to the formation of a ~10 resid-helix in the C-terminal region
(res. 662-685) of DLL4_IC. In the same conditioashigher number of residues is
calculated from CDSSTR to be helical in the fulhdéh DLL4 _IC (~19 residues).
However, the helical content difference estimatedhfthe mean residue ellipticity at 222
nm is reduced, suggesting that most of the pH-ieducelix forms indeed at the C-
terminus. When plotting the pH dependence of the fermation in P3 Figure 2.12 in
the presence of SDS using the ellipticity valu2® nm, a steep transition at pH ~6.8
can be spotted (data not shown). Although this pHievis remainder of the pkof the
imidazole side chain of histidines, no histidinsidee is present in P3. Thus, charge
neutralization of one or more of the five acidisideies (plus the carboxy-terminus)
present in P3 is likely to be responsible for tiedependent transition. Interestingly, in
20% TFE, pH 7.5, P3 adopts the same conformatibastin Tris buffer at pH 6 (~60%

strand+turns, little or na-helix, Figure 2.10#).
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Conclusions

Based on the sequence analysis and experimenélvdatcan conclude that DLL4_IC is
globally disordered in solution. However, it canrnfo inter-convertible secondary
structures (coil, strand and helix) in the C-termhimegion that spans the last 24
aminoacids, depending on the physico-chemical enment. The plastic C-terminus is
disordered in water at neutral pH but forms a st#ighe structure when the pH is slightly
acidic and in the presence of 20% TFE. Alternagival the same slightly acidic pH, it
adopts a mainly helical conformation in the proximof the hydrophilic/hydrophobic
interface of SDS micelles. This C-terminal regian af functional relevance, as it
includes the type | PDZ binding motif (ATEV) reqed for the interaction between
DLL4 and its cognate protein DIg-¥. In order to better understand the structural
grounds of the DLL4/Dlg-1 interaction, first we m#died which of the three PDZ
domains of DIg-1 interacts with DLL4_IQ vitro, and then, using purified recombinant
proteins and peptides, we assessed if the disatderdormation of DLL4_IC is affected

either globally or locally by the interaction witis target PDZ domain.
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2.2. Studying the interaction between the cytoplasmmtail of DLL4 and
its target PDZ domain

PDZ domains: structure and function

PDZ domains are the most common protein interactrmdules and were originally
identified in the postsynaptic density protein PSBISAP90°, Drosophila septate

junction protein Discs-large and the epitheliahtigunction protein ZO-, hence the

acronym PDZ. PDZ domains are highly conserved 8D-afnino acid sequences
specialized for binding the C-termini of partnerotgins, generally transmembrane
receptors and channel proteins, and/or other PD@Aadts. Such interactions localize
membrane proteins to specific subcellular domaihsreby enabling the assembly of
supramolecular complexes. The role of PDZ domamslustering and localization of
proteins at the plasma membrane has relevant galagplications €.g. in signaling, in

ion transport, in mediating the adhesive propexigsarticular cells and in the formation

of the specialized intercellular barriers knowrtight junctions).

The structure of PDZ domainBigure 2.13 includes sixB-strands §A—F) and twoa-
helices ¢A andaB), which fold into a six-strandggtsandwich domainKigure 2.13A).

As the amino and carboxyl-termini of PDZ domains elose together, the incorporation
of the domain into different multi-domain proteiisseasy’®. PDZ domains specifically
recognize short carboxy terminal peptide motifabbut five residues. These sequences
are often found in the cytoplasmic tails of tranembeane receptors and chann&ls
Peptide ligands bind in an extended groove betwsteand B and helixaB, hence
forming an additional antiparall@-strand within the PDZ domairFigure 2.13. This
mechanism is referred to @sstrand additior°. The structure of the PDZ domain is not
significantly affected by the binding to the liganthe crystal structures of complexed
and peptide-free third PDZ domain of PSD-95 areoalnmdentical, showing RMSD
between the: carbon atoms of 0.9 &.
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B finger

Figure 2.13. Structure of the PDZ domain bound to pptide and internal peptide motif.

A. Ribbon representation of the third PDZ domain oDBRS (blue) with KQTSV peptide forming
antiparallelp-sheet withpB strand (red arrow) (PDB code 1be9). Numerin@-strands and.-helices is
shown.B. Complex of the syntrophin PDZ domain (shown as la@nd green solvent-accessible surface
representation) and nNOS PDZ domain (shown asilbedir representation wit-finger indicated) (PDB
code 1qav). This figure was adapted from referéizce

The specificity of the interactions between PDZ dom and their ligands is imparted
primarily by the sequence of the C-terminus oflihpand. Specifically, the specificity has
been traditionally attributed to the last threedess of the ligand (i.e. positions P-0, P-1,
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P-2, counting backwards from the terminal residuehie ligand). A classification of
PDZ-binding motifs in the C-termini has been pramhsin which the consensus
sequence for type | is S/T-®+ and for type Il isb—X—® (where® is any hydrophobic
residue), with the corresponding PDZ-domain clasiinto type | or type Il bindin’.

DLL4 _IC interacts with the first PDZ domain of Dlg-1in vitro

Dlg-1, a human homologue of ti#rosophila Discs large tumor suppressor which is a
member of the membrane-associated guanylate kfaast/ of molecular scaffolds, is a

97 kDa protein that bears different protein recignidomains, including a SH3 domain,

a guanylate kinase homologous (GuK) region, aneetRDZ domaind=jgure 2.14).

fiDIg-1 PDZ1iPDZZiPDZ3 SH3 GuK | |

NT-PDZ1 @

NT-PDZ12 PDZ1iPDZZ::|
iPDzziPDzstj

PDZ123 ipomipozzipozs:]

Figure 2.14. Schematic representation of full-length and deleteutant Dlg proteins. NT refers to the

NT-PDZ123

amino-terminal region of the Dlg protein prior twetfirst PDZ domain; NT-PDZ1 mutant, aa 1-276 &f th
reported sequence; NT-PDZ12, aa 1-382; NT-PDZ12318511 PDZ123, aa 186-511; SH3, Src

homology 3 domain; GukK, guanylate kinase homologegson.

In order to identify which of the three PDZ domaiot Dlg-1 interacts with the

cytoplasmic tail of DLL4, we generated differentgbl constructs, shown schematically
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in Figure 2.14 The Dlg-1 proteins weré®S radiolabeled anth vitro-translated with

rabbit reticulocyte lysate and incubated in thespree of the purified recombinant His-

tagged DLL4_IC protein previously immobilized orpbarose nickel beads. The results

of this pull-down assay shown Kigure 2.15prove that DLL4_IC binds the full length

Dlg-1 protein weakly, as a faint band could be diete when the gel was exposed to the

autoradiography screen for an extended tifmgure 2.15 top right).

fIDIg-1 (light exp.)

fiIDIg-1 (dark exp.)

KDa -D4  +D4 -D4 _+D4
97 » Rog H..,,..'-»--{ —
20% 20%
Input Input
VT VT
NT-Fl’DZ 1 NT-PDZ12 NT-PP2123 PDZ|123
Pa D4 +D4 D4 +D4 D4 +D4
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41
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40%
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VT

20%
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Figure 2.15.Binding of DIg to DLL4_IC in vitro. **S labeledin vitro-translated (IVT) DIg-1 and the

truncated mutants were incubatgd4 °C in the presence of nickel beads with (+&yithout (-D4) Hig-

DLL4_IC. After extensive washing, the Dlg-1 mutamtsre eluted from the beads, run on an SDS-PAGE

gel (12%) and assayed by autoradiography.
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However, a much stronger binding is seen betweeh4DIC and the Dlg-1 deletion
mutant including the first PDZ and the N-terminagion only (NT-PDZ1Figure 2.15,
lower panel). The equally strong binding observetiween DLL4 _IC and the Dlg-1
mutant including all three PDZ domains only (PDZL28nfirms that the first PDZ is a
sufficient recognition determinant in DIg-1 thahtis DLL4 _ICin vitro. Surprisingly, the
NT-PDZ12 and NT-PDZ123 mutants do not show a dicgmit interaction with
DLL4 _IC. A possible explanation of this is thatheit the PDZ domains of those Dlg-1
mutants are not correctly folded in tirevitro-translation mixture, or the binding site in
the first PDZ domain is somehow masked by the f®ghg PDZ domains when the N-
terminal region is present. The latter behaviorl@éde related to the oligomeric state of
the Dlg-1 protein, as the N-terminal region corgaam L27 domain known to form a
tetrameric complex in solutioff. These factors could also be at the origin ofvileak
interaction observed with the full length Dlg-1 f@o. Although these data do not give
information on the different affinity of each ofeththree PDZ domains of DIg-1 towards
DLL4 _IC, they show that the first PDZ domain (PDZiifnds DLL4_ICin vitro (Figure
2.16. We therefore proceeded with the expression andfigation of a recombinant

protein encoding PDZ1.

