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Structural and Biochemical Mechanisms of Notch Signal Activation and Inhibition 

Abstract 

Cell signaling encompasses the fundamental processes which enable an organism to 

perceive and respond to its environment. Productive cell signaling occurs in a series of tightly 

regulated steps that require stimulus detection, signal transmission, and a downstream response.  

The Notch signaling pathway is an essential cell-cell communication system in 

metazoans that has critical roles in cell fate determination, growth and development. In 

mammals, there are two families of Notch-activating ligands, Jagged and Delta-like. The Delta-

like paralogues, DLL1 and DLL4, have high structural similarity but exhibit context-dependent 

functional differences. Notch pathway activation induces transcription of Notch-responsive 

genes including the Notch regulated ankyrin repeat protein (NRARP) which acts as a feedback 

inhibitor of the Notch response and is among the most commonly Notch-induced genes in many 

cell types. In this thesis, I describe the molecular basis for functional divergence of the highly 

similar ligands DLL1 and DLL4 and a molecular mechanism for NRARP-mediated feedback 

inhibition of Notch signaling.  

First, I analyze the functional divergence of DLL1 and DLL4 using cellular assays and 

biochemical studies. DLL1 and DLL4 activate NOTCH1 and NOTCH2 differently in cell-based 

assays and this discriminating potential lies in the region between the N-terminus and EGF 

repeat three. Our results reveal that DLL4 preferentially activates NOTCH1 over NOTCH2, 

whereas DLL1 exhibits no preference for either receptor. These studies establish that ligand 
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ectodomains dictate selective function and features outside the receptor-binding interface 

contribute to functional differences. 

Next, I show that NRARP exerts its inhibitory effect by binding directly to the Notch 

transcriptional activation complex (NTC), requiring both the RBPJ transcription factor and 

Notch intracellular domain, but not Mastermind-like proteins or DNA. The X-ray structure of a 

NRARP/RBPJ/NOTCH1/DNA complex reveals that assembly of NRARP/RBPJ/NOTCH1 

complexes relies on simultaneous engagement of RBPJ and NOTCH1 in a non-canonical binding 

mode involving the extension of the NOTCH1 ankyrin repeat stack by the ankyrin repeats of 

NRARP. Interface mutations of NRARP disrupt entry into NTCs and abrogate feedback 

inhibition of Notch signaling. These studies establish the structural basis for NTC engagement by 

NRARP and provide insights into a critical negative feedback mechanism that regulates Notch 

signaling. 
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1.1 Introduction to Intercellular Signaling Pathways  

The ability of cells to perceive and respond to their environment is fundamental to the 

development of multicellular organisms. Cells are constantly exposed to signals that may arrive 

in the form of soluble factors generated locally or distantly, ligands expressed on other cells, or 

components of the extracellular matrix. The capacity to perceive these signals and coordinate a 

physiological response facilitates the formation and maintenance of the specialized tissues of 

multicellular organisms. 

Specialized tissues that arise during embryogenesis are characterized by the careful 

regulation of cellular behaviors, so that cells proliferate, migrate, differentiate and form tissues in 

the proper place and at the proper time. These processes are genetically programmed and depend 

on cell history, lineage, and the action of the signaling pathways which coordinate the cellular 

interactions that lead to organogenesis.  

A limited number of signaling pathways regulate many of the key events in normal 

development.  Among the most important systems for intercellular communication are the Notch, 

Wnt, Hedgehog, FGF, and TGF β signaling systems.  These pathways operate repeatedly in 

various contexts and elicit diverse signaling outcomes. Not only do they control cell fate 

decisions in development, they also function throughout the lifetime of an organism. These core 

developmental signaling pathways are among the most thoroughly investigated systems in 

biology, as they are evolutionarily conserved across species. At the molecular level the ligands, 

receptors, modulators, and effectors are largely preserved, as are the molecular interactions 

among these components.  

Our knowledge of how cells integrate the information they receive through these 

pathways and produce diverse responses in a cell-specific manner while using the same signaling 
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molecule, however, is remarkably incomplete. That is, an “operational” understanding of these 

pathways, including how cellular context affects the information transmitted, remains elusive. 

Signal transduction in these conserved development pathways have varying signaling 

architectures – i.e. these pathways achieve signal propagation through various mechanisms 

which may include intermediates, post-translational modifications, signal amplification, relief of 

inhibition, etc. The presence of various signal transduction architectures provides an additional 

mode for transmitting information outside of the presence/absence of the initiating signal. A 

growing number of studies suggest that an additional layer of information is conveyed in the 

dynamics of signaling molecules which is determined by the molecular nature of the signaling 

architecture.  

This work focuses on the Notch signaling pathway at points of signal initiation and 

termination. The relative simplicity of Notch signaling, in which a single ligand-binding event 

produces one nuclear effector protein, raises the question of how Notch signals are used 

iteratively and in different cell types to drive developmental fate decisions. This receptor 

property, wherein the processed receptor is itself the signaling effector molecule, combined with 

capacity of different ligands to produce distinct responses in signal-receiving cells, suggests 

complexity in the information flow represented by the amount or dynamics of the Notch 

intracellular domain (NICD). This thesis focuses on molecular factors that influence NICD 

dynamics and abundance in signal-receiving cells: first, on receptor activation by different 

ligands, and second, on the modulation of effector activity in the nucleus. 

 

1.2 Notch Signaling Overview  
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The Notch signaling pathway is named in homage to the first observed phenotype for 

mutations in the receptor. The mutant phenotype was reported by Morgan and Bridges in 1916 

following the first observation by John Dexter in 1913, who noticed that fruit fly Drosophila 

Melanogaster haploinsufficient in a yet unidentified gene showed a phenotype of notches at the 

wing margins (1) (Figure 1.1). The NOTCH gene, encoding a transmembrane receptor, was 

identified several decades later (2-4) and since then a plethora of studies have shown that Notch 

signaling is a conserved signal transduction system that plays an essential and fundamental role 

in numerous developmental processes (5-7). 
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Figure 1.1. Notch mutant female. Credit: Thomas Hunt Morgan, Geneticist/Naturalist. 1919 
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Notch signaling defines one of the earliest cellular pathways controlling cellular 

processes necessary for metazoan development. The pathway is repeatedly used throughout 

development as well as postnatally in tissue maintenance/homeostasis. Evolutionary divergence 

of invertebrates and vertebrates has resulted in gene duplication events in both receptors and 

ligands. Flies possess two Notch ligands (Serrate and Delta), worms three (APX-1, DSL-1 and 

LAG-2), and mammals five (Jagged 1 & 2 and Delta-like 1, 3 & 4). Notch receptors have 

similarly been subjected to at least two rounds of gene duplication: flies possess a single Notch 

gene, worms two (GLP-1 and LIN-12), and mammals four (NOTCH1-4).  

Not surprisingly, dysregulation of Notch signaling, either through mutations of receptors 

or ligands, or by changes in pathway modifiers, is linked to a number of developmental 

abnormalities and diseases, including human cancer. The mammalian Notch receptors and 

ligands exhibit varying expression patterns and accordingly different developmental 

relationships exist between specific receptors and/or ligands. NOTCH1 and NOTCH2 are 

broadly expressed during development and in adult organisms and accordingly, genetic knockout 

of Notch1 or Notch2 is embryonic lethal in mice, and conditional knockouts have revealed 

developmental defects in many organ systems. In contrast, NOTCH3 and NOTCH4 are more 

restricted in expression (primarily to vascular smooth muscle and endothelium, respectively), 

with Notch3 or Notch4 knockout mice viable with subtle phenotypes observed primarily in blood 

vessels (8-10). 

On the ligand side, mutations and their associated developmental syndromes have also 

revealed tissue specific ligand functions and have suggested the existence of preferred ligand-

receptor pairs. For example, Alagille syndrome, which primarily affects the liver, biliary tree and 

heart, can be caused by loss-of-function mutations in either JAGGED1 or NOTCH2 (11, 12); 
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Spondylocostal dysostosis and spondylothoracic dysostosis associated with rib fusions and 

deletions can be caused by loss-of-function mutations in DLL3 (reviewed in (13). Likewise, adult 

onset diseases such as CADASIL which affects arteries in the CNS, is caused by missense 

mutations in NOTCH3 (14).  In addition, aberrant or dysregulated Notch signaling is associated 

with several different human cancers, most notably T cell acute lymphocytic leukemia (T-ALL), 

in which activating mutations of the NOTCH1 receptor are found in more than half of all cases 

(reviewed in (15)). 

 

1.3 Molecular Mechanism of Notch Pathway Activation 

Signals transmitted through the Notch signaling pathway depend on cell-cell contact 

between a ligand-expressing “sender” cell and a receptor-expressing “receiver” cell.  The core 

events necessary for productive Notch signaling involve: 1) ligand binding 2) receptor cleavage, 

3) NICD translocation and transcription activation (Figure 1.3 Top). There is also a strict 

requirement for endocytosis of ligands into the signal-sending cells.  

Because both ligands and receptors are transmembrane proteins, initiation of the signal 

occurs at sites of cell-cell contact, where ligands bind to Notch. Receptor activation appears to 

require the application of a mechanical pulling force by the bound ligand, leading to relief of 

receptor autoinhibition and susceptibility to proteolysis (16, 17). The force required for this 

regulatory step depends on the endocytosis of the ligand in the signal sending cell.  

After force-induced conformational changes overcome autoinhibition of the Notch 

ectodomain, the receptor undergoes a series of proteolytic cleavage events in a process referred 

to as regulated intramembrane proteolysis. The first cleavage event is carried out by a disintegrin 

and metalloprotease 10 (ADAM10) at a membrane-proximal extracellular site called S2 (18, 19). 
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ADAM10 cleavage renders the resulting Notch molecule a substrate for gamma secretase, which 

cleaves at an intramembrane site called S3 to liberate the intracellular region of Notch receptor 

(NICD) from the membrane. The intracellular portion of Notch then migrates to the nucleus to 

form a Notch transcription complex (NTC) (20-23). 

The NTC is assembled in a stepwise fashion and is composed of NICD, the transcription 

factor RBPJ, and a coactivator protein of the Mastermind-like (MAML) family. Initially, NICD 

binds to RBPJ through a high affinity interaction of the “RBPJ-associated molecule” (RAM) and 

an Ankyrin repeat (ANK) domain (24). The MAML protein then recognizes and binds a 

composite Notch-RBPJ surface, which includes the ANK domain of NICD. The binding of 

MAML stabilizes the complex and induces the transcription of Notch target genes via a largely 

undefined mechanism (reviewed in (25). 
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Figure 1.2. Notch signaling pathway  

Model for the main events on the Notch signaling pathway as well as the mammalian Receptor – 

Ligand repertoire. Top: Engagement of Notch receptor by ligands induces receptor cleavage by 

ADAM metalloprotease and γ-secretase allowing the bioactive intracellular domain of the 

receptor to translocate to the nucleus and form the transcription activation complex. Bottom: 

Domain organization of human Notch receptor and ligand homologs. Adapted from (26).  
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1.4 Receptor – Ligand Interactions  

The Notch signaling repertoire in mammals consists of four receptors and five canonical 

ligands. The four mammalian homologs of Notch receptors are large single-pass type I 

transmembrane glycoproteins. The extracellular domain of Notch receptors is largely composed 

of tandem epidermal growth factor (EGF)-like repeats ranging from 29-36 repeats. Many of the 

repeats bind calcium, which helps to introduce regions of localized rigidity in these receptors. 

The bound calcium ions are important both for structural integrity of the receptor as well as for 

ligand-binding and productive signaling (27, 28). Following the tandem EGF-like repeats is a 

juxtamembrane region termed the Negative Regulatory Region (NRR), which contains three 

Lin12-Notch repeats (LNR) and a heterodimerization domain. This module of the receptor is the 

key regulatory element protecting Notch from premature metalloprotease cleavage and aberrant 

signal initiation (29). Following its transmembrane segment, the Notch receptor has an 

intracellular region which begins with the RAM regions, a high affinity RBPJ-binding module of 

~20 amino acids. A long unstructured linker region leads to an ankyrin repeat (ANK) domain 

containing seven ankyrin repeats, which is flanked by two nuclear localization signals (NLS). 

The C-terminus of the receptor contains a Proline/Glutamic-acid/Serine/Threonine-rich (PEST) 

region which is important for regulating protein degradation. Between the PEST and ANK 

domains lies a loosely defined and poorly conserved transactivation (TAD) domain (Figure 1.2: 

Bottom Left). 

There are two families of the canonical Delta, Serrate, Lag2 (DSL) ligands, which have 

five total members in mammals (Delta-like 1, 3 and 4; Jagged 1 and 2). All canonical ligands are 

themselves type I transmembrane proteins and are largely comprised of three functional 

domains, namely, an MNNL domain (module at the N-terminus of Notch ligands), a DSL 
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domain and a series of 6-16 EGF-like repeats. Ligand families are classified based on the 

presence or absence of an additional cysteine rich (CR) domain next to the plasma membrane 

(Jagged or Delta-like, respectively) (Figure 1.2: Bottom Right). All ligands also contain a 

transmembrane segment and an unstructured C-terminal tail that serves as the recognition motif 

for ubiquitin-ligases to stimulate endocytosis of ligand (30).  

Formation of Notch-ligand complexes is mediated through a region comprised of EGF 

repeats 8-12 of the receptors and the MNNL domain through EGF3 of the ligands (31). 

Structures of rat Notch1 in complex with a representative ligand from each ligand family have 

been solved, using yeast display to evolve high-affinity ligand variants. The Notch1-Dll4 

complex was readily assembled with receptor and ligand fragments that contact each other using 

only EGF repeats 10-12 of Notch1, and short fragments of Dll4, with contacts limited to EGF11-

12 of Notch1 and the MNNL and DSL domains of Dll4 as a result (32).  The Notch1-Jagged1 

(Jag1) complex was reconstituted with an extended Notch1 fragment containing EGF repeats 8-

12 and a Jag1 fragment from MNNL-EGF3, and all domains were seen to participate in binding 

(33). The x-ray structures of both complexes revealed an antiparallel arrangement of receptor and 

ligand, confirming that both families of DSL ligands engage Notch1 in a similar fashion, using 

the identical intermolecular domain register and analogous contact surfaces within the 

overlapping region.  

A distinctive feature of Notch signaling is its reliance on mechanical force and protein 

glycosylation for pathway activation. The structure of both Jag1 and Dll4-Notch1 complexes as 

well as the accompanying biochemistry gives new insights into how these two factors promote 

receptor activation. Biomembrane force-probe force-clamp spectroscopy studies (33) were used 

to suggest that both Jag1 and Dll4 ligand interactions with Notch1 have “catch bond” properties, 
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in which the lifetime of a bond/interaction is prolonged by the application of tensile force. 

Interestingly, Jag1-mediated activation appears to be more reliant on this property of the 

receptor-ligand interaction, as it appears to require a larger force for NOTCH1 activation. The 

basis for this catch bond property may lie in the conformational change ligands experience under 

tension. Comparison of the apo- and receptor-bound states of the Jag1 ligand revealed hinge-like 

movements in all the domains with a dramatic 32-degree pivot at the MNNL - DSL junction.  

Another fascinating quality of Notch-ligand complexes partly explained by the structural 

data is the susceptibility to modulation of binding interactions by sugar modifications on Notch 

receptors. There are glycosylation sites along the Notch receptor extracellular domain, some of 

which occur within the ligand binding region. These modifications have profound effects on 

Notch activity, with O-fucosylation and O-glucosylation essential for optimal Notch signaling 

(34, 35). In both receptor-ligand structures, the ligands directly contact sugar residues present on 

Notch1. The O-fucose modification present on Thr466 of Notch1 EGF12 serves as the anchor for 

interactions with the MNNL domain of both ligands, which explains the deleterious effect of 

mutating Thr466 in Notch1 (36). Additional sugar modifications on Thr311 and Ser435 make 

direct contacts with Jag1 and Dll4 respectively. It is important to note that both sugar 

modifications on Thr311 and 466 are O-fucose and extension by Fringe proteins would be likely 

to change the binding interface, thus providing a rationale for how glycan modifications alter 

ligand affinity. The role of receptor glycosylation in signaling outcomes is further explored in 

later sections.   

 

1.5 Signaling Context Dictates Response  
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The Notch signaling pathway is relatively simple mechanistically. Ligand engagement 

triggers receptor cleavage, which in turn liberates the intracellular domain for entry into the 

nucleus to initiate Notch dependent genetic programs. In canonical Notch signaling there are no 

well-established intermediates following Notch receptor activation and assembly of the 

transcription activation complex; that is, there are no identified attenuators or amplifiers of 

signaling prior to Notch target gene induction. Despite this apparent simplicity, Notch has vastly 

different functions in various developmental settings and in multiple disease contexts. This 

complexity of response is indicative of a much larger and sophisticated signaling network 

capable of many diverse biological outcomes.  

 

1.5.1 Cell surface context 

Given the lack of intermediates and the apparent straightforward nature of Notch 

signaling, how does the induction of a Notch response achieve such a wide array of biological 

outcomes? First, there are multiple receptors and activating ligands in the mammalian Notch 

repertoire, and by the spatial and temporal regulation of expression of these molecules certainly 

plays an important role. Additionally, there is regulation of the expression of Notch signaling 

components by other pathways thus illuminating how Notch may feature into larger signaling 

pathway networks. One example in which spatio-temporal regulation of Notch signals is 

prominent is during somitogenesis in the presomitic mesoderm. The Notch1-Dll1 ligand-receptor 

pair helps to drive this process, in which somites - blocks of mesoderm that give rise to axial 

muscles, bones and dermis in vertebrates - are formed.  The Notch response is reinforced by 

Notch-dependent induction of the expression of NOTCH1 itself, whereas the expression of the 

ligand Dll1 is regulated by the Wnt signaling pathway. The Wnt-dependence of ligand 
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expression guarantees that the activity of Notch pathway is now linked with another core 

signaling component involved in the segmentation clock (37). This exchange between signaling 

pathways partially regulates the oscillatory gene expression program necessary for the periodic 

formation of somites. 

In addition to the pathway interactions presented above, diverse biological outcomes can 

be achieved by the interplay of Notch ligands functioning in the same setting in conjunction with 

modifying enzymes such as Fringe glycosyltransferases. For example, it has been shown that 

Notch signaling has a critical function in vascular patterning (8, 38). During blood vessel 

formation the process of endothelial sprouting must be balanced for proper angiogenesis. Notch 

signaling acts in vessel formation to limit the development of endothelial tip cells which are the 

leading endothelial cells that sprout towards the angiogenic stimulus. Productive Notch signaling 

in this setting is mediated by Dll4 interaction with Notch1 in trailing cells (39). Endothelial cells, 

however, also express the Jag1 ligand. Interestingly, the loss of Jag1 decreases sprouting 

behavior and angiogenesis due to an increase in Notch signaling, indicating an antagonist 

function for Jag1 with respect to Dll4 in this setting. This interplay is facilitated through Fringe 

enzymes that modify Notch1 to potently increase Dll4 signaling capabilities while, conversely, 

decreasing Jag1-mediated signaling (40). Expression of these two ligands is differentially 

regulated with levels fluctuating between tip and stalk endothelial cells such that the equilibrium 

between these two ligands with conflicting functional roles in part regulates angiogenesis with 

the aid of Fringe enzymes (41). 

The above detail on the interplay of ligands and the influence of modifying enzymes 

describes a scenario where competing ligands interacting with receptors might regulate 

biological outcome by differences in trans-signaling capacity. However, the Notch pathway also 
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incorporates a non-productive parallel interaction, in which ligands and receptors present in the 

same cell (in cis) have an inhibitory interaction, a phenomenon referred to as cis-inhibition (42, 

43). Thus, ligands and receptors expressed in cis introduce an additional complexity. Where both 

receptors and ligands are expressed in the same cell, relative levels will not only determine 

whether there is productive signaling or not but by having both classes of molecules in the same 

cell, directionality of Notch signaling can be assigned and now be dynamically regulated. 

Modeling studies (44) suggest that cis-inhibition has a sharp ligand threshold while trans-

activation shows a graded response to ligand levels. The mutual inactivation of ligand and 

receptor in cis-inhibition generates an ultrasensitive switch between two mutually exclusive 

signaling states, sending (high Delta/low Notch) and receiving (high Notch/low Delta). At the 

multicellular level the presence of this signaling switch can amplify small differences to facilitate 

the formation of sharp boundaries in cell type and in tissues. For example, the angiogenesis 

model described above can be further refined by cis-inhibitory interactions. Cis-inhibition likely 

helps to reinforce the distinction of endothelial tip and stalk cell fates ensuring that both maintain 

a signal sending and receiving state, respectively.  

Interestingly, the mammalian Delta like ligand family member Dll3, does not seem to 

function in trans-activation and only exhibits cis-inhibitory activity (45). As noted, Notch 

signaling is a key regulator of somitogenesis, the process by which vertebrae are formed. Notch 

pathway genes have been associated with the congenital abnormalities spondylocostal dysostosis 

(SCD) and spondylothoracic dysostosis (STD), which are disorders characterized by congenital 

malformations in which the vertebrae are fused or altered in shape, position, or size. Mutations in 

Dll3 have been associated with SCD and STD, highlighting the importance of the cis-inhibitory 

interaction mode as a very important aspect of Notch signaling in development. 
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So far, we have looked at the interplay of ligands based on their expression in relation to 

each other as well as to receptors (cis or trans), the influence modifying enzymes can have on 

their interaction, and aspects of signaling that are mechanistically tied to spatiotemporal 

regulation of receptors, ligands and modifiers. But Notch signaling is far from an “all or nothing” 

pathway. 

 

1.5.2 Nuclear context 

Notch receptors are bioactive and function as transcription co-factors, in that they 

regulate transcription without binding DNA directly. All known Notch transcription responses 

are mediated through association with a single DNA binding partner, RBPJ (46, 47), and the 

identification of genes that are directly induced by Notch is an active area of research. RBPJ and 

RBPJ complexes have relatively modest DNA affinity (48, 49)and RBPJ is capable of binding 

both transcription activating (NICD) and repressing cofactors such as KYOT2 (50) and SHARP 

(51, 52).  

RBPJ is thought to be incapable of binding target motifs when they are inaccessible such 

as when wrapped around nucleosomes. Thus, it is thought not be able to initiate changes in 

regulation at silent enhancers as a pioneer factor. This feature of the response mechanism renders 

Notch susceptible to the influence of extrinsic circumstances such as cell lineage and history, 

which influence the chromatin state and define the cohort of additional transcription factors that 

are present. Studies have shown that RBPJ/NICD complexes can act in cooperation with other 

transcription factors in both a predictable and defined manner (53-55). Binding motifs with 

specific configurations can also promote direct or indirect interactions among transcription 
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factors. The arrangement of response elements creates recognizable enhancer signatures, but 

these signatures do not need to be present at all Notch response elements. 

One example of a well characterized enhancer signature is the SPS+A combinatorial code 

that functions in neural precursor specification in Drosophila. This signature combines a pair of 

specifically oriented (head-to-head) RBPJ motifs known as Su(H)-paired-sites (SPS) with a 

motif for pro-neural bHLH activator proteins (A). SPS+A sites cooperate to allow functional 

interaction of RBPJ/NICD complexes with bHLH activators to yield strong activation of gene 

expression, implying a Notch-bHLH synergy in the response (53, 56). 

Cooperation of Notch with other transcription factors with no recognized distinctive 

signature is also evident. There is an association between RBPJ sites and RUNT-related 

transcription factors (RUNX) in several different cellular contexts, even though there is no 

discernable organization or precise arrangement relating the RBPJ and RUNX binding sites (57-

59). In these cell types, binding of RUNX is required for the enhancers to be competent for 

Notch engagement, though the basis for this functional interaction remains poorly understood 

(57, 60). 

In vivo, DNA binding by RBPJ is highly dynamic (61).  RBPJ has a relatively modest 

DNA affinity, with Kd for consensus binding sites of approximately 60 nM (49), and affinities 

for variant sites of as low as 1 µM.  The modest affinity manifests itself as a low dwell time on 

canonical enhancers where the dwell time has been measured. Interestingly, NICD binding to 

RBPJ increased the observed abundance of RBPJ at enhancer binding sites, suggesting that 

complexation enhances RBPJ engagement with DNA in living cells (60, 62). In the specific case 

of paired sites (SPS), there are two specifically oriented (head-to-head) RBPJ motifs. These SPS 

can contribute to regulation of transcription by cooperative dimerization of NTC to tune 
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transcriptional responses. In such a cooperative scenario, SPS-regulated genes might be early or 

preferential responders to low doses of Notch signals. In agreement with this idea, previous 

studies have shown that E(spl) genes associated with promoter-localized paired sites have a very 

rapid response to Notch pathway activation (63). In addition, it has also been shown that SPS in 

many cases associate with early responding genes (64). Moreover, RBPJ/NICD ChIP-seq signals 

were stronger on average for SPS, suggesting that genes responding to paired-site binding may 

have larger and/or longer durations of response to Notch activation. However, the SPS element 

cannot completely account for the kinetics and size of Notch responses as the architecture of 

Notch response elements at many genes are complicated by a diversity in the number and 

arrangement of monomer binding sites, SPS elements, as well as their affinity and the presence 

of motifs for binding of other transcription factors. It is noteworthy that the SPS regulatory 

element is completely absent from worms, suggesting that SPS elements may have arisen to 

permit more precise and diverse responses to Notch signals in more complex metazoans. 

Finally, RBPJ has a Notch-independent activity in transcription repression. It can bind to 

corepressors such as Kdm5a, KYOT2 and SHARP as well as the negative regulator RITA. 

Whereas the role of RBPJ in Notch mediated transcription activation is well established and 

characterized, its role as a repressor is less defined. What is clear from recent studies is that the 

different co-repressors recruit repression complexes that differ in their ability or degree to which 

they modify chromatin. For example, SHARP can mediate recruitment of two different 

repression complexes to regulate the transcriptional response at genes that are at other times 

stimulated by Notch (65). Based on the composition of the RBPJ-repressor complex (which is 

dependent on what co-repressors and modifiers are present), then, enhancers can either be 

completely suppressed or exist in a state that is relatively refractory to Notch activity. 
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1.6 Notch Feedback Modulation by NRARP  

Another powerful mode of regulating the Notch signaling pathway is by modulating the 

activity or stability of the NICD following receptor activation. There is limited knowledge about 

how NICD activity is regulated after its entry into nuclear complexes.  It is clear, however, that 

NICD is subjected to a number of post-translational modifications that have been linked to 

altered signaling (for a review see (66)). Interactions with other proteins also could modulate 

NICD nuclear levels and potentially its activity. 

The Notch-regulated ankyrin repeat protein (NRARP) is one of the primary Notch target 

genes. NRARP is one of a small number of core Notch target genes that are induced in many 

different cell types. The NRARP gene, originally called 5D9, was first identified as a novel 

component of the Notch signaling pathway, following analysis of the Delta-Notch synexpression 

group of developmentally expressed genes in Xenopus embryos using in situ hybridization 

screening (67).  The cDNA was later shown to encode a 114-amino acid protein consisting of at 

least two tandem C-terminal ankyrin repeats. NRARP was also shown to be regulated at the 

transcriptional level by the Notch signaling pathway in Xenopus and mice (68). 

 Previous studies have shown that NRARP is a negative regulator of Notch signaling. The 

forced expression of NRARP in mice results in a blockade of T-cell development in multiple 

stages, a process known to require Notch signaling (69). In addition, Nrarp knockout mice show 

defects in somitogenesis and in vascular trimming in the eye (70, 71). Both phenotypes are 

associated with excessive Notch activity and, together with studies investigating the influence of 

Nrarp on cell fate decisions in the mouse retina (72), support the conclusion that Nrarp is a 

negative regulator of Notch signaling. A major focus of the work in Chapter 3 of this thesis 
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centers on elucidation of the molecular basis for the function of NRARP as an attenuator of 

Notch signal transduction. 

 

 

 

1.7 Goals of the Dissertation 

 This thesis work has focused on developing a more complete molecular understanding of 

Notch signaling events that directly influence the signals that cells detect and respond to. 

Specifically, I look at signaling at the steps of signal production and termination, using a 

combination of biochemical and biophysical techniques. 

In Chapter 2, I present work probing molecular mechanisms underlying the observed 

differences in signaling activity of Delta like family activating ligands Dll1 and Dll4. This work 

revealed that Dll4 preferentially activates Notch1 while Dll1 exhibits equal efficiency in 

activating Notch1 and Notch2. Importantly, we show that the ligand ectodomains dictate their 

selective functions found in vivo and that features that lie outside of the structurally visualized 

binding interface may underlie these differences. 

In Chapter 3 of this thesis, I describe my work studying the structural mechanisms 

underlying the observed Notch inhibitory activity of the Notch signaling modulator NRARP. 

This work aims to refine our understanding of an often-overlooked essential aspect of cell 

signaling, which is termination of activation and resetting of the system. By utilizing an unbiased 

proteomics approach to identify NRARP interacting proteins, I found that NRARP binds directly 

to the core Notch transcription complex. By determining a crystal structure of NRARP in 

complex with the core Notch transcription activation complex, I defined the molecular basis for 
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binding of NRARP to the NTC. Additional cell-based and biochemical studies identified a 

potential mechanism for the activity of NRARP as a Notch pathway inhibitor.  

In Chapter 4, I conclude by discussing the main findings of this work and presenting 

interesting potential areas of future study. 
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CHAPTER 2 

Refining Notch – Delta like ligands interaction and ligand in vivo functions. 

 

 

 

 

 

Sections of this chapter are taken from: 

 

Tveriakhina, L., K. Schuster-Gossler, S. M. Jarrett, M. B. Andrawes, M. Rohrbach, S. C. 

Blacklow, and A. Gossler. 2018. 'The ectodomains determine ligand function in vivo and 

selectivity of DLL1 and DLL4 toward NOTCH1 and NOTCH2 in vitro', Elife 7, (2018). 
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Abstract 

 

Notch signaling is an essential cell-cell communication system in multicellular organisms that 

has critical roles in cell fate determination, growth and development. In mammals, there are two 

Notch-activating Delta paralogues, DLL1 and DLL4, that have the same modular domain 

organization but context-dependent functional differences. Here, we analyze their functional 

divergence using cellular co-culture assays and biochemical studies. DLL1 and DLL4 activate 

Notch1 and Notch2 differently in cell-based assays and this discriminating potential lies in the 

region between the N-terminus and EGF repeat three. However, substitution of Notch1-binding 

interface residues in the MNNL and DSL domains of DLL1 with the analogous residues of 

DLL4 does not disrupt DLL1 function. Collectively, our results reveal that DLL4 preferentially 

activates Notch1 over Notch2, whereas DLL1 does not exhibit a strong preference for either 

Notch1 or Notch2. These studies establish that the ectodomains dictate selective ligand function 

and that features outside the structurally determined binding interface contribute to the observed 

activity differences. 
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2.1 Introduction 

  

Notch proteins serve as the receptors for a signaling pathway that plays an essential role in 

a wide range of cell fate decisions in animals ranging from sea urchins to humans. This pathway 

is repeatedly used throughout development as well as in postnatal tissue maintenance and organ 

homeostasis. 