DLL4 ligand
|
|:]: PDZ1 i PDZ2 ipoze, :j:
Dlg-1
extracellular intracellular

Figure 2.16.Pictorial representation of the interaction bemvtee intracellular domain of Delta-4 and the
first PDZ domain of DIg-1.
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Expression and purification of the first PDZ domainof Dlg-1 (PDZ1)

The recombinant protein corresponding to the fi*BXZ domain of rat DIg-1 (PDZ1,
residues 221-311 of DLG1_RAT) was expresseé.icoli with an hexahistidine tag at
the C-terminus. The protein was purified to homoggi(10 mg/L) with a single IMAC
step followed by a desalting stefpidure 2.1739. The correct folding of the protein was
assessed by far UV-CD spectroscopig(re 2.170. The deconvolution of the spectrum
using CDSSTR computed 19% helical and 26% betat gleselues, while the Stride
assignment from the PDB file of the NMR solved stave reports 16% and 26% of those

secondary structural elements, respectiValy:

@ (b)
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Figure 2.17SDS-PAGE &) of PDZ1 expressed in E. coli and purified, and@D spectrum of the purified
PDZ1.
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The C-terminus of DLL4 interacts with PDZ1

The in vivo interaction between DLL4 and Dlg-1 requires th&ageptide (ATEV)
located at the extreme C-terminus of DLI%(Figure 2.16. Using NMR spectroscopy,
we showed that the C-terminal region spanning #s 24 amino acids of DLL4 (P3
peptide) interacts with the first PDZ domain of HlgThe assay was performed by
recording the'H-">N heteronuclear single-quantum correlation (HSQ@cta of the
purified and uniformely®N labeled PDZ1 protein on addition of substechigivet
amounts of unlabeled P3 peptide. In the courseheftitration, the majority of the
resonances shifted (red peaks Rigure 2.18 in the spectra, whereas some peaks
disappeared and a small new set of peaks appe@hsd.resonance shift increased
proportionally to the increasing amounts of peptisiegggesting a fast exchange on the
NMR time scale between the free and peptide-boand bf the PDZ.
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Figure 2.18.NMR spectroscopy. Overlay of the plot of the HS§@ctra of the free PDZ1 (black) and the

P3 peptide-saturated form of the protein (red).
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PDZ1 triggers aggregation of DLL4_IC

One important question that arises from the predmalings is: does the globally

disordered DLL4_IC protein acquire structure upeteraction with its PDZ target? We
addressed this by titrating tf@N labeled DLL4_IC protein with increasing amounts o
unlabeled PDZ1, and then we recorded the HSQC rgpeftthe mixture. In fact, a

change in the pattern of the N-H cross-peaks insftextra in the presence of PDZ1
would point to a structural transition in DLL4_IGurprisingly, upon addition of

substoichiometric amounts of PDZ1, the resonantésed®N-coupled protons disappear
from the spectrum, with a complete disappearanserobd already at a molar ratio of
1:20 Figure 2.199. It must be noticed that no precipitate couldsken in the sample

after PDZ1 addition.
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Figure 2.19. NMR spectroscopy.aj First 1D*H spectrum from théH-"*N HSQC spectrum of°N-
DLL4_IC (1.2 mM); b) 1D-*H spectrum of the DLL4_IC/PDZ1 (1:1) mixture (0.4v}) (c) 1D-'H1
spectrum of PDZ1 (0.6 mM) alone. All samples wereppred in the same buffer (20 mM phosphate, 5
mM TCEP, 100 mM KClI, pH 5.6). The spectra showadh#de proton region only.
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The line broadening beyond detection of the DLLAN{E resonance signals is probably
due to the formation of high molecular weight specihat involve DLL4_IC. On the
other hand, the 1BH spectrum of the PDZ1-DLL4 mixture is very simitarthat of the
PDZ1 alone Figure 2.19candd), with the resonances in the amide region wepelised
and clearly visible: this suggests that the higHemdar weight aggregates are likely to
originate from oligomerization of DLL4_IC. Based dmnis experiment only, we cannot
describe in detail how the conformation of DLL4 iKCaffected by the interaction with
PDZ1. Nonetheless, we can propose that, at leasieatoncentrations required by this

experiment, the PDZ1 domain acts as nucleatiorfitihe aggregation of DLL4_IC.

The titration of PDZ1 with the P3 peptide points toa p-strand enrichment in the
peptide

Our findings suggest that PDZ1 forces DLL4_IC iato aggregated, still soluble state.
In order to be able to explain the mechanism tinaedies this surprising phenomenon,
one should first identify which region of DLL4_IC ediates the aggregation process
triggered by the PDZ1 domain. The sequence analysis conformational studies on
DLL4 _IC showed that its C-terminal region (P3) laaselevant tendency to adopfa
strand conformation that could originate from bothtra-molecular [§-hairpin
conformation) and inter-molecular (fibril-like carmation) interactions. AB3-strand
enrichment is often observed in disordered peptidas undergo aggregation processes
and fibril formation””. Therefore, we wondered if the P3 peptide miglapathe samg-
strand conformation in the presence of PDZ1: thosildl be consistent with the observed
aggregation of DLL4_IC resulting from the interactiwith PDZ1, and would suggest
that the C-terminal region of DLL4 IC is the regitimat mediates the aggregation

process.
In order to assess this, we titrated the recombiRBXZ1 domain with increasing amounts

of P3 peptide, and evaluated the secondary steictointent of the mixture by far-uv

CD spectroscopy. The conformation of PDZ1 alonypsgcal of ordered proteins and the
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secondary structural content is in agreement vi#t teported in the literature, while the
P3 peptide displays a spectrum typical of disomigoeoteins Figure 2.209. After
mixing PDZ1 with a molar excess of P3, the obser@&dspectra of the mixture differ
from the corresponding theoretical sum curve catedl from the individual spectra
(Figure 2.20D. Since the theoretical curve corresponds to peztsum that would be
observed if no structural variations occur, dewiasi from these curves are indicative of
structural transitions. In particular, an increagéhe negative band at 219 nm and of the
positive band at 190 nm is observed upon complexdtion: these variations point to a
gain in beta structure. However, the deconvolutbthe spectrum of the complex and
that of the theoretical sum could not discriminatey significant difference in the
secondary structure content. Since these structarstions are of small entity, in the
deconvolution they are probably masked by the bigfa structure content of PDZ1.
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Figure 2.20.far-UV CD spectra of P3 (15 uM) and PDZ1 (10 pMpimM Tris-HCI buffer, 1 mM TCEP,
alone @, blue and black trace, respectively) or mixbdklack trace). The theoretical spectrum of the sum

of the individual spectra shown ig)(is the yellow trace inh).

Interestingly, when PDZ1 is titrated with increasiexcesses of P3, the band at 190 nm
and that at 219 nm increase proportionally to tmeunt of peptideKigure 2.219. This
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observation is surprising since, bearing in minat tthe stoichiometry of the reaction is
1:1 and that the peptide alone is in the randorcomiformation Figure 2.21h, in these

saturating conditions one would expect to see tpposite trend, with a major
contribution of the negative band at 198 nm dueh®® unbound peptide that would
decrease the positive band at 190 nm. If we asshatethe P3 peptide is the flexible,
plastic species that changes its conformation e rthixture with PDZ1, the spectrum
obtained from the subtraction of the spectrum &f B#DZ1 alone from that of the

complex should represent the contribution of thetide only Figure 2.219.
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Figure 2.21.(a) far-UV CD spectra of PDZ1 (10 uM) in 5 mM Tris-HBuffer, 1 mM TCEP, after the
addition of P3 at the indicated molar excessb¥;spectra of P3 alone at the indicated molar exsess
relatively to 10 uM PDZ1, in the same buffer agd)) (c) spectra shown ira] after subtraction of that of

PDZ1; {d) spectra shown irc) after normalization.
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The spectra obtained from this subtraction areifsigmtly different from those of the
peptide alone at the same concentratidiigufe 2.210 and, after normalization for the
peptide concentration, they all overldyigure 2.21d. These normalized spectra closely
resemble those of P3 in tiestrand-like conformation observed at slightly acigH or

in 20% TFE Figure 2.10f). Since thisp-strand enrichment can be induced in the P3
peptide by the presence of substoichiometric canagons of PDZ1, we propose that the
region of DLL4_IC spanned by P3, which contains Bi2Z-interacting motif, mediates
the aggregation observed in DLL4_I€idure 2.19 upon interaction with PDZ1. The

possible implications of these findings will bealissed in the Discussion section.
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2.3. Widening the view: intrinsic disorder in singe-pass

transmembrane receptors

The structural data on the cytoplasmic tail of DLp#Asented here show its intrinsic,
globally disordered state in solution. Similarlyyrgprevious experimental data on the
intracellular region of Jagged®™> together with the analysis of the sequences @f th
other Notch ligand$® point to a disordered nature of the cytoplasraits tof these
proteins. All Notch ligands belong to the classneémbrane proteins with a single
transmembrane helix (single-pass) and the N-tersniacated in the extracellular space
(type 1). In order to assess if the high incidemfeprotein disorder predicted and
observed in the cytoplasmic region of Notch ligamglsa more general phenomenon
affecting other proteins of the same transmembratess, we carried out a
comprehensive computational study on the incidesrug location of protein intrinsic

disorder in 369 human single-pass type | transmangreceptors.