 

  Notch signal transduction relies on regulated intramembrane proteolysis to create a 

transcriptional effector in response to ligand stimulation. Ligand binding relieves autoinhibition, 

exposing a juxtamembrane processing site to ADAM metalloproteases. ADAM processing 

liberates the intracellular portion of Notch (NICD) from the membrane (3-5). Once freed from the 

membrane, NICD translocates into the nucleus where it forms the Notch transcriptional activation 

complex (NTC) consisting of NICD, the transcription factor RBPJ, and a coactivator protein of 

the Mastermind-like (MAML) family (6-8). The NTC then recruits additional transcriptional 

coregulators resulting in the initiation of transcription of Notch responsive genes (see (9) for a 

review). 

 

The Notch signaling repertoire in mammals consists of four receptors and five canonical 

ligands. The four mammalian homologs of Notch receptors are large single-pass type I 

transmembrane glycoproteins. The extracellular domain of all four receptors contains a series of 

29-36 N-terminal epidermal growth factor (EGF)-like repeats that include the ligand binding site. 

The EGF repeats are followed by three LIN-12/Notch repeat (LNR) modules, which are 

responsible for maintaining the autoinhibited state by masking the metalloprotease cleavage site.   
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There are two families of the canonical Delta, Serrate, Lag2 (DSL) ligands, which include 

five members in mammals (Delta-like 1, 3 and 4; Jagged 1 and 2). All canonical ligands are 

themselves type I transmembrane proteins and are largely comprised of three functional domains, 

namely, the MNNL (module at the N-terminus of Notch ligands), the DSL domain and 6-16 EGF-

like repeats. Ligand families are classified based on the presence or absence of an additional 

cysteine rich (CR) domain next to the plasma membrane (Jagged or Delta-like, respectively).  

 

Notch receptor-ligand interactions rely on a core interaction region comprised of EGF 

repeats 8-12 of the receptors and the segment including the MNNL domain through EGF3 of the 

ligands. Previous studies identified a requirement that truncated receptors begin with EGF8 in 

order to signal productively, and that the minimum DLL4 construct that can achieve near 

maximal signaling efficiency terminates at EGF3(10). An x-ray structure of an affinity matured 

DLL4-NOTCH1 complex, however, only includes receptor and ligand fragments that contact 

each other using EGF repeats 11 and 12 of NOTCH1, and the MNNL and DSL domains of 

DLL4 (2). The structure of the NOTCH1-JAGGED1(Jag1) complex also revealed an antiparallel 

arrangement of receptor and ligand, confirming that both families of DSL ligands engage 

NOTCH1 in a similar fashion (11). In this structure, a NOTCH1 fragment from EGF8-12 and a 

Jag1 fragment from MNNL-EGF3 were used to form complexes, and all domains participate in 

the binding interface. It is notable that binding studies comparing the DLL4 affinity of Notch1 

EGF8-12 with that of Notch1 EGF10-12 showed only a 1.3-fold affinity difference, raising the 

question of what receptor property, other than affinity, accounts for the requirement that EGF8 

and 9 be present in the receptor in order to respond to DLL4. When comparing the binding of the 
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MNNL-DSL domains of both ligands to their binding surface on Notch1 EGF11-12, Dll4 buries 

200Å2 more surface area, with Dll4 having twice the number of polar contacts with Notch1 in 

comparison to Jag1 (11).  

 

Several studies have shown that in certain contexts DLL1 and DLL4 are functionally non-

equivalent, but it remains unclear which portions of these similar DSL proteins account for their 

functional divergence (12-15). Previous work observed that DLL4 and DLL1 elicit Notch1 

responses with different dynamics – DLL4 produces a sustained response while DLL1 produces 

pulsatile response – which were functionally attributed to the intracellular region of the ligands 

(16). However, it was previously shown that DLL4 has a higher intrinsic binding affinity than 

DLL1 for Notch1 (10), suggesting that the ectodomains of these ligands should play a role in their 

functional divergence. Here, we investigate the contributions of the extracellular and intracellular 

regions of DLL1 and DLL4 chimeric proteins on ligand function in cell-based assays and in 

biochemical binding assays for select chimeras. We observe that DLL1 and DLL4 can discriminate 

between Notch1 and Notch2 in vitro and that this discriminatory function is encoded by the ligand 

ectodomains. Interestingly, we also found that regions outside of the known DLL - Notch binding 

interface are major contributors to the discriminatory function of DLL1 and DLL4. 

 

 

2.2 Results 

Conservation of the DLL4 contact residues across species 

 

Previous work using rat homologs of Notch1 and DLL4 was able to provide structural 

information about the Notch1-Dll4 complex via x-ray crystallography. The model revealed an 
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antiparallel, linear interaction between the receptor and ligand with interactions mediated through 

both protein-protein and protein-glycan contacts (Figure 2.1A).The interaction zones were 

localized two regions, with “site 1” comprised of the MNNL and EGF12 domains and “site 2” the 

DSL and EGF11 domains of DLL4 and Notch1, respectively. To assess whether the ligand 

interaction surface revealed in the structure of the affinity matured, rat protein complex is 

conserved in human DLL4, we used a well-established luciferase reporter-gene assay (17) to test 

the relative signaling capabilities of DLL4 proteins with mutations at key interfacial residues 

(Figure 2.1B). When cells transiently transfected with full-length DLL4 mutants were co-cultured 

with cells stably expressing Notch1 and transiently transfected with a luciferase reporter, receptor 

cells showed defective signaling based on luciferase activity at approximately half of the key 

residues probed.  

  



37 
 

 

Figure 2.1. Contributions of DLL4 contact residues to NOTCH1 activation. A.  Molecular 

surface representation highlighting interactions between DLL4 MNNL-DSL domains and EGF 

11-12 of NOTCH1. B. Sequence conservation of human DLL1 and DLL4 as well as rat DLL4 

sequence used for structural studies. Contact amino acids (boxed) are mutated in alanine 

scanning mutagenesis experiments. C. Effect of DLL4 interface mutations on Notch-dependent 

luciferase reporter gene activity.  
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The most detrimental mutations were in the DSL domain of DLL4, with a third of the 

mutants exhibiting no detectable signaling activity (Figure 1D, E). These results suggest that 

“site 2” of the Notch1-DLL4 interaction has a large contribution to signaling in vivo. Mutants of 

“site 1” residues - present in the MNNL domain – did not generally interfere with signaling, with 

the exception of F65A, which was partially defective in signaling. Interestingly, previous work 

(18) showed that further modification of the O-fucose modification of T466 (at the center of this 

interaction site) by fringe glycotransferases increases the binding affinity of Jagged1 and DLL1 

ligands for Notch1, with no effect on DLL4 binding. This result may indicate that the “site 1” 

interaction plays a larger role in Jagged1 and DLL1 binding than in DLL4 binding, at least for 

the Notch1 interaction, in accordance with our signaling data (Figure 2.1C).   

 

 

Direct visualization of Dll4 variants expression and quantitative analysis of Notch1 interactions 

 

To exclude the possibility that mutagenesis of DLL4 disrupted protein production or 

trafficking to the cell surface, we assessed the localization of DLL4-mCherry fusion variants using 

fluorescence microscopy (Figure 2.2A). All DLL4-mCherry mutants exhibited similar localization 

patterns and expression levels, including the representative D193A mutant that is completely null 

in signaling assays. To further confirm that loss-of-function mutants were indeed defective in 

Notch1 binding, direct visualization of ligand binding to Notch1 expressing cells was done using 

flow cytometry.  
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Figure 2.2. DLL4 binding to Notch1 on the cell surface. A. Visualization of ligand-bearing cells 

with fluorescence microscopy. DLL4 mutants are C-terminal tagged with mCherry. B. Detection 

of purified ligands binding to Notch-bearing cells. Biotinylated ligands were bound to Alexa 

fluor 647-conjugated streptavidin, incubated with NOTCH1-gal4 U2OS or U2OS control cells 

and analyzed using flow cytometry C. Quantification of ligand binding affinity using biolayer 

interferometry (BLI). Biotinylated Notch1(6–15) was immobilized on a streptavidin biosensor 

and bound to varying concentrations of DLL4(1–5) variants. 
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Recombinantly purified Dll4 molecules containing the N-terminal MNNL domains 

through EGF5 were purified, captured with streptavidin conjugated to Alexa fluor 647, and then 

subsequently incubated with cells stably expressing Notch1. A shift in fluorescence was observed 

for functionally active Dll4 constructs compared to Notch1-null control cells, but this shift was 

absent in the inactive DLL4 mutants (Figure 2.2B).  

 

We next measured the affinity of a Notch1 fragment including EGF (6–15) for selected 

DLL4 constructs using biolayer interferometry to compare binding affinities directly. For F195A, 

we obtained a saturation-binding curve that could be fit readily by a single-site binding model 

(Figure 2.2C), whereas for the inactive D193A variant, binding was undetectable. Together, these 

data are consistent with the binding surface seen in the structure of the rDll4-Notch1 complex. 

 

DLL1 and DLL4 exhibit differential receptor selectivity in vitro 

 

DLL1 and DLL4 have discrete and overlapping expression patterns during embryonic 

development and in adult tissues. Interestingly, in regions where both ligands are expressed, they 

exhibit both redundant and different functional outcomes depending on the developmental 

context. For example, mouse Dll1 and Dll4 are both expressed in adult thymic epithelial cells 

where Dll4 is essential for Notch1-mediated T-lymphopoiesis. T cell development is unaffected 

in mice which lack Dll1 in the thymic epithelium suggesting that in this context Dll1 and Dll4 

are functionally distinct. Biochemically, a previous study has shown that human Notch1 exhibits 

an intrinsic selectivity for DLL4 in comparison to DLL1, providing a potential explanation for 

the Dll4 preference seen in mouse thymic development (10).  
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We thus assessed whether other Notch receptors, particularly focusing on Notch2, also 

exhibits any selectivity for DLL1 or DLL4. To detect potential differences in ligand activity 

towards Notch1 or Notch2, our collaborators generated mouse E14TG2a ES (E14) cells stably 

expressing either Notch1 (N1rep) or Notch2 (N2rep). Co-cultures of cells expressing Dll1 or 

Dll4 with N1rep ES cells consistently revealed higher activation of Notch1 by Dll4 than by Dll1 

(Figure 2.3A). In contrast, Dll4 activated Notch2 significantly less efficiently than Dll1 (Figure 

2.3B). 
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Figure 2.3. DLL1 and DLL4 differentially activate NOTCH1 and NOTCH2. A. DLL4 activates 

Notch1 about 10-fold more strongly than DLL1 in co-culture assays. Left graph shows non-

normalized Notch1 activation. Lines connect values measured in the same assay. Right graph 

shows values normalized to DLL1 activation and corrected for protein expression and cell 

surface presentation. B. DLL4 activates Notch2 about half as strongly as does DLL1. Left graph 

shows non-normalized Notch2 activation. Lines connect values measured in the same assay. 

Right graph shows values normalized to DLL1 activation and corrected for protein expression 

and cell surface presentation. Each dot represents a technical replicate. Adapted from (1). 
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Regions outside of the MNNL-DSL contact sites of DLLs contribute to the functional divergence 

of DLL1 and DLL4 

 

To define the regions of DLL1 and DLL4 that confer the functional difference in 

activating NOTCH1 and NOTCH2, a series of domain swaps were made to generate a set of 

chimeric ligands (II-V, VII-X in Figure 2.4) for stimulation of NOTCH1 and NOTCH2-

expressing cells in co-culture assays. To ensure that any observed differences in NOTCH1 and 

NOTCH2 activation was not due to differences in ligand expression or cell surface levels, 

receptor activation was analyzed as the response ratio of N1/N2 to stimulation by cells stably 

expressing chimeric ligands. Interestingly, chimeric ligands with ectodomains that encompassed 

the MNNL-EGF3 region of a ligand retain the full signaling capability of the corresponding full-

length wild-type ligand. For example, the chimera having MNNL-EGF3 domains of DLL4 

elicited a N1/N2 response ratio of ~20 which is identical to full-length DLL4. Likewise, the 

chimera containing MNNL-EGF3 of DLL1 showed a response ratio of ~1 or 2 like full-length 

DLL1. Strikingly, when chimeras include the MNNL-EGF2 or MNNL-DSL domains of one 

ligand and the remainder of the other, the N1/N2 response ratio of these corresponding chimeric 

pairs is equivalent (Figure 2.5A), suggesting that EGF3 makes an important contribution to 

receptor selectivity. 
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Figure 2.4. Schematic representation of DLL1 and DLL4 and variant proteins. I-X, full-length 

and chimeric ligands generated by domain swaps. XI and XII, ligands with exchanges of the 

known NOTCH1 contact amino acids in the MNNL and DSL domains. XIII, DLL4 variant with 

an N109G mutation that eliminates the N-glycosylation site in DLL4. XIV-XVIII, soluble 

proteins encoding the N-terminal region up to and including EGF5 carrying a C-terminal Avi-

His-tag for protein purification. I-XIII were tested in cell-based Notch activation assays and 

XIV-XVIII used for measurements of binding affinities to NOTCH1. Adapted from (1). 
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To assess the extent to which the MNNL and DSL contact residues at the NOTCH1 

binding interface influence NOTCH1 and NOTCH2 selectivity by DLL1 and DLL4, we 

reciprocally exchanged these amino acids (XI-XII in Figure 2.4; Figure 2.5B) based on 

alignments of the DLL4 (2) and DLL1 (19) structures. Replacing the contact residues of DLL1 

with the analogous residues of DLL4 does not substantially affect the N1/N2 response ratios in 

comparison to WT DLL1 itself, indicating that the selectivity of N1 or N2 by DLL1 and DLL4 

cannot simply be accounted for by interfacial residues in the MNNL-DSL region (Figure 2.5C). 

Similarly, swapping the DLL1 contact residues onto DLL4 does not collapse the response ratio 

to 1 (Figure 5C), however it slightly reduces the mean N1/N2 activation ratio (to ~13), again 

strongly suggesting that properties outside of the MNNL-DSL contact interface contribute to 

receptor selectivity. This is in accordance with the prior observation that affinity maturation of 

DLL4 accumulates mutations in the protein core but not in the binding interface (2). A DLL4 

variant containing the analogous contact residues DLL1 did not show reduced binding affinity 

for Notch1 (D4contD1 KD = 0.327 ± 0.036 mM; Figure 2.5D panel c), fully consistent with the 

interpretation that the protein core of DLL4 contributes to Notch1 binding affinity, likely by 

influencing allosteric changes to induce a higher affinity conformation. Swapping the contact 

residues of DLL4 onto DLL1 did increase binding affinity for N1 (D1contD4 KD = 0.326 ± 

0.044 mM; Figure 2.5D panel d), however the N1/N2 response ratio was not affected indicating 

that the contact amino acids and different binding affinities for N1 are not the only influence on 

the selectivity of the two ligands for N1 or N2.  