Disorder predictions

A dataset of 369 sequences that included all husiregie-pass receptors was generated
and subsequently divided into two subsets: thet fasnsisted of the receptors'
intracellular regions, while the second included éxtracellular regions. The location of
the transmembrane helices for identifying the segeg boundaries within the subsets
was assigned according to the Swiss-Prot datalisBrot ‘%, the database of protein
disorder (469 sequences), and a reduced set (E8ftieisces) extracted from SCOPa
database of domains of known structure, were usedoatrol datasets. Intrinsically
disordered regions in each of these datasets wedecped by subjecting the sequences to
DisEMBL . Figure 2.22 shows the fraction of sequences in the datasemisehe
fraction & 20%) of residues predicted to be disordered. ,|Fasisurprisingly high
incidence of intrinsic disorder is observed in th&acellular subset, as it contains a
significantly higher fraction of disordered residuelatively to the DisProt dataset. Also,
the intracellular subset contains on average aehigimount of disordered residues as

compared to the extracellular subset, with a releveaction of mainly (>50% of
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disordered residues) disordered sequences (13%3&¥tdaccording to the Remark465
and Hot Loop definitions, respectively, as repoitedeference 79, whereas in the latter
the incidence of intrinsic disorder is only slightligher than that computed for the SCOP

domain database.

3”_'|'|'|'|

Extracellular subset
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u ]
O  Intracellular subset 4

% of sequences in dataset
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Figure 2.22. Disorder predictions. Percentage of sequences atasdts (reduced SCOP, Disprot,
extracellular and intracellular regions of typerigde-pass receptors) with a content of predictedrdered

residues> 20%. Intrinsically disordered regions were comgutg DiSEMBL using the Rem465 definition.

IUPred predictions are consistent with DiISEMBL fesuThe fraction of disordered
residues is higher in intracellular regions, azwalted from pairwise energies. Overall,
the % of residues with a I[UPred score above thestiold of 0.5 is 29 and 10 for intra-
and extracellular regions, respectively. Very samiesults were obtained using either the
"long" or "short" disorder definitionFigure 2.23.
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Figure 2.23. Disorder predictions. The percentage of residuethé intra- (filled bars) and extracellular
(empty bars) regions of human single-pass transmmembreceptors with the type | topology is plotted

versus the IUPred score, calculated using eitheetldng” (top) or the "short" (bottom) disorder héfon.
Charge/Hydropathy plot

A combination of low mean hydropathy and relativligh net charge was shown to
represent an important prerequisite for the absehcempact structure in proteins under
native conditions®’. Consequently, intrinsically disordered proteirengrally localize
within a unique region of the charge/hydropathysghapace, whereas ordered proteins
cluster in a separate region (grey and green shamed irFigure 2.24 respectivelyf2

In Figure 2.24 we plotted the absolute value of the mean netgehaersus the mean
hydropathy values for the sequences in both thadeliular and extracellular subsets.
Clearly, the mean net charge/hydropathy of thexaetfular regions is broadly distributed
in the phase space, as compared to that of théiacelular counterparts, with an
averagely higher mean net charge and a relativelyed mean hydropathy, suggesting
that the intracellular regions are more prone tdrisic disorder. This is consistent with

the abovementioned disorder predictions.
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Figure 2.24.Charge/Hydropathy plot. The absolute value ofrttean net charge is plotted versus the mean
scaled Kyte-Doolittle hydropathy for the IntracédiuSubset (circles) and Extracellular Subset (diads).
The shaded areas contain 90% of the points frondd&set of disordered regions (DisProt, grey) thed
dataset of domains of known structure (SCOP, gre€hg border between structured and natively

disordered proteins is drawn as a line. The chaygedpathy value relative to DLL4_|IC is also shown.
Amino acid compositional analysis

The amino acid compositional analysis confirms ¢hasservationgzigure 2.25shows a
comparison of the amino acid compositions of theatnand extracellular subsets along
with the comparison between the two control dataéatdered and disordered proteins).
With few exceptions (see Discussion), the intratefl set is depleted in the order-
promoting residue& (W, C, F, I, Y, V, L, N) and enriched in the dider-promoting
residues (A, R, G, Q, S, P, E, K) compared to tkieaeellular set. The same trend is

observed in the comparison between the datasetslefed and disordered proteins.
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Figure 2.25. Amino acid compositional analysis. Enrichment eplétion in each amin acid type appears
as a positive or negative bar, respectively. Amaoils are indicated by the single-letter code anéred
according to increasing flexibility. Order-promdagimesidues: W, C, F, I, Y, V, L, N; disorder-protingt
residues: A, R, G, Q, S, P, E, K; undefined: H,TVID. Error bars are also shown.

Taken together, our disorder predictions, chargifipyathy and compositional analyses
strongly suggest a major incidence of intrinsic odier in human single-pass
transmembrane receptors, and that intrinsic disoigehighly concentrated in the

cytoplasmic region.
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3. Discussion

3.1. Intrinsic global disorder and inducible local order in the

intracellular region of DLL4: implications in funct ion

From a biophysical perspective, proteins fall imtestructure continuumF{gure 3.1),
going from tightly packed globular domains, to lesdered structures such as folded
domains joint by flexible linkers, to collapsedtetawith a residual content of transient
secondary structures called “molten globules” toalfy, proteins that in their native,

intrinsic state appear as highly extended dynamsembles.

Increasing content of stable 3D structure

>
Unstructured Molten globule Linked folded domains Mostly folded
<

Increasing content of protein disorder

Figure 3.1. The protein structure continuum (figure adaptednfreference 86

Intrinsic disorder in proteins has been shown taabegidespread phenomenon by both
computational and experimental methods and it 18 recognized that a certain protein
not only can be functional without having a defirtetee-dimensional structure, but that
its functionality can lie indeed in its being didered®®> Extensive disorder predictions
to sequences of genomes of increasing complexigated that disorder is the highest in
eukaryote$® and that long disordered regions are mostly fomngroteins involved in

regulation and signalinff. These two observations were interpreted as theetpence

of the increased complexity of the regulatory neksan multicellular organisms, where
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the plasticity of disordered regions in highly cented proteins is exploited to bind

different signaling partners through disorder-tdesrtransitiong®.

IUPs
entropic chains
d(ljr.ectly functlon.due to recognition
isorder as springs or
bristles
transient binding permanent binding
—
effectors assemblers scavengers
modulate the assemble store and/or
activity of a complexes or neutralize small
partner molecule target activity ligands
display sites chaperones
sites of post- assist the folding of
translational RNA or proteins
modifications

Figure 3.2. Functional classification scheme of IUPs. The fiomcof IUPs stems either directly from their
capacity to fluctuate freely in a large conformatiospace (entropic chain functions) or the abitiy
transiently or permanently bind partner molecule®)r data suggest that intrinsic disorder in DLIG

may play a role in displaying motification sitedofgal disorder) as well as in recognition and hirgdto

protein partners (inducible local order). This figuvas adapted from reference 89
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Intrinsically disordered proteins (IUPs) are usyalharacterized by a high number of
charged residues compared to the number of hydlophesidues, which results in the
lack of a hydrophobic core, little or no secondstryicture elements, high hydrodynamic
radius, and often a high net charge at physiolégieh From the biophysical point of
view, IUPs can be considered as polypeptide chiaisin physiological conditions are
sampling a much wider conformational space witlpees to globular proteins. It has
been proposed that this extended sampling can dntlage several advantages. IUPs
have a much larger interaction surface/volume reaimpared to globular proteins, which
allows for the accommodation of a relatively highmber of docking sites on a relatively
short polypeptide chain, at the same time redudtiegprotein volume, therefore the
molecular crowding. The extended conformational @arg has interesting
thermodynamic consequences. It enables IUPs toledalging to binding maintaining
high specificity and low affinity due to the balanbetween the enthalpic contribution to
binding and the opposite entropic effect. Indeedakvalthough specific interactions are
most important in molecular recognition. The “feldi upon binding” mechanism is
especially advantageous in signaling and regulationtexts, where proteins must

associate and quickly dissociate when the signadioyer.

The Notch ligand DLL4 is a transmembrane proteimgosed of a globular extracellular
domain responsible for receptor binding and of artsleytoplasmic tail which is a
structural requirement for Notch bi-directional readjng, for the cross-talk with other
signaling pathways, for cell-autonomous, Notch-petedent signaling, and for
endocytosis-mediated receptor shedding. The cytoptatail of DLL4 is evolutionary
very well conserved Higure 3.3 and does not share any homology with globular
domains of known structure, therefore the main tjoiesve posed was: does it encode a
yet unknown functional fold or is it entirely or ntlg unstructured? Our disorder
predictions together with NMR, CD and size exclusichromatography data on a
recombinant purified protein representing the icetiular region of Notch ligand DLL4
(DLL4_IC) are consistent with a globally disorderget quite collapsed state of the
protein in solution. Therefore, the structural bebeaof this protein fragment as a whole

resembles that of a native molten globule. The miasen of inducible transient local
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adespite its lack of a stable tertiary

structures in DLL4_IC reinforces this view. In f

structure, our sequence and structural analyse=alr@liat DLL4 IC has the inherent

propensity to form local secondary structures. $tractural mapping using synthetic

peptides that map to different regions of the DLICI sequence showed that the

secondary structures mainly form in the plastice@rinus of the protein, that they are

reversible and inter-convertible and can be spmlfi induced, from a disordered

conformation, through well defined changes in thggico-chemical environment.
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(K, R) in blue; histidines (H) in light blue; alipkic (A, V, L, I, M) in white; small hydrophobic (G) in
orange; aromatic (F, Y, W) in magenta; hydroxyl4@dning (S, T) in dark green; amide containing Y,

in light green; cysteines (C) in yellow. This figuwvas taken from reference 28.
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The coil-to-strand transition

The secondary structure predictions all point eghesence of a short stretchBestrand
structure in the C-terminus of DLL4, involving thest twenty amino acid$-{gure 3.4).
This region is very well conserved through speeaied is of functional relevance, as it
includes the C-terminal tetrapeptide (ATEV) shownbe required for the interaction

with the DLL4 physiological partner Dig-1.

CCCCCEEEEEEEECCCCCEEEEECC

DLL4_human RDSMYQSVCLI SEERNECVI ATEV-
ENSMMUP19092_nacaque RDSMYQSVCLI SEERNECVI ATEV-
ENSPTRP44880_chi np RDSMYQSVCLI SEERNECVI ATEV-
XM 852991 dog RDSMYQSVCLI SEERNECVI A- - - -
DLL4_npuse RDSMYQSVCL| SEERNECVI ATEV-
XM 230472. 3_rat RDSMYQSVCL| SEERNECVI ATEV-
ENSBTAP13680_cow RDSMYQSVCLI SEERNECVI ATEV-
ENSMODP234_opossum RDSMYQSVCLI SEERNECVI ATEV-
ENSGALP13851_chi cken RDSMYQSVFVI TEERNECI | ATEV-
ENSXETP46649 fr og RDSMYQS| YVI AEERNECVI ATEV-
QBRGX_zebrafi sh RDSVYQSVFVI AEERSECVI ATEV-
SC13_pufferfish RDSMYQSVFVI AEERRECVI ATEV-

NEWSI NERUP135910_f ugu RDSMYQSVFVI AEERRECVI ATEVR

Figure 3.4. Secondary structure predictions (C, coil; E, straddhelix)

and sequence alignment of the C-terminal regiddldf4 homologues.

The predicte-strand conformation is in fact observed by far-OW spectroscopy, in a
peptide representing the last 24 amino acid of D{R3) in water at slightly acidic pH or
in the presence of 20% of the co-solvent TFE. lditaah, our data showed that a similar
B-strand conformation can be acquired by the peptide the presence of
substoichiometric amounts of the first PDZ domdibty-1, which we proved to be the
specific determinant of DIg-1 that binds DLL4 i€ vitro. This phenomenon can be
interpreted in different ways, with accordingly fdilent thermodynamic implications
important for the binding of DLL4 to DIg-1. The ndgtion of the DLL4/Dlg-1

interaction is functionally relevant, as its proposole is to recruit DIg-1 at the cell

membrane, tightening cell contacts and reducinigneetility *°,
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() the B-strand conformation is intra-moleculap-ifairpin) and preformed in the
intracellular environment

In the available crystal structures, peptides ingaa PDZ recognition motif bind in a
groove betweerBB and aB on the surface of the PDZ domain and adof-sirand
conformation, stitched as an additional strand th@antiparalleB-sheet on the surface
of the PDZ domair>. Therefore, a stablB-hairpin at the C-terminus of DLL4, or a
significant population of molecules in the samefoanation, would present the ATEV
motif in the correct geometry to dock its PDZ tdrgi#rastically reducing the entropic
cost of binding. This view is supported by the Qlalgsis of the titration of PDZ1 with
the P3 peptide, in which we show that the fullynfied3-strand conformation is observed
in P3 even at substoichiometric concentrationsii P

Alternatively, the 3-hairpin could be induced upon binding with the P@@main,
generating a complex with a lower affinity. Subtleanges in the concentration of DLL4
would direct the binding to DIg-1 towards one meuhkan or the other, thereby tuning the
formation of the complex.
Whether ap-hairpin in the C-terminus of DLL4 is preformed solution could be
elucidated by recording and analyzing the 2D TOG®Y NOESY NMR spectra of the
P3 peptide at pH~6 or in the presence of deuterBied It would then be possible to (a)
investigate the identity, extent, and location etandary structural elements in the
peptide quantitatively, based on the inspection té *Co and 'Ho resonance
assignments (chemical shift index determinatidm) identify the inter-strand é#Hao and
Ha-NH interactions through the analysis of the NOE$,identify the hydrogen-bonded
amide hydrogens by plotting their chemical shiftiaions over temperature changes
(temperature coefficient determination) and (djgasthe peptide residues to a particular
secondary structure element by measuringdena coupling constants.
Conversely,”®™N and'*C edited experiments on the complex between a gidabkled
PDZ protein and the P3 peptide would be neededawfyc if the B-structure in the
peptide is induced in the bound form. Pulse seceemich can filter out th&N and
13Co-bound hydrogen resonances of the PDZ would allmvabservation of the peptide
resonances only. On the other hand, the analysiseoNOEs from the labeled species

only, would make possible to assign the residugbeopeptide that actually make contact
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with the PDZ domain, and establish if they take pathe formation of some secondary
structure.

Also, after assignment of the PDZ resonances, beenical shift tracking of the PDZ
15N-'H cross peaks upon addition of P3 peptide wouldwalihe determination of the
surface of the PDZ that interacts with the pepti@leis would tell if the interaction
involves the canonical binding groove only, as obse with other PDZ-interacting
shorter peptides, or if it extents beyond to othegions of the PDZ domain. This
information would be potentially important, as aaduial contacts to PDZ residues away
from the binding groove are expected to increasespecificity of the binding.