Previous studies have shown that Notch signaling can be modified by a number of post-

translational modifications including glycosylation. Like the Notch receptors, Notch ligands are 

glycoproteins and the ligand DLL4 contains three putative conserved glycosylation sites in its 
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MNNL domain, one of which - N109 - is not shared with the other activating member of the 

Delta-like family of ligands, DLL1. Additionally, glycosylation of N109 was confirmed in the 

NOTHC1-DLL4 complex structure where it lies adjacent to the interaction surface. To determine 

if glycosylation of N109 plays a role in the functional divergence of DLL1 and DLL4 we created 

a DLL4 N109G (D4N109G) mutant which contains the analogous amino acid from DLL1 and 

assessed the effect on DLL4-mediated signaling and NOTCH1 binding. D4N109G had no effect on 

the relative activation potential of DLL4 for Notch1 versus Notch2 (Figure 2.5C), and its affinity 

for Notch1 was not altered (KD = 0.341 ± 0.015 mM; Figure 2.5D panel e), indicating that N-

glycosylation at this site does not significantly modulate N1 binding or contribute to the relative 

selectivity of DLL4 towards Notch1 and Notch2. 
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Figure 2.5. Contributions of the MNNL-EGF3 portion and contact amino acids to ligand 

selectivity towards N1 and N2. A. N1/N2 activation ratios by DLL1 and DLL4 chimeric proteins 

show that receptor selectivity of DLL1 and DLL4 is encoded by the extracellular domain and 

that EGF3 contributes to N1/N2 selectivity. DLL4, D4ECD_D1ICD, and D4N-E3_D1 show 

N1/N2 induction ratios of ~20. DLL1, D1ECD_D4ICD, and D1N-E3_D4 exhibit induction ratios 

of 1–3. Chimeric pairs with domain exchanges between EGF2 and EGF3 or between DSL 

domain and EGF1 show equivalent stimulation ratios. B. Segments of the MNNL and DSL 

sequences showing the contact amino acids (boxed), the divergent amino acids of DLL1 (red) 
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and DLL4 (blue), and the sequence of ligands with amino acid exchanges. The N-glycosylation 

site at residue N109 of DLL4 is indicated in green. D. N1/N2 activation ratios of ligands with 

exchanged N1 contact amino acids. D1contD4 does not show changes in receptor selectivity 

compared to DLL1. Replacing the contact residues of DLL4 with those of DLL1 only reduces 

N1/N2 activation ratio to ~13. Elimination of the N-glycosylation site of DLL4 with the N109G 

mutation (the corresponding amino acid of DLL1) does not change DLL4 receptor selectivity. 

Adapted from (1).  
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Discussion 

 

In vertebrates the Delta-like family of proteins has two Notch activating ligands, DLL1 

and DLL4. DLL1 and DLL4 are similar in sequence (human paralogues have an amino acid 

similarity of 63% with 49% identity), size and domain structure. In addition to high sequence 

similarity both proteins occasionally have overlapping expression during embryonic 

development and in adult tissues. In sites where both DLL1 and DLL4 are expressed, they 

appear to have both redundant and divergent functions, but the bases for these differences are 

unclear.  

Here, we used alanine scanning mutagenesis of contact amino acids in the MNNL and 

DSL domains of DLL4 to first assess the relative contributions of the contact sites to Notch1 

receptor activation in our cell-based assay. The integrity of the DSL domain is necessary for 

Notch receptor binding (20) and this domain is in contact with Notch1 in the Notch1-Dll4 crystal 

structure (2). Our mutagenesis results confirm that alanine substitution of select contact residues 

in the DSL domain of DLL4 is able to abolish Notch signaling. In addition, we have shown that 

mutants that disrupt Dll4-induced Notch signaling do so through abrogating ligand binding.  Of 

the two DLL4 binding sites revealed in the x-ray model, the DSL domain is more sensitive to 

interface mutations, suggesting that this contact interface makes a dominant contribution to 

receptor binding.  

The Notch1 contacting residues of DLL4 are largely conserved in DLL1 – 75% similar 

with 55% identity – and the most detrimental mutations are of residues that are identical in the 

two proteins.  Nevertheless, DLL1 and DLL4 exhibit a receptor response “discrimination 
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potential” of ~20-fold between Notch1 and Notch2 in cell-based assays. Systematic domain 

swap analysis revealed that the region responsible for this receptor discrimination maps to the 

MNNL-EGF3 region (Figure 2.5A), extending beyond the MNNL and DSL interfaces visualized 

in the Notch1-Dll4 x-ray structure. This finding is consistent with previous work that points to 

the importance of the MNNL as well as the DSL domain and EGF repeats 1-3 for strong 

activation of Notch1 and to the importance of EGF repeats 8-10 of Notch1 for signal activation 

by DLL ligands.  

These observations suggest that interactions of EGF repeats 1-3 of the DLL ligands with 

EGF repeats 8-10 of Notch also contribute to recognition and impart discriminatory potential. 

Together, the results also favor the conclusion that the contact amino acids in the MNNL and 

DSL domains do not make the dominant contributions to the functional divergence of DLL1 and 

DLL4 in vivo, suggesting instead, that differences in the domain cores, and/or contacts outside of 

the known DLL4-Notch1 interface, are the factors that contribute most to functional divergence. 
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Materials and Methods 

 

Cloning of constructs 

Constructs with exchanges of domains or individual amino acids in the extracellular domain of 

DLL1 and DLL4 were generated by standard cloning procedures using either synthesized gene 

fragments (II-IV, VII-IX, XI-XIII in Fig 1) or fragments obtained by restriction digests from 

Dll1 and Dll4 cDNA constructs (V, X in Fig 1). For production and purification of proteins for 

binding assays (XIV-XVIII in Fig 1) fragments of encompassing the N-terminus up to and 

including EGF5 were PCR amplified and cloned into pLexM-Avi-His vector (10). Hprt targeting 

constructs for expression of D1ECD_D4ICD and D4ECD_D1ICD were generated by cloning the 

respective cDNA into pMP8-CAG.Stop.  

 

Culture and generation of cells stably expressing ligand proteins 

Mouse E14TG2a ES cells were cultured in DMEM (Invitrogen) cell culture medium 

supplemented with 15% FCS (Biochrom AG), Glutamax, Pen/Strep, Sodium Pyruvate, MEM 

Non-Essential Amino Acid Solution, β-mercaptoethanol, and leukemia inhibitory factor (21). ES 

cells were electroporated with linearized pMP8 targeting vectors and selected with HAT (1:300; 

Gibco). Correct integration of the 5’ homology arm in HAT resistant clones was verified with 

long-range PCR using following primers: For/Rev: 

GGGAACCTGTTAGAAAAAAAGAAACTATGAAGAAC / 

GGCTATGAACTAATGACCCCG. Expression of proteins was verified using Western Blot 

analyses. 
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Trans-activation assay 

To assess the activity of DLL4 ligand point mutations, a luciferase reporter assay was performed 

using U2OS cells transiently transfected with plasmid DNA encoding the different DLL4 

proteins, co-cultured with U2OS Flp-in Notch1-Gal4 receiver cells transfected with Gal4 

reporter plasmid and a Renilla luciferase internal control plasmid. On day 2, DLL4 cells were 

split onto 6-well plates containing Notch1-Gal4 cells which were induced with doxycycline 

(1µg/ml). On day 3, following 24 h of culture, firefly and Renilla luciferase activities were 

measured on a luminometer (Turner Systems) in whole cell extracts using the Dual Luciferase kit 

(Promega). Each measurement was normalized to non-ligand bearing U2OS cells. All data points 

within experiments were obtained in triplicate, and each experiment was repeated at least three 

times.  

 

For in vitro cell co-culture assays (using stable ligand and receptor bearing cells) ES cells were 

counted in PBS using LUNA-II (logos biosystems) and 9.25x105 ligand and 0.75x105 receptor 

expressing cells were plated on gelatin coated 6 well plate dishes. After 24hrs fresh medium was 

added. 48-52hrs after co-cultivation cells were washed once with PBS, lysed in 250µl 1xCCLR 

(Luciferase Cell Culture Lysis Reagent, Promega), transferred into 1.5ml tubes, and frozen at -

80°C. For measurements lysates were thawed, vortexed, and briefly centrifuged. 20µl aliquots of 

each lysate was measured with Luciferase Assay Reagent in duplicates or quadruplicates using 

GloMax-96 (Promega). 
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Fluorescence Microscopy 

U2OS cells were transiently transfected with plasmid DNA encoding the different DLL4 proteins 

containing C-terminal mCherry fusions. The cells were plated onto Mat-tek glass bottom dishes 

and then imaged and photographed on a Nikon Eclipse Ti fluorescence microscope linked to a 

Photometrics CoolSNAP EZ camera. 

 

Flow Cytometry Binding Assay 

N1gal4 U2OS cells were induced with doxycycline (1 µg/ml) overnight, then trypsinized, 

washed twice with TBS, and blocked in TBS containing 3% BSA on ice for 30 min. Alexa Fluor 

647-coupled streptavidin was incubated with 2 µM biotinylated ligand for1h in TBS containing 

5mM CaCl2 (TBS-Ca). Cells were spun down, resuspended in TBS-Ca, and incubated with the 

corresponding ligand-streptavidin complexes for 1 h. Cells were washed 2–3 times, resuspended 

in TBS-Ca, and analyzed using a BD Accuri C6 Plus personal flow cytometer. 

 

Protein Expression and Purification 

Notch1 fragment encoding Notch1 signal sequence followed by EGF repeats 6-15 (amino acids 

216-604) was cloned into pLexM-Avi-His vector. Expi293F cells maintained in Expi293 

expression media were grown to cell density of 106 cells/ml and then transiently transfected with 

Dll1 ligand, Dll4 ligand or Notch1 DNA (1mg/liter of cells) and FectoPro transfection reagent 

(Polyplus) at 1:1 DNA/FectoPro ratio. For biotinylation of Avi-tagged Notch1 protein, cells were 
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co-transfected with biotin ligase (BirA) DNA as well as DNA encoding Protein O-

fucosyltransferase-1 (POFUT1) which enhances Notch folding and secretion. 

The encoded proteins were expressed and secreted in cultured FreeStyle 293 expression media. 

Following expression for 3-4 days the cultured media was collected, separated by centrifugation 

and supplemented with 50mM Tris buffer, pH 8.0. The resulting supernatant was bound to Ni-

NTA beads (Qiagen) over a 3-hour incubation at 4⁰ C. After a wash with ten column volumes of 

50mM Tris buffer, pH 8.0, containing 150mM NaCl, 5mM CaCl2, and 20mM Imidazole, bound 

protein was eluted with the same buffer supplemented with 250mM Imidazole. Following 

elution, fractions containing the partially purified proteins were concentrated and further purified 

by gel-filtration chromatography using a Superdex 200 Increase 10/300 GL column in 50 mM 

Tris, pH 8.0, 150mM NaCl, and 5mM CaCl2. The quality of the resulting purified proteins was 

assessed via non-reducing SD-PAGE and pure fractions were pooled, flash frozen and stored at -

80⁰ C. The efficiency of biotinylation was estimated by immunoprecipitation with streptavidin 

resin.  

 

Biolayer Interferometry 

Ligand binding affinities were quantified by biolayer interferometry using BLItz instrument 

(ForteBio). Streptavidin biosensors were loaded with biotinylated Notch1 fragment, equilibrated 

in buffer for 30 seconds, then dipped into samples of serial dilutions of ligand concentrations 

until equilibrium was observed. All ligand-receptor binding experiments were done in HBS-P 

buffer containing 0.005% surfactant P20 and supplemented with 5Mm CaCl2. Equilibrium 

binding curves were fitted with one site- specific binding models using GraphPad Prism. 
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CHAPTER 3 

Extension of the NICD Ankyrin Repeat Stack by NRARP Promotes Feedback Inhibition of 

Notch Signaling 

 

 

 

This Chapter is adapted from: 

 

 

Sanchez M. Jarrett, Tom C. M. Seegar, Mark Andrews, Guillaume Adelmant, Jarrod A. Marto, 

Jon C. Aster, and Stephen C. Blacklow. In Review  

http://biorxiv.org/cgi/content/short/645937v1 
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Abstract  

Canonical Notch signaling relies on regulated proteolysis of the receptor Notch to generate a 

nuclear effector that induces the transcription of Notch-responsive genes. In higher organisms, 

one Notch-responsive gene that is activated in many different cell types encodes the Notch-

regulated ankyrin repeat protein (NRARP), which acts as a negative feedback regulator of the 

Notch response. Here, we show that NRARP exerted its inhibitory effect by binding directly to 

the core Notch transcriptional activation complex (NTC), requiring both the transcription factor 

RBPJ and the Notch intracellular domain (NICD), but not Mastermind-like proteins or DNA. 

The X-ray structure of a NRARP-RBPJ-NICD1-DNA complex, determined to 3.75 Å resolution, 

revealed that assembly of NRARP-RBPJ-NICD1 complexes relies on simultaneous engagement 

of RBPJ and NICD1 in a non-canonical binding mode in which the three ankyrin repeats of 

NRARP extend the Notch1 ankyrin repeat stack. NRARP-NICD1 interface mutations disrupt 

entry into NTCs and abrogate feedback inhibition in Notch signaling assays in cultured cells. 

These studies establish the structural basis for NTC engagement by NRARP and provide insights 

into a critical negative feedback mechanism that regulates Notch signaling.  
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Introduction 

 

Cell signaling enables an organism to perceive and respond to its local environment. This 

fundamental process occurs in a series of tightly regulated steps that require stimulus detection, 

signal transmission, and a downstream response. The amplitude and duration of the response can 

be tuned by various signaling modulators, which can vary widely based on the cellular context. 

One common mechanism of signal modulation is feedback inhibition, in which the downstream 

response to the signal produces an output that suppresses the initiating signal. Feedback 

regulation is particularly important in developmental signaling, wherein control of the timing and 

strength of the signal is critical to ensure proper cellular proliferation and differentiation. 

 

Notch signaling is a major primary juxtacrine developmental signaling pathway controlling cell 

fate decisions in multicellular organisms (1).  Mutations of the core components of this pathway 

give rise to various developmental disorders, including Alagille syndrome (2), left ventricular 

non-compaction (3), spondylocostal dysostosis (4), and Hajdu-Cheney syndrome (5-7) as well as 

adult-onset diseases such as cerebral autosomal dominant arteriopathy with subcortical infarcts 

and leukoencephalopathy (CADASIL) (8). In addition, aberrant or dysregulated Notch signaling 

is associated with many different human cancers, including T cell acute lymphocytic leukemia 

(T-ALL), in which activating mutations of Notch1 are found in more than half of all cases (9). 

 

Notch signaling activation depends on cell-cell contact between a ligand-expressing “sender” 

cell and a receptor-expressing “receiver” cell (10, 11). Ligand binding results in regulated 
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intramembrane proteolysis of the receptor, liberating the intracellular portion of Notch (NICD) 

from the membrane (12-14). NICD then migrates into the nucleus and enters into a Notch 

transcriptional activation complex (NTC), which also includes the transcription factor RBPJ and 

a coactivator protein of the Mastermind-like (MAML) family (15-17), resulting in induced 

transcription of Notch-responsive genes (see (1) for a review). 

 

The gene encoding Notch-regulated ankyrin repeat protein (NRARP) is one of a small number of 

core Notch target genes. NRARP cDNA was first identified in an in situ hybridization screen 

following analysis of the Delta1 synexpression group of developmentally expressed genes in 

Xenopus laevis embryos (18). The cDNA was later shown to encode a 114 amino acid protein 

consisting of at least two tandem C-terminal ankyrin repeats, and to be regulated at the 

transcriptional level by the Notch signaling pathway in Xenopus and mice (19, 20). 

 

Several studies in different organisms and developmental contexts have reported that NRARP is 

a negative regulator of Notch signaling. Enforced expression of Nrarp in mice leads to a block in 

T cell development, which requires Notch signaling at multiple stages (21). In addition, Nrarp 

knockout mice exhibit defects in somitogenesis and vascular pruning in the eye (22, 23). Both of 

these phenotypes are associated with excess Notch activity, and, together with studies 

investigating the influence of Nrarp on cell fate decisions in the mouse retina (24), further 

support the conclusion that NRARP counteracts Notch signals in vivo.   