(i) the B-strand conformation is inter-molecular (fibril-4ik and triggered by the PDZ
protein

This scenario is supported by the NMR data thatvstiat substoichiometric amounts of
PDZ1 protein are sufficient to broaden the DLL4 IN=H signals beyond detection,
suggesting the formation of high molecular weighggamers of DLL4 _IC molecules.
According to this view, the exposdlstrand in the binding groovesB) of the PDZ
domain would function as a template that constrénesC-terminus of DLL4 into &-
strand conformation. This constrained DLL4_IC malecwould in turn propagate the
formation of the sam@-strand structure to other DLL4_IC molecules, gatieg high-
molecular weight species. It is tempting to speeuldnat this phenomenon may be
somehow connected to the observed clustering oDthe4/DIg-1 complex at cell-cell
junctions®®. However, this could be also a non-specific phesrmon that originates from
the relatively high protein concentrations requidegd NMR. Other experiments are
needed to test this hypothesis. For instance, ngnthe DLL4 IC/PDZ1 mixture at
different molar ratios through a calibrated sizelesion chromatography column would

elucidate if species with molecular weights higtiem expected are actually formed.
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The coil-to-helix transition

The other major local conformation observed in DLI& is helical and can be induced
with SDS micelles in a slightly acidic buffer. Odata show that DLL4_IC weakly
associates with micelles while gaining helical stuoe and are consistent with the
formation of a ~10 residue-helix at saturation. Although all secondary stouet
predictions agree with a high propensity of theeN¥tinus of DLL4_IC to be helical, our
results prove instead that the pH-dependent hefixdtion observed with SDS micelles
involves the 24 carboxy-terminal amino acids (Ptide). We believe that these
conformational changes are coupled with the prdionaf one or more acidic residues
in the C-terminal region of DLL4_IC. It is not like however, that this partial charge
neutralization is sufficient to promote completesdrtion of the peptide in the
hydrophobic layer, given the presence of hydroptald positively charged residues in
the sequence spanned by the P3 peptide. SDS rsipetieide a hydrophobic/hydrophilic
interface and can be considered a first approxonatif biological lipid membranes.
Therefore, the mainly helical conformation of DLU& in the presence of SDS may be
representative of the membrane-bound, uncomplexech fof DLL4. The possible
biological implications of the pH-dependent confational change are not known yet.
Whereas different cell compartments can be assatiaith different pH values, little is
known of the biophysical properties of the membreytplasm interfacé’. In an early
study, fluorescein was used to map the pH distiobun yeast cells, and it was proposed
that the intracellular pH is not homogenous, butreases to ~6.0 in proximity of the
membrané”. The pH gradient between the membrane interfadetancytosol would be
generated by the negatively charged head groupghobpholipids present in the
membrane of eukaryotic cells. The partial foldirfglee C-terminus of the cytoplasmic
tail of DLL4, accompanied by its association witte tinner side of the cell membrane,
may have relevant effects on the function of tgarid in Notch signaling. For instance, it
would selectively mask certain residues that arermi@l targets for post-translational
modifications such as phosphorylation, ubiquitioatand glycosylation, and at the same
time it would leave others exposed for the sameifications. In a similar way, it would

mask or expose selected binding motifs with respebtinding partners. For instance, it
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could prevent the interaction with DIg-1 by maskthg ATEV maotif. Further studies are
needed to confirm this hypothesis. In particulayntsetic membranes which can
reproduce the composition and geometry of bioldgimambranes with a higher accuracy
(e.g. liposomes composed of mixtures of biomembrane gimgpds), should be used in

the above studies.

Alternatively, the secondary structures observedha C-terminus of DLL4 might be
induced through the binding of DLL4's cytoplasmiail tto other still unknown
cytoplasmic or nuclear partners, before or aftes itleaved and released as a signaling
fragment. In this context, the intracellular domainthe DLL4 homologue DLL1 was
recently shown to act as a transcription-cofaataihe signal-sending cell, as it mediates

TGF-/Activin signaling through binding to Smad proteinghe nucleug®.

The structural randomness present in intrinsicaligordered regions is intuitively
associated with a lack of evolutionary conservatiothe amino acid sequence. In fact,
because disordered regions do not require strdatarsstraints for folding, they have a
higher degree of mutability as compared to foldecthdins®’. Expansion of genetically
unstable repeats has been proposed as a major msuh@r generating novel genetic
material encoding long disordered regidfhisBearing in mind this general rule, it seems
somehow paradoxical that a globally disorderedtional region such as DLL4_IC is on
the other hand very well conserved across spediggure 3.3 shows how the
conservation extends well beyond the PDZ interga@irterminal motif. We believe that
this apparently contradicting observation is just evidence of the intrinsic functional
role of structural disorder in DLL4 IC, which seerts have been “selected” in
evolution, through the conservation of the DLL4_#&mhino acid sequence. In other
words, while sequence conservation in DLL4_IC sstgyéhat precise consensus motifs
are required for specific patterns of post-tramstestl modifications to take place and for
specific protein-protein interactions to occur, tbenservation of structural disorder
indicates disorder as a fundamental prerequisitéhi@se events to occur. According to
this view, we propose that the co-existence of @lalsorder (i.e., lack of a well-defined

globular structure) and local pre-organization. (itee propensity to form certain types of
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secondary structures locally, either in a stablgansient way), may indeed represent the
mechanism exploited by DLL4 to carry out its actianboth the Notch-dependent and
independent processes it mediates. Global disaralerimpart the structural flexibility
required to expose specific sites for posttrarstai modifications (phosphorylation,
ubiquitination or glycosylation) while local preganization can guarantee specificity to
the binding of DLL4 to its intracellular partnesgjch as DIg-1. Further studies aimed at
determining the actual post-translational modifmag that DLL4 undergoes, the entire
spectrum of its interactors together with a strradtgharacterization of the interactions,

are needed to corroborate this view.

63



(@) (b)

PDZ

(€)

O_

~oam
PDZ

Figure 3.5. Cartoon representation of the possible conformatioithe intracellular region of Delta-4 at
the membrane/cytoplasmic interfaca) the intracellular tail of Delta-4 is disorderextept its extreme C-
terminus which is helical when bound to the inride f the lipid bilayer; If) the p-strand structure in the
C-terminus is intra-molecular and either preformsednhduced by the presence of its PDZ targetttie p-
strand conformation is induced by the PDZ domaiml gmopagates inter-molecularly causing the
oligomerization of Delta-4¢-helices and3-strands are represented by cylinders and arr@gpectively;

the PDZ binding groove is colored in blue.
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3.2. Protein intrinsic disorder in the cytoplasmictail of single-pass

transmembrane proteins: a conserved functional rof@

Single-pass transmembrane receptors play an immadée in cell communication and
signal transduction. In the simplest functional mlpdupon binding of a signaling
molecule to the extracellular region of a recephoresponse is initiated on the inner side
of the membrane. This response is in fact accotmgidy the receptor's intracellular tail.
An analysis of the modular domain architecturehaf human single-pass transmembrane
receptors dataset (369) by the SMART tdakvealed that the majority of the ligand-
binding extracellular regions are composed of knajsbular domains. On the other
hand, SMART failed to identify any known domainsg8% of the intracellular regions,
with the notable exception of receptors contairangnase domain in their cytoplasmic
region. This result can be due to either the peseh yet unidentified globular domains,
or the prevalence of disorder in the intracelld&dls of receptors. Our findings indicate
that ID in the human single-pass transmembraneptere with the type | topology is
indeed predominant within the cytoplasmic regionbereas the extracellular regions
behave more like ordered proteins. These resudtssapported by the DiISEMBL and
IUPred predictions, by the plots of mean net chamgsus hydropathy, and by the amino
acid compositional analysis. When considering tleamnet charge versus hydropathy
plot, it should be kept in mind that kinase domaippear with a certain frequency in the
intracellular region of single-pass receptors, Whjastifies the occurrence of several
entries in the right-hand part of the plot, cormesging to ordered proteins. Incidentally,
we remarked that there is a significant differencethe mean net charge of the
extracellular and intracellular regions of the hantigansmembrane proteins analyzed in
this work. While the majority (81%) of the extracddr regions have a negative mean net
charge, the intracellular regions are nearly egudibtributed between positively (47%)
and negatively (53%) charged. In fact, most typeahsmembrane proteins bear a short
stretch of positively charged residues in theioplasmic tail, in the region close to the
inner side of the membrane and protruding from#.the inner leaflet of the membrane
in eukaryotic cells is negatively charged, the pneg of a positively charged segment is
supposed to be a signal that drives the protemnthre correct orientatiots.
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With respect to the amino acid composition, theermtetation of the results is more
complex. While the intracellular regions are degdetf several order-promoting residue
types, such as W, C, F, and V, and enriched in saiitiee disorder-promoting ones such
as E and K, the trend observed in the DisProt we@udered comparison is not always
respected. For example, methionine, which belommgshé order-promoting residues,
displays a high frequency in intracellular regiotisis likely that methionine, as it is
susceptible to oxidation, prefers the reducing mmment of the cytosol, compared to the
extracellular environment. The different redox i in the cytoplasm and in the
extracellular space may also be associated wittlifferent distribution of other amino
acid types, like cysteine, which is most frequerfdynd in its oxidized half-cystine,
structure stabilizing form in the extracellular spaand almost exclusively found in its
reduced form, often coordinated to metal ionshmintracellular space. Tyrosine, which
is also an order-promoting amino acid type, is aepresented rather than depleted in
intracellular regions. We think that a possiblelarption is given by the fact that Y is a
target for phosphorylation, known to be one of thain signaling mechanisms. The
amino acids E, Q, P, and S are largely over-reptedein disordered regions, but not
quite so in the intracellular regions of receptdiisis is due to the fact that these residues
are often found in low complexity tracts (poly-@uatic acid, poly-glutamine, poly-
proline and domain linkers, respectively). The an#llular regions appear to be
disordered, but not compositionally biased in gaase.