 

The molecular basis for the action of NRARP as a negative regulator of Notch signaling is 

incompletely understood. Experiments in Xenopus embryos using overexpressed tagged Notch 
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signaling components and NRARP detected association of NRARP with NICD and RBPJ, 

suggesting that the NRARP protein enters into a complex with the NTC (19). However, 

proteomic studies to uncover NRARP-interacting, endogenously expressed proteins have not 

been performed, nor has an NRARP-NTC complex been reconstituted using purified proteins. 

Moreover, there are no structural data available for NRARP or NRARP-containing complexes. 

Thus, the molecular basis for the function of NRARP as an attenuator of Notch signal 

transduction has remained elusive.  

 

Using mass spectrometry of tandem-affinity–purified NRARP complexes, we show here that 

human NRARP associated with endogenous NTCs containing NICD1, RBPJ, and a MAML 

coactivator. Using purified proteins, we found that NRARP bound directly to RBPJ-NICD1 

complexes, requiring both RBPJ and NICD1, but not MAML or DNA, for entry into NTCs. The 

X-ray structure of a NRARP-RBPJ-NICD1-DNA complex, determined to 3.75 Å resolution, 

revealed that assembly of NRARP-RBPJ-NICD1 complexes relies on NRARP simultaneously 

engaging RBPJ and Notch1 in a non-canonical binding mode involving the extension of the 

Notch1 ankyrin repeat stack by the three ankyrin repeats of NRARP. NICD1-NRARP interface 

mutations disrupted entry into NTCs and abrogated feedback inhibition in Notch signaling 

assays. These studies establish the structural basis for NTC engagement by NRARP and provide 

insights into a critical negative feedback mechanism that regulates Notch signaling. 

 

Results 

 

NRARP inhibits Notch signaling and suppresses growth of Notch-dependent T-ALL cells  
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Previous studies in Xenopus (19) and in mice (20, 23, 24) have implicated NRARP as a negative 

regulator of Notch signaling (Figure 3.1A).  To test whether human NRARP inhibits Notch 

activity in cells, we used a well-established luciferase reporter-gene assay (25). Enforced 

expression of NRARP suppressed reporter activity induced by intracellular Notch1 (NICD1) in a 

dose-dependent manner (Figure 3.1B), consistent with prior studies. To test whether the negative 

regulatory activity of NRARP is selective for NICD1, we also tested the effect of NRARP on 

reporter gene induction by NICD2, NICD3, and NICD4. The data show that NRARP inhibited 

reporter gene induction by all four human Notch proteins, although the inhibitory effect on 

NICD4-dependent reporter activity was not as strong as the inhibitory effect on the other NICDs 

(supplementary figure S1, A to D).  

 

Previous studies have shown that genetic and chemical inhibition of Notch in Notch-mutated T-

ALL cell lines results in suppression of cell growth. We tested whether enforced expression of 

NRARP in two Notch-dependent T-ALL cell lines, DND-41 and HPB-ALL, resulted in growth 

suppression, as predicted for a negative modulator of signaling. Cells were infected with green 

fluorescent protein (GFP)-expressing retroviruses that were either empty or carried the cDNA for 

NRARP or a dominant-negative form of MAML1 (dnMAML1) (25). The fraction of GFP-positive 

cells in the population was then monitored over time to assess the effect of NRARP or dnMAML 

on cell growth (in this assay, a reduction in the GFP positive population over time is indicative of 

growth suppression). Transduction with NRARP suppressed growth of both T-ALL lines to a 

similar extent as did dnMAML, whereas empty virus had no effect (Figure 3.1, C and D). 

Analysis of the Notch-responsive genes HES1, HES4, and DTX1 in cells expressing NRARP 

revealed decreased amounts of mRNA (Figure 3.1E), again consistent with the conclusion that 

NRARP is a negative regulator of Notch signaling. The amount of NOTCH1 mRNA, on the 
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other hand, was unchanged in NRARP-expressing cells, suggesting that NRARP regulates 

NOTCH1 not by influencing its expression, but by modulating its activity at the protein level 

(Figure 3.1E). 
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Figure 3.1. NRARP is a negative feedback regulator of Notch signaling. (A) NRARP 

expression induced by Notch transcriptional activation complexes results in feedback repression 

of Notch signaling activity mediated by the NRARP protein. (B) Luciferase reporter assay 

probing the effect of NRARP on NICD1 transcriptional induction activity. Quantification of 
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luciferase activity in NIH 3T3 cells that were transiently transfected with the indicated amounts 

of pcDNA3-based plasmids for expression of NICD1 and NRARP, a firefly luciferase reporter 

plasmid under control of the TP1 Notch response element, and a plasmid encoding Renilla 

luciferase.  Firefly luciferase activity is reported relative to Renilla control, with the ratio for 

cells transfected with empty pcDNA vector set to a value of 1. n=3 (independent experiments). 

Statistical analysis was performed using ANOVA, and a Dunnett’s multiple comparison post hoc 

test was performed comparing test samples to the control. ****p < 0.0001. (C, D). Effect of 

NRARP or dnMAML on the growth of DND-41 (C) and HPB-ALL (D) T-ALL cells. Each cell 

line was transduced with retrovirus expressing dnMAML1-GFP, NRARP with GFP behind an 

IRES, or GFP alone. The relative fraction of GFP-positive cells is plotted as a function of time. 

The asterisk indicates an impurity band (likely streptavidin lost from the streptavidin-coated 

beads). n=2 (independent experiments).  (E) Quantification of the abundance of NOTCH1 and 

sentinel Notch target gene (HES1, HES4, and DTX) transcripts in NRARP-transduced Jurkat 

cells, measured using qPCR. N=2 (independent experiments).  Statistical analysis was performed 

with Prism 8 software (Graphpad) using a two-tailed, unpaired t test. **p < 0.01; ***p < 0.001; 

****p < 0.0001. 
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Direct binding of NRARP to NOTCH1-RBPJ complexes requires both RBPJ and NOTCH1  

 

Previous work carried out in Xenopus embryos using forced expression of tagged proteins 

showed that NRARP co-immunoprecipitates with Xenopus RBPJ and Xenopus NICD1, 

suggesting that NRARP enters a complex with Notch and RBPJ (19). To identify the complete 

spectrum of proteins that associate with human NRARP, we used tandem-affinity purification of 

HA-FLAG–tagged NRARP from Jurkat cells followed by mass spectrometry of the recovered 

endogenous proteins. We consistently recovered peptides for the three core components of the 

NTC: RBPJ, NOTCH1, and MAML1, in four independent experiments (Table 1; see also table 

S1).  

 

RBPJ contains three structured domains that encompass most of the coding sequence, followed 

by a region that is not required for assembly of RBPJ-NICD1-MAML1 complexes on DNA. 

NICD1 has a RAM (RBP-associated molecule) region, a series of ankyrin repeats (ANK), a 

transcriptional activation region (TAD), and a C-terminal PEST sequence. NRARP is predicted 

to have three ankyrin repeats, and MAML1 is predicted to be unstructured C-terminal to the 

region required for formation of the NTC (Figure 3.2A).   

 

To map the domain requirements for formation of complexes between NTC components and 

NRARP, we purified the RAM-ANK region (hereafter NICD1) of NOTCH1 and the structured 

portion of RBPJ.  Neither of these proteins, alone or in combination, formed stable complexes 

with NRARP (Figure 3.2B). However, extension of the C-terminus of RBPJ to residue 452 

enabled purification of stable complexes, but only when both RBPJ and NICD1 were present 
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(Figure 3.2B). Further domain-mapping studies established that the only region of NICD1 that 

was required for complex formation was the ANK domain (Figure 3.2C), and that the association 

of NRARP with NICD1 and RBPJ did not compete with binding to either MAML1 or DNA 

(Figure 3.2D).  
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Figure 3.2. Requirements for complexation of NRARP with Notch1 and RBPJ. A. Domain 

organization of the protein components found in NRARP complexes. NRARP has three 

predicted ankyrin-repeats (ANK). RBPJ contains an N-terminal domain (NTD), β-trefoil domain 

(BTD), and a C-terminal domain (CTD).  Intracellular Notch1 (NICD1) contains an RBPJ 

associated molecule (RAM), an ankyrin-repeat domain (ANK), a transcriptional activation 

domain (TAD), and a PEST (proline, glutamate, serine and threonine) sequence. MAML1 

contains an N-terminal Notch/RBPJ binding region (red) followed by a long C-terminal portion 

predicted to be natively disordered (white). B. Binding of NRARP to RBPJ, NICD1, and RBPJ-
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NICD1 complexes. Biotinylated-NRARP, RAMANK, and the indicated forms of RBPJ were 

combined, complexes were recovered using streptavidin-sepharose beads, and the recovered 

proteins were analyzed on a Coomassie-stained gel. Data are representative of n=2 (independent 

experiments). C. NICD1 domain requirements for formation of complexes with RBPJ and 

NRARP. Biotinylated-NRARP, RBPJ and either ANK or RAMANK were combined, complexes 

were recovered using avidin-sepharose beads, and the recovered proteins were analyzed on a 

Coomassie-stained gel. Data are representative of n=2 (independent experiments). D. 

Association of NRARP with NICD1-RBPJ in the presence of MAML1 and DNA. Biotinylated-

DNA (containing a single RBPJ binding site), MAML1(13-74), NRARP, RBPJ and Notch1 

RAMANK proteins were combined, complexes were recovered using streptavidin-sepharose 

beads, and the recovered proteins were analyzed on a Coomassie-stained gel. Data are 

representative of n=3 (independent experiments). 
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Crystal structure of an NRARP-NOTCH1-RBPJ-DNA complex reveals a composite binding 

interface 

 

To determine the structural basis for recognition of NICD1-RBPJ complexes by NRARP, we 

determined a 3.75 Å X-ray structure of an NRARP-NICD1-RBPJ complex bound to DNA, 

phased using molecular replacement with the human NICD1-RBPJ-MAML1-DNA complex 

(PDB ID code 2F8X; (26)) as a search model (Table 2). The structural features described here 

are drawn from the better ordered of the two assemblies seen in the asymmetric unit (figure 

3.S2A, B).  

 

The most striking feature of the complex is the assembly of the ankyrin repeats from NICD1 and 

NRARP into a pseudo-continuous stack that wraps around the RBPJ-DNA complex in a 

crescent-shaped arc (Figure 3.3A).  The extended ankyrin repeat stack results in an elongated 

assembly overall, with dimensions of approximately 120 x 70 x 60 Å. The arrangement of RBPJ, 

NICD1, and the DNA within the complex are minimally affected by the binding of NRARP, as 

the NICD1 and RBPJ subunits of the NRARP complex superimpose with a backbone root-mean-

square deviation (RMSD) of 1.06 Å when compared with the transcriptional activation complex 

that contains NICD1, RBPJ and MAML on DNA (Figure 3.3B, C).  

 

NRARP itself is a single protein domain with three predicted ankyrin repeats. In the structure of 

the complex, however, the first ankyrin repeat is less ordered that the other two, and its first helix 

is modeled only as polyalanine even in the better-defined copy of the asymmetric unit. The third 

ankyrin repeat of NRARP engages the NICD1-RBPJ interface at a composite surface that 
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includes the first ankyrin repeat of NICD1 and the C-terminal domain of RBPJ. At this interface, 

NRARP is oriented with its C-terminal ankyrin repeat abutting the N-terminal ankyrin repeat of 

NICD1, thereby creating the pseudo-continuous stack of repeats that travels along the C-terminal 

Rel-homology domain of RBPJ (Figure 3.3A).  The NRARP-NICD1 interface results in 

improved electron density for the first ankyrin repeat of NICD1 when compared with the 

structure of the human NTC, suggesting that NRARP binding stabilizes the structure of this 

repeat. The interaction between NRARP and RBPJ relies on the canonical concave binding 

surface of the third ankyrin repeat of NRARP, which appears to approach within contact distance 

of the C-terminal extension of RBPJ. The interface between NRARP and the NICD1-RBPJ 

complex does not overlap the NICD1-RBPJ interface with MAML1 and is completely 

compatible with the observed simultaneous binding of NRARP and MAML1 by RBPJ-NICD1 

complexes on DNA (Figure 3.3C). Moreover, the NRARP binding site is also non-overlapping 

with the NTC dimerization interface (27) on the convex face of the NICD1 ankyrin domain 

(figure 3.S2C).  Key NRARP residues at the contact interface with NICD1-RBPJ include Trp85 

and Ala92 of the third ankyrin repeat (Figure 3.4A). Trp85 makes contacts in a cleft created 

primarily by residues on RBPJ, with an additional potential contact with Pro1880 of NICD1, 

whereas Ala92 (stick) of NRARP approaches the first helix of the NICD1 ANK domain (Figure 

3.4B).  
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Figure 3.3. Structure of an NRARP-Notch1-RBPJ complex on DNA, and comparison with the 

human Notch1-RBPJ-MAML1 (PDB ID code 3V79; (28)) transcriptional activation complex. A. 
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Ribbon representation of the NRARP-Notch1-RBPJ complex on DNA. The complex contains 

NRARP (pink), RBPJ (green), Notch1 RAMANK (blue) and a 16-mer DNA (orange) containing 

a single RBPJ binding site. B. X-ray structure of RBPJ in complex with the ankyrin domain of 

Notch1 (blue) and MAML1 (red) on DNA (orange). C. Overlay of the NRARP-Notch1-RBPJ-

DNA complex (colors) with the RBPJ-Notch1-MAML1-DNA complex (gray).  
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Figure 3.4. Interface between NRARP and NICD1-RBPJ. A. Molecular surface representation 

with open book views. Center panel: NRARP is pink, RBPJ is green and the ANK domain of 

Notch1 is blue. Left panel: open book view of NRARP. NRARP is rotated 60 degrees clockwise 

and residues that approach within 4 Å of the NICD1-RBPJ surface are colored in a darker shade. 

NRARP interface residues Trp85 and Ala92 are indicated, as are Pro1880 and helix one of NICD1. 
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Right panel: open book view of the NICD1-RBPJ surface. NICD1-RBPJ is rotated 60 degrees 

counterclockwise and residues that approach within 4 Å of NRARP are colored in darker shades. 

B. Close-up view of the binding interface. Trp85 of and Ala92 of NRARP, and Pro1880 of NICD1, 

are shown in ball and stick form. Helix one of NICD1 and the C-terminal extension of RBPJ are 

shown in a darker shade. 
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Inhibition of Notch signaling by NRARP depends on the binding interface  

 

To determine whether inhibition of Notch activity by NRARP relies on the binding interface 

seen in the X-ray structure, we tested the effect of mutating conserved NRARP residues at this 

interface in the reporter gene assay. The first mutation, W85E, significantly attenuated the 

inhibitory effect seen with wild-type NRARP. When combined with an additional A92W 

mutation (W85E/A92W), the attenuation was even greater (Figure 3.5A). Neither the single nor 

the double mutation disrupted the overall structural integrity of purified NRARP protein (Figure 

3.5B), as judged by the near equivalence of their circular dichroism (CD) spectra (Figure 3.5C). 

To determine whether the reduced inhibitory activity of the NRARP mutants was indeed due to a 

decrease in NRARP binding as predicted, we directly tested binding of purified recombinant 

NRARP polypeptides to RBPJ-NICD1 complexes on DNA. Whereas wild-type NRARP was 

efficiently pulled down by streptavidin in complexes with NICD1-RBPJ on biotinlyated DNA, 

the W85E and W85E/A92W NRARP variants were not, indicating that both mutants are 

defective in forming complexes (Figure 3.5D). 
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Figure 3.5. A. Effect of NRARP interface mutations on Notch-dependent luciferase reporter 

gene activity. Firefly luciferase activity is reported relative to that of the Renilla luciferase, 

setting the firefly:Renilla ratio in cells transfected with empty pcDNA vector control to a value 

of one. n=3 (data are representative of 3 independent experiments). Statistical analysis was 

performed using ANOVA, and a Dunnett’s multiple comparison post hoc test was performed 
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comparing test samples to the control. *p < 0.05; ****p < 0.0001. B. Coomassie-stained gel of 

purified wild-type (WT), W85E, and W85E/A92W forms of NRARP. n=1. C. CD spectra of 

purified WT, W85E, and W85E/A92W NRARP proteins. n=1. D. Effect of NRARP interface 

mutations on binding to preassembled NICD1-RBPJ complexes, captured on biotinylated DNA. 

Proteins were analyzed on a Coomassie-stained gel. The asterisk indicates an impurity band 

(likely streptavidin lost from the streptavidin-coated beads). n=2 (data representative of 2 

independent experiments).  
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NRARP promotes NOTCH turnover 

 

Prior studies have reported a decrease in detectable levels of NICD when both NOTCH1 and 

NRARP are transiently co-expressed in Xenopus embryonic extracts (19). To determine whether 

NRARP affected the abundance of endogenous Notch1 in human cells, we infected Jurkat cells 

with control retrovirus expressing GFP only, virus expressing dnMAML1, or virus expressing 

NRARP, and probed cell lysates for both total Notch1 and activated Notch1 (NICD1). Whereas 

expression of dnMAML led to accumulation of activated Notch1 (Figure 3.6A) compared to 

vector control, expression of NRARP reduced the level of NICD1 without depleting total Notch1 

(Figure 3.6A), suggesting that NRARP selectively promoted degradation of the active 

intracellular form of Notch1 (NICD1). 
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Figure 3.6. Effect of NRARP on the degradation of activated Notch1 complexes.  A. Jurkat cells 

were transduced with retrovirus expressing GFP alone, a GFP-DnMAML fusion protein, or 
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NRARP, and the amounts of activated Notch1 (top panel), total Notch1 (middle panel), or 

GAPDH (bottom panel) were determined by Western blot with the indicated antibodies. n = 3 

(independent experiments).  B. Proposed model for NRARP function in Notch signaling. Notch 

pathway activation results in transcription of NRARP, a Notch target gene. NRARP binds to 

Notch transcriptional activation complexes, accelerating degradation of intracellular Notch and 

downregulating target gene expression.    
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Discussion 

 

The induced expression of Notch target genes relies on the formation of an NTC containing the 

transcription factor RBPJ, NICD, and a MAML coactivator on DNA. The stepwise assembly of 

an NTC begins with NICD binding to RBPJ, which enables the engagement of MAML followed 

by the recruitment of additional co-factors for target gene transcription. RBPJ also mediates 

transcriptional repression in the absence of Notch by interacting with an alternative set of 

cofactors, including several co-repressors, such as SHARP (29, 30) and KyoT2 (31). 

 

We report here the structure of an NRARP-NICD1-RBPJ complex bound to DNA, revealing the 

molecular basis for interaction of the Notch feedback inhibitor NRARP with the core NTC. 

Previous work anticipated the direct interaction of NRARP with Notch-RBPJ complexes from 

studies with overexpressed proteins in Xenopus extracts (19). Consistent with those observations, 

we detected a robust interaction between human NRARP and endogenous components of the 

core human NTC in Jurkat cells using an unbiased proteomic approach. When we reconstituted a 

complex with purified proteins, we found that NRARP associated directly with NICD1-RBPJ 

complexes and required the presence of both NICD1 and RBPJ for complex formation, much as 

MAML proteins require both NICD1 and RBPJ for NTC assembly. Our work with purified 

proteins also established that a C-terminal extension of RBPJ beyond the region used in previous 

structural studies is required for stable entry of NRARP into RBPJ-Notch complexes, but that 

neither MAML nor DNA was needed for NRARP recruitment.  
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NRARP binding did not induce any major conformational changes in the NICD1-RBPJ complex, 

nor did it interfere with binding of MAML1 or DNA. Instead, NRARP extended the ankyrin 

repeat stack of NICD1 by three repeats, engaging the first of the NICD1 ankyrin repeats with its 

C-terminal repeat. NOTCH4, which is the human homolog least sensitive to inhibition in 

reporter gene assays (figure 3.S1), also shows the greatest divergence in its first ankyrin repeat, 

explaining its reduced sensitivity to NRARP inhibition. In contrast, NRARP relies on the 

concave surface of its ankyrin repeat stack to contact RBPJ, using a binding mode seen 

frequently in other ankyrin repeat protein complexes. The induced ordering of the C-terminal 

extension of RBPJ forces the serine/threonine-rich C-terminal segment of RBPJ away from the 

core of the NTC, potentially exposing it to post-translational modifications that may regulate 

NTC turnover.    

 

Because NRARP binds to a composite RBPJ-Notch surface, its action is restricted to effector 

signaling complexes that are engaged in inducing a transcriptional response. Prior work (32) 

pointed to a link between the assembly of Notch transcription complexes to their timed 

destruction, with estimates for the half-life of activated (gamma-secretase-cleaved) Notch of 

roughly 2-4 h. Transcriptional induction of canonical target genes like NRARP in response to 

activated Notch can occur within 1 h, indicating that negative feedback regulation by direct 

binding of NRARP to promote Notch turnover may be one of the early steps in the molecular 

mechanism underlying this “timed destruction” program.   

 

A number of mechanistic explanations may account for why binding of NRARP to the NTC 

inhibits Notch target gene activation. One possibility is that NRARP binding directly alters the 
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ability of the NTC to recruit co-factors to stimulate transcription, but this explanation seems 

unlikely because NRARP does not appreciably affect either DNA or MAML binding.  Another 

possibility is that bound NRARP recruits enzymes that directly modify the NTC to suppress 

transcriptional induction. Along these lines, there are phosphorylation sites near the NRARP 

binding site on NOTCH1 (33). Though these sites (T1898 and S1901) are distant from the DNA 

contact interface on RBPJ and unlikely to directly affect DNA binding when modified, their 

phosphorylation could indirectly affect the ability of NTCs to stimulate transcription. The most 

likely model for NRARP action, however, supported both by data presented here (Figure 3.6A) 

and by complementary studies using Xenopus extracts (19), is that NRARP accelerates NTC 

turnover (Figure 3.6B), likely by promoting such  posttranslational modifications of Notch, as 

well as of RBPJ and/or MAML. The molecular pathway for NRARP-mediated NTC turnover, 

which appears to be present in both physiological and pathological contexts, could be a future 

avenue for development of therapeutics designed to modulate the dynamic response of cells to 

Notch pathway activation. 
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Materials and Methods 

  

Protein expression and purification  

Sequences encoding wild type and mutant full length NRARP proteins were inserted into a 

pETHSUL vector at BamHI and XhoI sites to produce NRARP as a cleavable His-SUMO fusion 

protein. To make a biotin-tagged form of NRARP for pull-down assays, a cassette encoding a 

biotinylation (avi) tag was inserted between the His-SUMO affinity tag and the full-length 

NRARP sequence, and this expression cassette was inserted into a pETDUET vector encoding 

biotin ligase (BirA) for simultaneous NRARP expression and in-cell biotinylation. Point mutants 

were produced by site-directed mutagenesis.  

 

For protein production, expression constructs were transformed into Rosetta(DE3)pLysS cells 

and cells were grown in rich media at 18⁰C. Protein expression was induced with 0.5 mM 

isopropyl β-D-1 thiogalactopyranoside (IPTG), and cells were grown for an additional 16 h at 18 

degrees C. Cells were harvested by centrifugation, subjected to a freeze-thaw cycle, and lysed by 

sonication in 50 mM Tris buffer, pH 8.0, containing 500 mM NaCl, 5% glycerol, and 2 mM 

tris(2-carboxyethyl)phosphine (TCEP), supplemented with EDTA-free protease inhibitor tablets 

(Roche).  

 

NRARP protein was captured from cleared lysates by affinity chromatography using HisPur Ni-

NTA resin (Thermo Scientific). The His-SUMO tag was cleaved using Ulp1 protease, releasing 

NRARP from the beads. NRARP was then purified by anion exchange chromatography on 

Mono-Q resin using a linear gradient of NaCl (0.05-1 M) in 20 mM Tris buffer, pH 8.0, 
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containing 1 mM EDTA and 5 mM DTT. Fractions containing NRARP were combined, 

concentrated and further purified by size-exclusion chromatography using a Superdex 200 

column equilibrated in 20 mM Tris buffer, pH 8.5, containing 500 mM NaCl, 5% glycerol and 2 

mM TCEP. Fractions that were >95% pure as assessed by SDS-PAGE were pooled, flash frozen, 

and stored at -80⁰ C.  

 

RBPJ molecules (9-452 and 9-435) were expressed and purified using the same series of 

chromatographic steps. The only modification was the buffer used for anion exchange on Mono-

Q resin. Because RBPJ is not stable in low-salt buffer, a linear gradient of NaCl from 0.1-1 M 

was used in 20 mM Tris buffer, pH 8.3, containing 5 mM DTT. MAML1, Notch1 ANK and 

Notch1 RAMANK proteins were expressed and purified as previously reported (34). 

 

Crystallization and Data collection 

The components used to generate protein complexes for crystallography were full-length human 

NRARP, residues 1760-2126 of human Notch1 (comprising the RAM and ANK domains) and 

residues 9-452 of human RBPJ. Complexes were purified by size exclusion chromatography 

using a Superdex 200 column equilibrated in 10 mM Hepes buffer, pH 7.8, containing 150 mM 

NaCl and 2 mM TCEP.  A 16-mer DNA duplex containing an RBPJ binding site with two 

nucleotide overhangs was generated by annealing oligonucleotides (5’-

TTGACTGTGGGAAAGA-3’ and 5’-AATCTTTCCCACAGTC-3’) at 95 degrees C for 5 min 

and slowly cooling to room temperature. The protein complex was combined with the DNA 

duplex in a stoichiometric ratio of 1:1.1. Crystals of protein-DNA complex (4 mg/ml) grew in 

sitting drops at 16 degrees C after 24-36 hours in 50 mM Hepes pH 6.8, 200 mM Sodium 
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Fluoride, 18% PEG3350, Crystals were cryoprotected by supplementing the mother liquor with 

20% ethylene glycol (v/v). Data were collected at the Advanced Photon Source, beamline 23-ID-

B (GM/CA). 

 

 

Structure Determination  

The structure was solved by molecular replacement in Phenix with Phaser (35), using RBPJ and 

the NOTCH1 ANK domain from the human NTC structure, PDB 2F8X (26). The presence of 

density for DNA and for the RAM portion of NOTCH1 confirmed that the molecular 

replacement solution was correct.  Two NRARP-NICD1-RBPJ-DNA complexes were identified 

in the asymmetric unit. Iterative rounds of manual model building and refinement were 

performed with COOT (36) and phenix.refine (37), respectively. All crystallographic data 

processing, refinement, and analysis software was compiled and supported by the SBGrid 

Consortium (38). PyMOL (Schrodinger) was used to prepare all Figures as well as perform 

structural superpositions. Coordinates have been deposited in the protein data bank with PDB ID 

code 6PY8.  

 

Reporter assay 

NIH 3T3 cells cultured in 24-well plate format were transfected with pcDNA3-based plasmids 

expressing NICD1 (100 ng), a varying amount of NRARP (as indicated in Figures 1 (0.5-2 µg) 

and 5 (500 ng)), a firefly luciferase reporter plasmid under control of the TP1 Notch response 

element, and a Renilla luciferase control plasmid. Cells were harvested 24 hours after 

transfection. Firefly luciferase activity, relative to Renilla control, was measured using a Dual 
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Luciferase assay kit (Promega). Data were normalized to the signal from 3T3 cells transfected 

with empty pcDNA3 vector, which was set to a value of 1. 

 

Cell growth assay 

MigR1 retroviruses encoding NRARP followed by GFP under control of an internal ribosome 

entry site, a MAML1(13-74)-GFP fusion protein, or GFP alone were used at titers where only a 

subpopulation of cells was infected. The fraction of GFP-positive cells was monitored daily by 

flow cytometry using a BD Accuri C6 Plus flow cytometer. The fraction of GFP positive cells 

was plotted as a function of time, normalized to the maximum fraction of GFP positive cells 

(typically observed at 72 - 96 hours after infection). 

 

Quantitative PCR  

Total RNA was recovered from Jurkat cells using an RNAeasy Mini Kit (Qiagen), and cDNA 

was prepared using an iScript cDNA synthesis kit (BioRad). qPCR for NOTCH1, HES1, HES4 

and DTX1 was carried out using a modified Quant Studio 6 instrument (Life Technologies).  

Gene expression was normalized to 28s rRNA as an endogenous control. 

 

Proteomics Studies: Tandem Affinity Purification 

Jurkat cells were transduced with a retrovirus encoding NRARP with an N-terminal tandem HA-

FLAG tag and a cassette encoding the interleukin-2 receptor (IL2R) after an internal ribosomal 

entry site (IRES) (pOZ-FH-N) (39). Stable cell lines were generated by magnetic sorting for 

IL2R-positive cells. For proteomic studies, the resulting cell line was grown in RPMI with 10% 

bovine growth serum to a density of 3x106 cells/ml. Cells were harvested by centrifugation and 



91 
 

lysed with a Dounce homogenizer. The resulting lysate was immunoprecipitated using anti-

FLAG-conjugated agarose beads (Sigma) in 50 mM Tris buffer, pH 7.5, containing 150 mM 

NaCl, 1 mM EDTA, 0.5% NP40, 2 mM TCEP and 10% glycerol, supplemented with EDTA-free 

protease inhibitor tablets (Roche). The beads were washed three times and the 

immunoprecipitated protein was eluted with Flag peptide. The eluate was then re-

immunoprecipitated with anti-HA-conjugated agarose beads and eluted from the beads with HA 

peptide for mass spectrometry analysis.  

 

Mass spectrometry  

Protein complexes isolated by tandem affinity purification (40) were directly processed in 

solution: Cysteine residues were first reduced with 10 mM dithiothreitol for 30 minutes at 56°C 

in the presence of 0.1% RapiGest SF (Waters, Milford, MA) and then alkylated with 22.5 mM 

iodoacetamide for 20 minutes at room temperature in the dark. Proteins were digested overnight 

at 37°C using 2.5 micrograms of trypsin after adjusting the pH to 8.0 with Tris. 

 

RapiGest SF was cleaved for 30 minutes at 37°C and its by-products were removed by 

centrifugation. Tryptic peptides were desalted by batch-mode reverse phase solid phase 

extraction (Poros 10R2) and concentrated in a vacuum concentrator. Peptides were solubilized in 

25% acetonitrile containing 0.1% formic acid and further purified by strong cation exchange 

(Poros 10HS). Peptides were eluted with 25% acetonitrile containing 0.1% formic acid and 300 

mM potassium chloride. Acetonitrile was removed using a vacuum concentrator and peptides 

were reconstituted with 20 µL of 0.1% TFA. 
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Peptides were loaded onto a precolumn (4 cm POROS 10R2, Applied Biosystems) and eluted 

with an HPLC gradient (NanoAcquity UPLC system, Waters; 5%–40% B in 90 min; A = 0.2 M 

acetic acid in water, B = 0.2 M acetic acid in acetonitrile). Peptides were resolved on a self-

packed analytical column (50 cm Monitor C18, Column Engineering) and introduced in the mass 

spectrometer (QExactive HF mass spectrometer, Thermo, Waltham, MA) equipped with a 

Digital PicoView electrospray source platform (New Objective, Woburn, MA) (41). 