Several MIRR (Multichain immune recognition recag)ocytoplasmic domains belong
to the subset of sequences which predictions faibe@scribe to domains of known
structure, and they were experimentally proven ® ibtrinsically disordered™.

Previously, we showed that the cytoplasmic tailalbfive human Notch ligands are very
well conserved within ligand types, display litteequence similarity between one
another, display no homology with sequences of kndald and are predicted to be
disordered®. Moreover, we have shown that a recombinant prateiresponding to the
intracellular region of the Notch ligand Jaggedshctually disordered in solution, while

it partially folds upon interaction with synthetitembranes made of negatively charged
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phospholipids**® Jagged-1, similarly to DLL4, couples Notch sigmglto PDZ bearing
proteins. However, differently from what observent DLL4, the interaction with its
target PDZ domain does not seem to affect Jaggedtabally disordered conformation
(unpublished data). The secondary structure predgtcarried out on Jagged-1 sequence
differ from those obtained for DLL4 and the othigahds?. Significantly, predictions of
posttranslational modification and protein-proteiteraction sites are different for each
of the five ligands Figure 3.6). While global disorder seems to be a common featu
shared by all ligands, we believe that the preseficpecific patterns of pre-organized
secondary structures as well as of post-translatiomdification and protein-protein
interaction motifs might underlie the functionalvelisity actually displayed by the

ligands.
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Figure 3.6. Functional analysis. Potential binding sites andtf@nslational modifications predicted by

ELM 96’97, NetPhos*, and O-glycosylatior918 for the cytoplasmic tail of human Notch ligandsediction

of ubiquitination sites is based on the prefereioceacidic residues adjacent to the target |y§|%a4-3-3,
14-3-3 proteins interacting motif (Ser/Thr phospiation required); Cyc, cyclin binding site; FHA,
forkhead-associated domain interaction motif 1 (@hosphorylation required); PDZ, class |, II, drRDZ
binding motif; SH2, Src Homology 2 (SH2) domaintenaction motif (tyrosine phosphorylation required;
subtypes include GRB2, SH-PTP2, SRC, STAT3, STAFSBPAT6); SH3, SH3 domains binding motif
(subtypes include class I, class Il, and other cemmenical motifs); TRAF2, tumor necrosis factoragtor
associated protein binding motif; Ub, ubiquitinatisite; WW, WW domain binding motif (subtypes
include Group | (PPXY), Group Il (PPLP), Group llgnd Group IV, which requires Ser/Thr
phosphorylation). Tyrosine-based sorting signaspoasible for the interaction with thesubunit of the
AP (Adaptor Protein) complex are shown as doughrRigential phosphorylation sites are in red; késas
are abbreviated as follows: CDK, Ser/Thr cyclin elegent kinase; CK1, casein kinase 1; CK2, casein
kinase 2; GSK3, glycogen synthase kinase 3; PKaétepr kinase A; PKB, protein kinase B; PDK, Proline
Directed Kinase; PLK, Polo-like-kinase. ITIM, immaneceptor tyrosine-based inhibitory motif (tyrosine
phosphorylation required); ITSM, immunoreceptoosine-based switch motif (tyrosine phosphorylation
required). Sites that are candidates for O-glyaigyh with -N-acetylglucosamine are shown as grey
diamonds; sites that are predicted to be both gljeted and phosphorylated are shown as black

diamonds. This figure was taken from reference 28.

Overall, there is convergent evidence that the asgtmc disorder distribution observed
in DLL4 and its homologues reflects a more genptadnomenon in transmembrane
receptors of the same class, where the extracetlolaains are ordered and appear to act
as rigid scaffolds for ligand binding, while thetracellular tails, which transduce the
signal within the cell and activate the compleXwdel response, have a higher content of
structural disorder. Consequently, we speculatettieintracellular tails carry out their
function by binding possibly multiple partners, heit remaining unstructured, by
exploiting pre-formed local secondary structuregheough disorder-to-order transitions.
Further experimental data on the structural charaettion of the interactions between
the cytoplasmic tails of transmembrane receptodsth@ir partners are needed in order to

explore this intriguing hypothesis.
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Materials and Methods

DLL4 _IC sequence analysis

The DLL4_IC protein sequence was submitted to thé®©NBR server
(http://www.pondr.com) using the default predictdt-XT °° the DisEMBL server
(http://dis.embl.de), and the IUpretf server (http://iupred.enzim.hu/). Secondary
structure predictions (PSIPRED, JNet, SSpfaf were run from the PHYRE web server
(http://www.sbg.bio.ic.ac.uk).

Gene synthesis

The oligonucleotides for the gene assembly werigded with DNAWorks v2.3%. The
amino acid sequence of human Delta-like proteinytbptasmic region (DLL4 _IC,
corresponding to residues 553-685 of DLL4_HUMAN)swa@acktranslated using tlie
coli Class Il codon usad®", and the generated DNA sequence (dll4_ic) wasldivinto
18 partially overlapping nucleotides with a maximilength of 40 bases, a calculated
annealing temperature (Tm) of 60°C, @ fAnge of 2.9°C and a minimal overlap of 13
bases. The oligonucleotide sequences were designbdve the lowest propensity to
form hairpins within each oligonucleotide, and tmtin no repeats that might lead to
mispriming in the polymerase chain reaction (PC&nthetic oligonucleotides were
purchased from Sigma-Genosys (O.®Bol scale) and, after being dissolved in equimolar
concentration (200 nM), assembled by PCR usthgpolymerase (Promega) with the
following forward and reverse primers (MWG-biote€hQ5 pmol scale) containing the
wanted restriction sites: 5’-TAA TAG TAG CAT ATG AACAC CAT CAC CAT CAC
CAT CGC CAG CTG CGT CTG CGT-3 (the underlined seqeeeracodes the start
methionine, followed by a lysine residue and alsstidine tag) and 5’-TAG TAG GGA
TCC TCA TTA AAC TTC AGT TGC GAT CAC GCA CTC ATT ACGITC-3,

respectively. PCR conditions were: 5 min at 95°Gt @tart), 25 cycles of amplification

(30 s denaturation at 95°C, 30 s annealing at 580Gec elongation at 72°C), 10 min at
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72 °C for the final elongation. The assembled amgldied synthetic gene, resulting in a
sharp band of the correct size in the agarosewgs, digested by Nde I/BamH |, and
ligated into a pET1la vector using standard proeeduDH® E. coli cells were
transformed with the dll4_ic-pET11a construct amdested on LB plates with 100
ug/mL ampicillin. The positive clones were sequenbgdutomatic DNA sequencing in
both forward and reverse directions and the cor@w (1/12) used for protein
expression.

The nucleotide sequence of the truncated form ofDIC lacking the first 23 amino
acids AN-DLL4 _IC) was amplified by PCR from the dll4_ic-pEla construct with the
reverse primer used in the DLL4_IC gene synthesisthe following forward primer: 5’-
TAG TAG TAG CAT ATG AAA GAT AAC CTG ATT CCG-3'. PCRconditions were
the same as above except for the annealing teropenahich was set at 58°C. The PCR
product was digested by Nde I/BamH |, ligated iatpET11a vector, and the construct
used to transform DHb E. coli cells. The positive clones were selected as above,

sequenced in both directions, and the correct &/ (sed for protein expression.

Protein expression and purification

1) DLL4_IC

Purification in denaturing conditions. 1 L of LB containing 10Qug/mL ampicillin and 25
ug/mL chloramphenicol was inoculated with a clone BE21(DE3)pLysS cells
transformed with the dll4_ic-pET11a construct. €ellere grown at 37°C to an OD of
~0.8 and protein expression was induced with IPT@M for 3 h at room temperature.
Cells were harvested, washed, and resuspendeck itysls buffer (20 mM phosphate
buffer, 0.5 M NaCl, 50 mM CHAPS, 2% TWEEN, 5 mM TEEprotein inhibitor
cocktail tablet (Roche), 10 mM imidazole, 6 M GuH@H 7.4) and sonicated on ice.
After centrifugation and filtration through a 0.gf filter, the supernatant was loaded on
a NF* Sepharose His-Trap HP column (1 mL, Amersham Bépss), the column
washed with 20 mM phosphate buffer, 0.5 M NaCIpiM imidazole, 5 mM TCEP, 6 M
GUHCI, pH 7.4, and the protein eluted with a 0.0840 imidazole gradient. In order to

remove fragments derived from partial proteolytegdhdation, the eluted material was
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purified by RP-HPLC with a Zorbax 300SB-CN colun®4(x 250 mm, 5 um, Agilent)
using a 0-40% gradient of 0.1% TFA in®and 0.1% TFA in CECN and freeze-dried.
The N-terminal Hisgtag was removed using a recombinant dipeptidylnapeptidase |
(DAPase) containing a C-terminal His-tag (TAGzyr@&agen) for 2 h at 37°C according
to the manufacturer’s protocol. An additional IMAEep on a His-Trap HP column (1
mL) using a 0-0.5 M imidazole gradient removed peptidase, the partially digested
protein and the cleaved Hidipeptides. The protein was subjected to a firRIHPLC
step and analyzed by LC-MS on a Gilson HPLC systenpled to an ESI-MS single
guadrupole mass spectrometer (Applied BiosystemslABEX), using a Zorbax 300SB-
CN column (2.1 X 150 mm, pm, Agilent) and a 0-50% gradient of 0.1% TFA ip(H
and 0.1% TFA in CBCN. Deconvolution of the multicharge ion spectrurasvecarried
out using the BioMultiView software (Applied Bioggsns). and confirmed the correct
molecular size of the purified product (Mr calceldt 14894 Da; Mr observed: 14893
Da). The purified protein was freeze-dried and usedspectroscopic studies. The yield

was ~8 mg protein per 1 L of culture.

Purification in native conditions. In order to test the possibility that the abovesha
purification conditions (i.e., 6 M GuHCI in lysimd IMAC buffers, RP-HPLC acidic
buffers [pH~2], freeze-drying process) could irnesilely denature the protein, DLL4_IC
was also purified in native conditions. Cells wgm®wn and protein expression was
induced as described above. Cells were then hadestashed and resuspended in the
lysis buffer (20 mM phosphate buffer, 0.5 M Na@,®M CHAPS, 2% TWEEN, 5 mM
TCEP, protein inhibitor cocktail tablet, 10 mM inable, pH 7.4). After the cells had
been sonicated and spun as described, the supdrmata loaded onto a His-Trap HP
column, which was washed with 20 mM phosphate buf®e5 M NaCl, 10 mM
imidazole, 5 mM TCEP, pH 7.4, and the protein eluwgdth a 0.01-0.5 M imidazole
gradient. The eluted fractions were pooled andedwith buffer A (20 mM phosphate
buffer, 5 mM DTT, pH 7.4). The HiDLL4 IC protein was purifed by ion-exchange
chromatography on an 8 x 75 mm SP column (SP-8286d&x) using a 0-50% gradient
from buffer A to buffer B (20 mM sodium phosphateM NaCl, 5 mM DTT, pH 7.4).

The eluate was concentrated by ultrafiltration o@emtricon 3000 (Amicon), followed
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by dilution with the final buffer (5 mM phosphaté, MM TCEP) for the subsequent
spectroscopic analysis. Although the protein ymls quite low, the achieved protein

purity was satisfactory (>95%) and the correct roolar size was confirmed by LC-MS.

N isotopic enrichment. 1 L of ®™N-M9 minimal medium (6 g/L NadPQ, 3 g/L

KH.PQ,, 0.5 g/L NaCl, 1.3 g/L glycerol, 0.5 g/°NH,CI, 0.12 g/L MgS@Q, 0.01 g/L

CaClb) containing nutrients supplemented as yeast retrogase w/o amino acids or
NH4SO, (1.7 g/L), pH 7, with 10@ug/mL ampicillin and 25ug/mL chloramphenicol was
inoculated with a clone of BL21(DE3)pLysS cellsnstormed with the dll4_ic-pET11a
construct. Cells were grown overnight at room terapge to an OD of ~0.6 and protein
expression was induced with IPTG (1 mM) for 4.5tI8B&°C. Protein purification was
carried out in denaturing conditions as describeave, with a final yield of ~8 mg of

pure product per 1 L of culture

Expression of AN-DLL4 _|IC and purification from inclusion bodies. 1 L of LB containing
100 pg/mL ampicillin and 25ug/mL chloramphenicol was inoculated with a clone of
BL21(DE3)pLysS cells transformed with td-dll4_IC construct. Cells were grown at
37°C to an OD of ~0.9 and protein expression indueeh IPTG (1 mM) for 3 h at
37°C. Cells were harvested, washed and resuspeémdeel lysis buffer (50 mM Tris-HCI
buffer, 5 mM EDTA, 0.5% Triton-X100, 0.1 mM PMSF, mM DTT and protein
inhibitor cocktail tablet (Roche)) and sonicatediaa After sonication, MgS£(10 mM)
was added to chelate EDTA and the inclusion bodddiected by centrifugation at 6000
rpm for 15 min. The pellet was washed twice withidybuffer and an additional wash
was carried out without Triton-X100. The final inslon body pellet was resuspended in
100 mM Tris-HCI, 50 mM Glycine, pH 8.0, dispersegy bonication and dissolved
dropwise with the same buffer containing urea tmal concentration of 6 M urea. The
urea was eliminated from the solution with a HiP2&10 Desalting column and a final
purification step was performed using RP-HPLC vaithorbax 300SB-CN column (9.4 x
250 mm, 5 pm, Agilent) using a 0-60% gradient d?0.TFA in HO and 0.1% TFA in
CH3CN. The freeze-dried product was analyzed by LCaMfich confirmed the correct
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molecular size (Mr calculated: 1267.9 Da; Mr obsernv1265.0 Da).The yield was ~4 mg
protein (~95% purity) per 1 L of culture.

2) PDz1

The DNA encoding thérst PDZ domain of rat DIg-1 (PDZ1, residues 22118 was
amplified by PCR from the c-DNA of the full lengig-1 mutant used in the vitro
binding assay, with the following forward and reseeprimers (MWG-biotech, 0.@6nol
scale): 5-TAG TAG CAT ATG GAA TAT GAA GAA ATC ACAS3’ and 5-TAG TAG
GGA TCC TCA TTA ATG GTG ATG GTG ATG GTGITT CCT TCT TTT TAC
ATA-3 (the underlined sequence encodes a sixdiis tag), respectively. PCR

conditions were: 5 min at 95°C (hot start), 25 egobf amplification (30 s denaturation
at 95°C, 30 s annealing at 36°C, 90 sec elongaitiat2°C), 10 min at 72 °C for the final
elongation. The PCR product wasned into the Nde I/BamHI sites of a pET11a vecto
1 L of LB containing 10Qug/mL ampicillin was inoculated with a clone of BLZE3)
cells transformed with the PDZ1-pET11a construelCwere grown at 37°C to an OD
of ~0.8 and protein expression was induced withGPT mM for 3 h at room
temperature. Cells were harvested, washed, andpesded in the lysis buffer (20 mM
phosphate buffer, 0.5 M NaCl, 50 mM CHAPS, 2% TWEENmMM TCEP, protein
inhibitor cocktail tablet (Roche), 10 mM imidazof@] 7.4) and sonicated on ice. After
centrifugation and filtration through a 0.2n filter, the supernatant was loaded on a
Ni?* Sepharose His-Trap HP column (1 mL, Amersham Bérsms), the column washed
with 20 mM phosphate buffer, 0.5 M NaCl, 10 mM ieudle, 5 mM TCEP, pH 7.4, and
the protein eluted with a 0.01-0.5 M imidazole geatl Imidazole was removed with a
HiPrep 26/10 Desalting column (Amersham) with aattésy buffer (5 mM Tris, 1 mM
TCEP, pH 7.4 or 20 mM phosphate buffer, 1ImM TCER, p4) and the sample
concentrated with a 15 ml Centriprep column (Amjcdine™N isotopic enrichment was
carried out as described for DLL4_IC, by substitgtglycerol with glucose (2g/L) in the
minimal medium. The desalted and concentrated Pydtein was used for the far-Uv
CD and NMR analyses.
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Peptide synthesis

All peptides (P1, res. 582-618; P2, res. 619-663,; res. 662-685) were prepared by
standard solid-phase Fmoc methods using a homeduidmatic synthesizer based on a
Gilson Aspec XL SPE. After cleavage/deprotectiontioé peptide-resin (preloaded
NovaSyn TGT, Novabiochem) in TFA/1,2-ethanedithfofopropylsilane/HO
90/5/2.5/2.5 viviv for 2 h, deprotected, reducegtiges were purified by semi-
preparative RP-HPLC on a Zorbax 300SB-C18 colum# ¥9250 mm, 5 um, Agilent)
and freeze-dried. P1 was purified using a 0-60%ligrd of 0.1% TFA in HO and 0.1%
TFA in CHsCN. P2 and P3 were purified using a 0-40% gradiéritiethylammonium
acetate (TEAA) (10 mM, pH 7 in4@) and TEAA in 80% CECN, followed by further
purification and desalting using a 0-60% gradid®.6@% TFA in HO and 0.1% TFA in
CHsCN. The identity of the peptides was checked byM&-and the yield and purity
estimated from RP-HPLC. Final yields were in thege40—-60% and purity > 95%.