 

The mass spectrometer was operated in data dependent mode where the top 10 most abundant 

ions in each MS scan were subjected to high energy collision induced dissociation (HCD, 30% 

normalized collision energy) and subjected to MS2 scans (isolation width = 1.6 Da, intensity 

threshold = 2e5). Dynamic exclusion was enabled with an exclusion duration of 15 seconds.  ESI 

voltage was set to 3.8 kV. 

 

MS spectra were recalibrated using the background ion (Si(CH3)2O)6 at m/z 445.12 +/- 0.03 and 

converted into a Mascot generic file format (.mgf) using multiplierz scripts (PMID: 19333238; 

PMID: 19874609). Spectra were searched using Mascot (version 2.6) against three appended 

databases consisting of: i) human protein sequences (downloaded from RefSeq on 11/19/2010); 

ii) common lab contaminants and iii) a decoy database generated by reversing the sequences 

from these two databases. For Mascot searches, precursor tolerance was set to 15 ppm and 

product ion tolerance to 25 mmu. Search parameters included trypsin specificity, up to 2 missed 

cleavages, fixed carbamidomethylation (C, +57 Da) and variable oxidation (M, +16 Da). Spectra 

matching to peptides from the reverse database were used to calculate a global false discovery 

rate and were discarded. Data were further processed to remove peptide spectral matches (PSMs) 
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to the forward database with an FDR greater than 1.0%. Peptides shared by two or more genes 

were excluded from consideration when constructing the final protein list. Any protein identified 

in more than 1% of 108 negative TAP controls or any of the negative control TAP experiments 

(PMID: 22810586) was removed from the sets of interactors. 

 

 

In vitro biotin pull-down assays 

Biotin pull-down assays were performed using streptavidin-conjugated agarose (Thermo Fisher) 

in 20 mM HEPES buffer, pH 7.6, containing 150 mM NaCl, 2 mM TCEP and 0.2% Tween-20. 

Purified recombinant biotinylated-NRARP, RBPJ and NICD1 (ANK or RAM-ANK) proteins 

were combined with streptavidin beads at 2 µM and incubated for 30 minutes at room 

temperature. The beads were washed three times, transferred into gel loading buffer, and the 

recovered molecules were analyzed by SDS-PAGE using a 4-20% gradient gel followed by 

staining with Coomassie blue.   

 

Circular Dichroism Spectroscopy  

Circular dichroism (CD) spectra of wild-type, W85E, and W85E/A92W variants of NRARP 

were acquired at 20 ºC at a protein concentration of 8 µM on a Jasco J-815 instrument in 10 mM 

phosphate buffer, pH 7.6, containing 150 mM potassium fluoride and 1 mM DTT. Data were 

acquired in a 0.1 cm pathlength cell and represent the average of 5 scans taken at a 50 nm/min 

scan rate with a 0.5-nm step size. 

 

Quantification and Statistical Analysis  
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Bar graphs display mean ± SD. P values were calculated by one-way ANOVA followed by post 

hoc Dunnett’s multiple comparison tests where applicable using GraphPad Prism (version 8.0). 

 

NICD1 stability analysis   

Jurkat cells were infected with control retrovirus expressing GFP only, virus expressing 

dnMAML1-GFP, or virus expressing NRARP followed by GFP under control of an IRES and 

grown for 96 hours at 37 C. GFP positive cell populations were then sorted to isolate the GFP 

positive cells from each virally infected population. Sorted cells were grown for 72 hours, lysed 

on ice, and probed for total Notch1, activated Notch1 (NICD1), and GAPDH with anti-Notch1 

(anti-TAD; Weng et al., 2003), anti-V1744 (Cell Signaling antibody D3B8), and anti-GAPDH 

(Cell Signaling antibody D16H11) antibodies, respectively. 

 

Supplementary Materials 

figure 3.S1. NRARP inhibition of reporter gene induction by all four human Notch receptors. 

 

figure 3.S2. Electron density and unit cell features.  

 

table S1. List of NRARP-associated proteins detected using tandem-affinity purification 

followed by mass spectrometry.   
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Table 1. Tandem immunoprecipitation and mass spectrometry results from Jurkat cells 

using tagged NRARP as bait. The number of unique endogenous peptides recovered for 

components of the core Notch transcription activation complex is listed for 4 independent 

experiments. 
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Table 2. Data collection, structure determination and refinement statistics. 

Data Collection NRARP-NTC 

Wavelength (Å) 0.979 

Resolution range (Å) 48.5 - 3.75 (3.89 - 3.75) 

Space group P212121 
Unit cell (Å, degrees) 79.88, 103.65, 301.42, 90, 90, 90 

Total reflections 114,867 (9,192)  

Unique reflections 26,271 (2,504) 

Multiplicity 4.4 (3.7) 

Completeness (%) 99.17 (97.13) 

Mean I/sigma(I) 7.39 (1.16) 

Wilson B-factor 114.5 

R-merge 0.174 (1.155) 

R-meas 0.1973 (1.343) 

CC1/2 0.998 (0.689) 

Reflections used in refinement 26,221 (2,502) 

Reflections used for R-free 1,997 (190) 

R-work 0.27 (0.36) 

R-free 0.32 (0.40) 

Number of non-hydrogen atoms 13,310 

Protein residues 1,551 

RMS (bonds, Å) 0.002 

RMS (angles, degrees) 0.58 

Ramachandran favored (%) 92.4 

Ramachandran allowed (%) 7.3 

Ramachandran outliers (%) 0.3 

Rotamer outliers (%) 0 

Clash score 10.1 

Average B-factor (Å2) 119.4 

*Highest shell statistics are reported in parentheses. 
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CHAPTER 4 

Conclusions and Future Directions 
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4.1 Introduction 

In this dissertation, I have presented studies of the Notch signaling pathway, in which the 

interactions between different receptors-ligand pairs achieve a wide array of biological 

outcomes. Work presented in this dissertation has shown that NOTCH1 and NOTCH2 can 

discriminate between ligands with a high degree of structural similarity, and that this 

discrimination relies on the ectodomains of these proteins, not on their intracellular regions.  

Additionally, I have revealed the molecular basis for the function of a NOTCH pathway 

regulator that modulates the activity and/or stability of the NICD following receptor activation. 

This new understanding of the pathway at the levels of signal initiation and termination will 

allow us to develop better tools – such as antibodies and/or small molecules – allowing for 

improved manipulation of specific in vivo ligand functions, and for manipulating the overall 

Notch response in biotechnological and pharmaceutical applications.  

In my work on the mammalian Delta paralogues, DLL1 and DLL4, I have shown that in 

vitro, these molecules are discriminatory in their activation of NOTCH1 and NOTCH2. The 

functional divergence of these ligands was not simply explained by the intracellular portion of 

the molecules as proposed by recent work in the Notch signaling field (1). The discriminatory 

activity of the receptors in responding to these ligands is tied to the ectodomains of the proteins.  

This finding is consistent with structural studies of the Jagged family ligand Jagged1 in 

complex with NOTCH1 which showed a more extensive ligand-receptor interface than is 

reported in the model of the DLL4-NOTCH1 complex, which was determined using smaller 

fragments of both proteins. A feature of the more extensive Jag1-NOTCH1 structure is an 

additional contact site at EGF3 of the ligand with EGF8 of the receptor. In NOTCH1 signaling 

assays, stimulation by DLL4 needed the MNNL domain as well as the DSL domain and EGF 
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repeats 1-3 to induce strong signaling, indicating that interactions outside of the MNNL-DSL 

region reported in the NOTCH1-DLL4 complex structure are important for function. 

The mechanisms by which these additional interactions enable receptor discrimination 

will be an interesting area of future study. Additionally, the interdomain arrangement is different 

when the structures of the Jagged1 apoprotein and receptor-bound molecules are compared, 

revealing potentially interesting roles for differences in the domain cores, and/or contacts outside 

of the known DLL4-NOTCH1 interface. 

In Chapter 3, I described a set of biochemical and structural studies that conclusively 

show that NRARP is an attenuator of Notch signaling and reveal the molecular basis for this 

inhibitory function. NRARP is a known downstream target of Notch signaling and has been 

shown to inhibit Notch signaling, identifying NRARP as a feedback regulator. As the molecular 

determinants for NRARP inhibition of Notch signaling had not been deeply explored, we utilized 

an unbiased proteomics study to identify molecules that interact with NRARP when present at 

their natural abundance in cells.   

We found that among other proteins, NRARP interacted with components of the core 

Notch transcription activation complex: NOTCH1, RBPJ and MAML1. Biochemical studies 

with purified recombinant molecules revealed that this recruitment requires the presence of both 

NOTCH1 and the transcription factor RBPJ. The requirement for this minimal complex indicated 

that NRARP selectively targets activated NOTCH1 complexes. Excitingly, we observed that 

enforced expression of NRARP in NOTCH-mutated T-ALL cell lines resulted in suppression of 

cell growth, confirming that the mechanism of action for NRARP is still present in this subset of 

cancers. Additionally, enforced NRARP expression in a NOTCH1 independent T-ALL cell line 
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resulted in decreased amounts of mRNA of NOTCH responsive genes which was tied to a 

reduction of activated NOTCH protein levels. 

Structural studies of a minimal NRARP-NOTCH1-RBPJ complex bound to DNA showed 

that NRARP bound to a defined composite NOTCH1-RBPJ surface. The NRARP binding site is 

proximal to regions of both NOTCH1 and RBPJ that have potential as well as verified post-

translational modification (PTM) sites that have been linked to Notch inhibition (2). NRARP 

binding may be responsible for direct or indirect recruitment of modifying enzymes that target 

Notch for degradation. Structurally, binding of NRARP introduced local stability into a region of 

Notch that has some of the verified PTM sites as well as protrusion of the serine/threonine rich 

C-terminus of RBPJ. These structural features were not previously observed in NTC structures 

lacking NRARP. The mechanism by which NRARP binding results in NOTCH inhibition will be 

an interesting area of future study and the above observations may hint at a role for NRARP in 

substrate presentation for PTM. 

The results presented here suggest the need for further study into: 1) the mechanism of 

NOTCH inhibition by the pathway feedback inhibitor NRARP as well as 2) receptor recognition 

by ligands in order better explain distinct biological functions of different ligand-receptor pairs, 

especially the context dependence non-equivalency of closely related ligands. In this chapter, I 

will describe potential future experimental studies that could extend the scientific goals of this 

thesis. 
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4.2 Future Directions 

4.2.1 Further study of functional divergence of DLLs 

The analysis of functional divergence for Delta-like ligands in binding to NOTCH 

receptors raises questions of how these effects arise, and if there are ways to better engineer tools 

to modulate ligand specific functions. In the work presented in Chapter 2, we examined the 

contribution of individual domains to functional differences of the two canonical DLLs, DLL1 

and DLL4. DLLs have a core interaction mediated by the MNNL and DSL domains with likely 

secondary interactions mediated by the EGF repeats. Analysis of the contributions of individual 

domains using domain swapping experiments between the ligands show that EGF repeats are the 

most critical determining factors in functional divergence. For example, swapping the EGF 

repeats of DLL4 with those from DLL1 removes the intrinsic preferential activation of NOTCH1 

versus NOTCH2 by this ligand despite the MNNL-DSL portion being unaltered. Interestingly, 

others reported (3) only a modest fold-change (1.3) in affinity of an extended Dll4 construct for 

the NOTCH receptor fragment EGF8-12 vs EGF10-12, suggesting that the signaling efficiency 

of more extensive molecules may be linked to biochemical or biophysical properties outside of 

affinity changes.   

 

Structural elucidation of a much larger DLL1/4-NOTCH complex would give key 

insights into the nature of the anticipated interactions of EGF3 with NOTCH receptors. The 

importance of any additional atomic interactions identified would be analyzed using a similar 

approach to the study presented in Chapter 2. It is important that the implications of any 

additional interactions identified from structures of more extensive receptor-ligand complexes be 
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assessed in larger biological contexts - such as a well characterized tissue or organistic setting - 

to fully characterize how they affect signaling. 

 

In a more recent structural study of the Jag1-NOTCH1 complex, conformational changes 

in Jag1 domains and force-probe studies revealed a catch bond in NOTCH1 engagement (3). 

This catch bond property was also observed in the DLL4-NOTCH1 interaction. It will be 

interesting to see if this property is preserved in all canonical ligands and to what extent catch 

bond behavior influences the interaction of different receptor-ligand pairs and the resulting 

NOTCH response. 

 

4.2.2 Mechanism of action of NRARP-mediated NOTCH inhibition 

The direct interaction of NRARP with NTCs indicates that the mechanism of action for 

NOTCH inhibition likely involves the recruitment of post-translational modifiers and/or 

disruption of recruitment of the transcription machinery, given the lack of any enzymatic 

property of NRARP. The structure we elucidated of the NRARP-NOTCH1-RBPJ complex 

revealed a distinct composite binding surface containing the N-terminus of the NOTCH1 ankyrin 

repeat domain and the C-terminus of RBPJ. The location of the binding site could indicate 

allosteric modulation of protein-protein interactions given the presence of multiple PTM sites – 

both predicted and verified – in this region of both NTC components (4).  

 

In order to test this hypothesis about the recruitment of protein modifiers that alter the 

stability and/or function of the NTC, one would need to determine the in vivo interacting 

molecules. In chapter 3 of this thesis, the unbiased proteomics approach I used to identify stable 
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interactors of NRARP was fundamentally restricted in its ability to capture transient or weak 

interactions such as those one may find in protein modifiers. In our initial proteomics study, I 

found that the enriched NRARP interactors not only included the core NTC components but also 

several protein modifiers including kinases and ubiquitin ligases. To confirm this finding and 

expand this work to identify any transient interactor, one approach likely to be productive would 

be to perform peroxidase-catalyzed proximity labeling combined with mass tag labelling and 

mass spectrometry to enable quantitative and temporal insight into NRARP interactions. These 

studies would be performed in Jurkat cells as previously done in chapter 3. Treatment with a 

gamma secretase inhibitor (GSI) followed by washout of the inhibitor would effectively control 

NOTCH activation and thus enable temporal resolution. The biotin ligase APEX2 would be 

fused to the N-terminus of NRARP: based on structural and biochemical data this region of the 

molecule should be amenable to protein modification. 

 

Proximity labelling results would be analyzed to look for changes in the biotinylated 

proteome upon NOTCH pathway inhibition following GSI treatment. NRARP-mediated 

inhibition of NOTCH appears to be linked to accelerated degradation of the NICD. Transient 

molecular interactors – specifically protein modifiers such as kinases - that function in the 

inhibition of NOTCH should therefore exhibit peak biotinylation prior to a decrease in the 

abundance of NOTCH while stable interactors that are directly mediating degradation should 

have a labelling pattern that parallels NOTCH labelling. Chemical and/or genetic inhibition of 

identified interactors that are of interest – based on the scenarios described above - could then be 

used to assess the necessity for NRARP-mediated inhibition in cellular contexts where NRARP 

function has been verified. 
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NRARP partiality for binding NOTCH transcription complexes – as is evident from the 

requirement of RBPJ for binding - provides an additional level of potential complexity in 

NOTCH signaling. NTCs could use NRARP binding to direct interactions with different co-

factors at RBPJ binding motifs, potentially adding complexity and nuance to gene regulatory 

networks under extended NOTCH signaling control. Additionally, the affinity of NRARP for the 

different paralogs of NOTCH is likely different – we have observed weaker interaction with 

NOTCH4 complexes - meaning whatever the functional outcome of NRARP is in NOTCH 

signaling there could be intrinsic bias for different receptor ICDs. In such a scenario, the 

NRARP-mediated effect in cellular contexts where multiple receptors are present is interesting to 

consider especially if different ICDs are generating distinct responses. While the idea that 

different NOTCH ICDs are endowed with distinct functions is still a hypothesis, there is some 

indication that NOTCH1 and NOTCH2 ICDs can yield distinct outputs depending on the cellular 

context. For example, NOTCH1 and NOTCH2 have different effects in medulablastoma 

development and similarly in bladder cancer, where in both cases NOTCH2 acts as an oncogene 

whereas NOTCH1 shows a tumor suppressor phenotype (5, 6).  