Size exclusion chromatography

The freeze-dried protein powder was dissolved adlution buffer (50 mM Tris-HCI,
100 mM KCI, pH 7.4), loaded onto a Sephacryl S-26@mn (Pharmacia) and eluted in
the same elution buffer. The apparent molecularsnedDLL4 _IC was deduced from a
calibration carried out with the following moleculatandards: lactate dehydrogenase
(147 kDa), bovine serum albumin (67 kDa), carboanthydrase (29 kDa) and horse
myoglobin (17 kDa). Stokes radii of natives{) and fully unfolded (BU) proteins of
known molecular weight (MW) were determined accogdio the equations described by
Uversky®?

log(RsN) = -(0.254 + 0.002) + (0.369 + 0.001) log(MW) dan

log(RsU) = -(0.543 + 0.004 )+ (0.502 + 0.001) log(MW).
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Circular dichroism (CD)

The freeze-dried DLL4_IC protein powder was disedleither in 5 mM MES buffer, 1
mM TCEP, pH 6.3, or in 5 mM Tris buffer, 1 mM TCHEpH 7.5. Protein concentration
was determined by UV absorbance at 280 nm usingatoellatect value of 2560 NMcm

!, CD spectra of solutions of DLL4_I@QN-DLL4_IC, PDZ1 or the synthetic peptides,
were recorded on a Jasco-810 spectropolarimetidreirl90-250 nm range, using quartz
cuvettes (path length 0.1 cm). Spectra were avdragen 5 scans of 0.1 nm steps at 20-
50 nm/min. The secondary structure analysis wa®meed using the Dichrowel3? tool
CDSSTR. The helical content was also determinech ftbe mean residue ellipticity
(MRE, deg-crfidmol) at 222 nm {]].»2) according to the equatiora][= 100-P]»46; and

0 = -40000-(1-2.51N) where fi] is the amount of helixy is the number of residues, and

0 is the maximum MRE of aa-helix of n residues®.

NMR spectroscopy

The sample for NMR spectroscopy was prepared lsobimg the freeze-dried material
in H,O/D,O (90/10, v/v) containing 4 mM TCEP, 2 mM EDTAsd15 uM DSS and
adjusting the pH to 5.6 with small aliquots of ONL NaOH, for a final protein
concentration of ~0.5 mM. The sample containing SIS prepared dissolving solid
SDS sodium salt in the NMR sample, for a final S&fcentration of 50 mM. After
flushing the NMR tube with argon, spectra were rded at 303 K on a Bruker
spectrometer operating attd frequency of 600.13 MHz and equipped witH-#**C/*°N
triple resonance Z-axis gradient probe. Transmiftequencies in théH and N
dimensions were set on the water line and at 1382, respectively. HSQC and HSQC-
TOCSY experiments were carried out in phase-sepsitiode using echo/antiecho-TPPI
gradient selection andN decoupling during acquisition. HSQC spectra wecquired
with 1K complex points, 256; texperiments, 32 scans per increment, over a spectr
width of 13 and 28 ppm in th#H and N dimensions, respectively. HSQC-TOCSY
spectra were acquired with the same parametersyibhutl28 scans pek tncrement and

a 40 ms DIPSI mixing time. Data were transformethgisX-WinNMR (Bruker) and
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analyzed using CARA (http://www.nmr.chjH chemical shifts were referenced to
internal DSS.

In vitro binding assay

The rat DIg-1-deleted mutant derivatives are a lgiftfrom Lawrence Bank$®. The
constructs, confirmed by partial sequence analygse used for then vitro expression
of Dlg proteinsln vitro binding assays were performed in the following fashin vitro-
translated>>S radiolabeled Dlg proteins were incubaggd! °C for 2 hrs in the presence
of nickel-sepharose beads to which a recombinamtifigd Hiss-DLL4 _IC protein was
previously conjugated, in the binding buffer (20 nptosphate buffer, 0.5 M NaCl, 50
mM imidazole, 5 mM TCEP, protein inhibitor cocktadblet (Roche), pH 7.4). As a
negative control, the DIg proteins were separaitetyibated with unconjugated beads.
After extensive washing with the washing buffem(bng buffer added with 1% Tween),
the beads were collected and the DIg proteins wareed from the beads with SDS
sample buffer, run on a SDS-PAGE gel (12%) andyasshy autoradiography.

Dataset preparation and analysis

A set of human membrane proteins was generatedsegr@h of the Swiss-Prot database
through the Sequence Retrieval System using “recemnd “transmembrane” as
keywords and “single-pass” in the comment fieldtries having type 1l topology were
manually discarded from the dataset. The total rermndd sequences thereby collected
was 369. This dataset was then divided into twosstgbcontaining intracellular and
extracellular domains named “intracellular subsethd “extracellular subset”,
respectively. The boundaries of the domains welectssl according to the position of
the transmembrane helix in the sequences as prbviteSwiss-Prot. The DisPrdf
dataset (release 3.6) was downloaded from the Bs¢abof Protein Disorder
(www.disprot.com) and contained 469 entries, wilile reduced SCOP dataset was
created from the SCOP database 1.69 (http://astral.berkeley.edu) byaditog all

entries with >40% identity, and contained 1357 seges. Disorder predictions were

76



carried out using DISEMBL®®, 1UPred®®, charge/hydropathy plof¥, and amino acid
compositional analysi¥”. DISEMBL (v. 1.5; http://dis.embl.de) was run ugithe three
definitions of protein disorder, based on assigrisiehsecondary structure (loops/coils),
high values of @ B-factors (hot loops), and missing coordinatesXi#Ray structures
(Remark465). IUPred (http://iupred.enzim.hu/) wam rcalculating pairwise energies
within a window of 100 or 25 residues ("long" andhért" disorder definitions,
respectively). Charge/hydropathy for each sequeraseobtained from the absolute value
of the mean net charge versus the mean residueopsttiy calculated using the
normalized Kyte-Doolittle scale. Amino acid comgmsial analysis was carried out
using Composition Profilet®® (http://www.cprofiler.org) using the PDB Select ¥5 or
the DisProt’® datasets as reference for ordered and disordetdins, respectively.
Enrichment or depletion in each amino acid type agzressed as (£Cs))/Cs, i.€., the
normalized excess of a given residue's “concentraiin a dataset (§) relative to the
corresponding value in the other datasep)(@mino acid types were ranked according

to increasing flexibility"®®

Disorder predictors used

PONDR?®® (Predictor Of Naturally Disordered Regions) preatistare feedforward neural
networks that use sequence information from wind@ivgenerally 21 amino acids.
Attributes, such as the fractional composition aftigular amino acids or hydropathy, are
calculated over this window, and these values aszl was inputs for the predictor. The
neural network, which has been trained on a spesiit of ordered and disordered
sequences, then outputs a value for the centralaadid in the window.

DisEMBL "" is a neural network-based predictor of disordat tfses three definitions of
disorder (loops/coils, hot loops or Remark465) escdbed in the “Dataset preparation”
paragraph. For each of the three definitions dafrdier, a data set was constructed and the
neural networks trained on each of the three dgta s

IUPred®’ is a predictor that discriminates between ordered disordered regions based
on the potential of polypeptides to form stabilzimterresidue interactions, like those

observed in globular proteins. As the sum of theraction energies can be approximated
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by a quadratic expression in the amino acid contiposiit is possible to estimate the
pairwise interaction energies using a set of glabproteins of known structure. The
calculation involves a 20 X 20 energy predictor nmatparameterized by a statistical
method to approach the expected pairwise enerdlyeoflobular set. These interactions
energies can then be used to estimate the enenggntf a structurally uncharacterized
or intrinsically disordered protein region basedyoan its amino acid composition.

Comparing globular proteins and disordered oneslear separation in their energy
content is observed. The approach is turned imosition-specific predictor of protein

disorder that considers only the local (+ 2-100idess) sequential environment of
residues. The score is averaged over a 21 residogow. I[UPred does not rely on

networks trained with datasets of disordered pngtewhich can be limited in size and
heterogeneous in terms of experimental condititims;propensity to disorder estimated
by IUPred reflects an intrinsic property of certpiroteins: the inability to form a number
of favorable interresidue interactions sufficieot dvercome the entropy loss during

folding.
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