 

 Unfortunately, the specifics of co-factor interactions in transcription machinery 

recruitment for canonical NOTCH signaling is still an area where there is a surprising paucity of 

knowledge. As a result, examining the effect of NRARP on NOTCH nuclear activity will require 

an extensive study. The work presented in this thesis showed conclusively that NRARP interacts 

directly with NTCs. The effect of NRARP binding, however, on productive normal NOTCH 

nuclear interactions in cells remains unclear. Does NRARP binding interrupt canonical NOTCH 
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nuclear interactions? Additionally, do the molecules identified in our NRARP interactome 

studies represent components of larger alternative NOTCH nuclear complexes? Studies using 

proximity labeling combined with mass spectrometry can be used to address these questions. In 

such studies, endogenous NOTCH ICD would be fused to a suitable biotin ligase and using 

temporal control afforded by pathway inhibition – GSI treatment and washouts is a proven 

method to control NOTCH pathway activation – we can analyze difference in protein interactors 

as assessed by presence of biotin modification via mass spectrometry. In this approach the choice 

of cell line will be important, I propose we use Jurkat cell lines that are parental, NRARP-/- and 

stably express NRARP, which we’ve already created. As a reference, this approach has been 

used for multidimensional tracking of GPCR signaling (7). 

 

4.3 Concluding Remarks 

Overall, the findings presented in this thesis document my efforts to understand the 

molecular basis for 1) functional divergence of the closely related canonical NOTCH activating 

ligands DLL1 and DLL4 and 2) negative feedback regulation of NOTCH signaling in higher 

organisms by the NOTCH Regulated Ankyrin Repeat Protein (NRARP). The use of domain 

swapping mutagenesis and more precise binding site amino acid substitutions in the ectodomain 

of DLLs highlight the importance of detailed biochemical studies to uncover the true 

contributions of individual functional domains.  

The results presented here show the importance of studies into the mechanism by which 

protein-protein interactions can elicit distinct responses and which features of proteins can affect 

functional divergence especially in molecules that have a high degree of similarity. Our 
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observations highlight the fact that functional outcome is not simply determined by the direct 

amino acid contacts in protein-protein interactions but can be modulated through differences in 

domain cores as well as interdomain properties. The canonical NOTCH ligands DLL1 and DLL4 

exhibit receptor selectivity, yet our findings suggest that this property is not determined 

exclusively by differences in receptor binding affinity. Physical properties afforded by intra- and 

interdomain properties – such as catch bond behavior – appear to be major factors that contribute 

to functional divergence. 

In chapter 3, the use of unbiased mass spectrometry-based proteomic studies enabled the 

discovery of endogenous NRARP interactors, including both direct and potential indirect 

interacting molecules. This depth of proteomics data has allowed us to develop a more 

comprehensive model of the NRARP interactome. The accompanying combination of structural 

studies with functional assays clarifies how NRARP binds to RBPJ-NOTCH complexes and 

opens new avenues for acquiring a deeper understanding of the molecular mechanism of action 

of a critical negative feedback mechanism that regulates Notch signaling. 
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Appendix 1 

The ectodomains determine ligand function in vivo and selectivity of DLL1 and DLL4 

toward NOTCH1 and NOTCH2 in vitro 
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Abstract DLL1 and DLL4 are Notch ligands with high structural similarity but context-dependent 

functional differences. Here, we analyze their functional divergence using cellular co-culture assays, 

biochemical studies, and in vivo experiments. DLL1 and DLL4 activate NOTCH1 and NOTCH2 

differently in cell-based assays and this discriminating potential lies in the region between the 

N-terminus and EGF repeat three. Mice expressing chimeric ligands indicate that the ectodomains 

dictate ligand function during somitogenesis, and that during myogenesis even regions C-terminal  

to EGF3 are interchangeable. Substitution of NOTCH1-interface residues in the MNNL and DSL 

domains of DLL1 with the corresponding amino acids of DLL4, however, does not disrupt DLL1 

function in vivo. Collectively, our data show that DLL4 preferentially activates NOTCH1 over 

NOTCH2, whereas DLL1 is equally effective in activating NOTCH1 and NOTCH2, establishing that 

the ectodomains dictate selective ligand function in vivo, and that features outside the known  

binding interface contribute to their differences. 

DOI: https://doi.org/10.7554/eLife.40045.001 
 

 

 

Introduction 
The Notch signaling pathway mediates communication between neighboring cells in metazoans and 

thereby regulates a multitude of developmental processes in various tissues (Artavanis- Tsakonas 

et al., 1995; Yoon and Gaiano, 2005; Bolós et al., 2007; Gridley, 2007; Radtke et al., 2010; 

Koch and Radtke, 2011; reviewed in Louvi and Artavanis-Tsakonas, 2012; Kopan, 2012). This 

communication depends on the interaction of Notch receptors on the surface of the signal 

receiving cells with transmembrane ligands on the surface of adjacent cells. Ligand binding then 

leads to a sequence of proteolytic cleavages of the receptor releasing the Notch intracellular domain 

(NICD) from the membrane. NICD translocates into the nucleus where it enters into a complex with 

a CSL protein (CBF-1/RBPJ in mammals, Suppressor of Hairless in flies, and Lag-1 in worms) and a 

protein of the Mastermind family (Petcherski and Kimble, 2000; Wu et al., 2000; Nam et  al., 

2003; Nam et al., 2006; Wilson and Kovall, 2006; Choi et al., 2012) to regulate transcription of 

target genes (reviewed in Bray, 2016). 

Mammals have four Notch receptors (N1-N4) and four activating ligands of the DSL (Delta, Ser- 

rate, LAG-2) family: DLL1 and DLL4, orthologs of Drosophila Delta, and JAG1 and JAG2, orthologs  

of Drosophila Serrate. DLL1 and DLL4 are similar  in  domain  structure,  size  and  sequence  

(Shutter et al., 2000). Both proteins contain an N-terminal MNNL (also referred to as C2) domain 
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eLife digest A small number of signaling systems control how an animal develops from a single 

cell into a complex organism made up of many different cell types. Signals pass back and forth 

between cells, switching genes on and off to direct the development of tissues and organs. One of 

these signaling systems, called Notch, is so ancient that it appears in nearly all multicellular 

organisms. 

A cell sends a Notch signal using proteins called Delta or Jagged ligands that span membrane of 

the cell, so that part of the protein sits inside the cell and part remains outside. To change the 

behavior of another cell, the ligands bind to proteins  called  Notch receptors  that span  the 

membrane of the receiving cell. 

Mammals have two types of Delta ligand, two types of Jagged ligand and four types of Notch 

receptor. Cells in different tissues display different combinations of these eight proteins. Two Delta 

ligands called DLL1 and DLL4 often appear together in developing organisms. Some tissues need 

both and some only the one or the other. In some cases one ligand can compensate if the other is 

missing, but in others not. It was not clear why this is, or which parts of the proteins are responsible. 

Tveriakhina et al. used mouse cells to investigate how DLL1 and DLL4 interact with two Notch 

receptors, called NOTCH1 and NOTCH2. The results of these experiments show that while DLL1 can 

bind and activate both Notch receptors equally, DLL4 prefers to partner with NOTCH1. To find out 

which parts of the ligands are responsible for this selectivity, Tveriakhina et al. created hybrid    

ligands that contained a mixture of regions from DLL1 and DLL4. These suggest that the different 

binding preferences depend on parts of the ligands that sit outside cells and that lie outside the  

known sites of binding contact with the Notch receptors. 

Further experiments studied mice that had been engineered to produce hybrid ligands as 

replacements for DLL1. A hybrid ligand consisting of the part of DLL1 that sits outside cells and the 

part of DLL4 found inside cells generated Notch signals in the tissue that depended on the activity     

of DLL1. However, a hybrid consisting of the part of DLL4 that sits outside cells and the part of DLL1 

found inside cells did not, showing that in developing mice the parts that sit outside the cells 

contribute to the different functions of DLL1 and DLL4. 

Overall, the results presented by Tveriakhina et al. show that interactions between specific  

ligands and receptors play important roles in how mammals develop. Further efforts to understand 

which parts of the ligands affect selectivity could ultimately allow researchers to develop ways to 

modify how ligands and receptors interact. Such “molecular engineering” strategies could enable 

cell responses to be precisely controlled by pairing designer ligand-receptor pairs to develop cell- 

based therapies. 

DOI: https://doi.org/10.7554/eLife.40045.002 
 

 
(Chillakuri et al., 2013; Suckling et al., 2017), followed by a DSL domain and eight EGF-like repeats 

in their extracellular portion, and a less well conserved intracellular domain. The MNNL and DSL 

domains, required for high-affinity binding of Delta-like ligands to Notch receptors (Rebay et al., 

1991; Cordle et al., 2008), contact EGF repeats 12 and 11 of Notch, respectively (Luca et al., 

2015). Contributions from adjacent EGF-like repeats, however, are required for signal transduction 

by Delta-like ligands (Andrawes et al., 2013) as well as for optimal interaction with Serrate 

(Yamamoto et al., 2012) and Jagged (JAG)-family ligands (Luca et al., 2017). Although the biologi- 

cal activities of DLL1 and DLL4 are partially overlapping, the two proteins are not equivalent in vitro 

or in vivo. In cell culture studies, DLL4 is more effective than DLL1 in activating N1 signaling during T 

cell development (Besseyrias et al., 2007), consistent with its ten-fold higher binding affinity in 

binding studies using purified fragments of N1, DLL1, and DLL4 (Andrawes et al., 2013). In vivo, 

studies of adult intestinal epithelium in mice have shown that DLL1 and DLL4 are co-expressed in 

crypts and act redundantly to maintain the intestinal stem cell pool (Pellegrinet et al., 2011). In con- 

trast, however, mouse DLL1 cannot fully replace DLL4 in its ability to trigger T lineage commitment 

(Besseyrias et al., 2007; Mohtashami et al., 2010). Conversely, endogenous DLL4 does not substi- 

tute  for  DLL1  in  its  ability  to  promote  development  of  the  arterial  vascular  epithelium     

(Sö  rensen et al., 2009), nor does it compensate for the function of DLL1 in the paraxial mesoderm, 
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Figure 1. Schematic representation of DLL1 and DLL4 and variant proteins. I-X, full-length and chimeric ligands 

generated by domain swaps. XI and XII, ligands with exchanges of the known NOTCH1 contact amino acids in the 

MNNL and DSL domains. XIII, DLL4 variant with an N109G mutation that eliminates the N-glycosylation site in 

DLL4. XIV-XVIII, soluble proteins encoding the N-terminal region up to and including EGF5 carrying a C-terminal 

Avi-His-tag for protein purification. I-XIII were tested in cell-based Notch activation assays, II, III, VII and XI in 

transgenic mice, XIV-XVIII used for measurements of binding affinities to N1. Proteins analyzed in cell-based assays 

were C-terminally Flag-tagged, proteins analyzed in mice were untagged. Break points and surrounding amino 

acid sequences and point substitutions are illustrated in Figure 1—figure supplement 1. Red domains/spikes: 

DLL1; blue domains/spikes: DLL4; white asterisks: N109G mutation. ECD, extracellular domain; N, N-terminus; D, 

DSL domain; E, EGF repeat, TM, transmembrane domain; ICD, intracellular domain; D, DLL; cont, N1 contact 

amino acids. 

DOI: https://doi.org/10.7554/eLife.40045.003 

The following figure supplements are available for figure 1: 

Figure supplement 1. Amino acid exchanges of DLL variant proteins. 

DOI: https://doi.org/10.7554/eLife.40045.004 

Figure supplement 2. Analysis of ligand receptor binding. 

DOI: https://doi.org/10.7554/eLife.40045.005 

Figure supplement 3. N109 is highly conserved and N-glycosylated in DLL4. 

DOI: https://doi.org/10.7554/eLife.40045.006 

 

a tissue where these ligands are normally not co-expressed: mice in which DLL1 was replaced by 

DLL4 had severe somite patterning defects and showed premature myogenic differentiation leading  

to reduced skeletal muscles. However, the function of DLL1 during early retina development was res- 

cued by DLL4 in these mice (Preuße et al., 2015). 
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Figure 2. The extracellular domains of DLL1 and DLL4 determine ligand behavior during somitogenesis. (A) Scheme of the targeting vector pMP8. 

CAG-Stop used to introduce inducible chimeric ligands into the Hprt locus, and of Cre-mediated activation of transgene (D1ECD_D4ICD or 

D4ECD_D1ICD) expression driven by the CAG promotor (CAG prom). 5’ hom and 3’ hom, Hprt 5’ and 3’ homology regions; ex1-3 (grey boxes), Hprt 

exons; neor, neomycin phosphotransferase; pA, polyadenylation signal; hHPRT prom, human Hprt promoter; DLL1/4iresdsRED, chimeric ORF–linked to 

dsRed tag by an internal ribosomal entry site (IRES). (B) Uncx expression in E9.5 wild type embryos (a, a’; n = 28), embryos lacking DLL1 in the 

mesoderm (b, b’; n = 12) and male embryos lacking DLL1 in the mesoderm that express either D1ECD_D4ICD (c, c’; n = 9) or D4ECD_D1ICD (d, d’; 

n = 8) showing that the extracellular domain of DLL1 but not of DLL4 can restore Uncx expression. (C) Whole mount immunofluorescent staining of wild 

type (a–c) and D4ECD_D1ICD/Y;T(s):Cre (d–f) PSMs using antibodies recognizing the extracellular domain of DLL4 showing co-localization of the 

exogenous chimeric ligand with pan-Cadherin (panCad) at the cell surface. Additional intracellular staining most likely reflects the presence of the 

ligand in the ER and trans Golgi as observed previously for DLL1 in cultured cells (Geffers et al., 2007; Müller et al., 2014) and for endogenous DLL1 

and transgenic DLL4 in the PSM (Preuße et al., 2015). n = 3 for wild type, n = 4 for D4ECD_D1ICD/Y;T(s):Cre; Scale bar = 10 mm. 

DOI: https://doi.org/10.7554/eLife.40045.007 
 

 

Collectively these studies indicate that the functionality of DLL1 and DLL4 strongly depends on 

context, but it remains unclear which portions of these similar DSL proteins account for their func- 

tional non-equivalence. A recent study in cell culture observed that DLL1 and DLL4 stimulate 

NOTCH1 receptors to produce responses with different dynamics, attributing differences between 

pulsatile signaling of DLL1 and sustained signaling by DLL4 to the intracellular, rather than the extra- 

cellular, regions of the proteins (Nandagopal et al., 2018). Here, we investigate the influence of the 

extracellular and intracellular regions of DLL1 and DLL4 chimeric proteins on ligand function in cell 

culture assays, and for selected chimeras, in biochemical binding assays and in vivo in mice. We 
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observe that in vivo differences of DLL1 and DLL4 function during somite patterning and myogenesis 

are encoded by the ligands ectodomains, that DLL1 and DLL4 are able to discriminate between 

NOTCH1 and NOTCH2 in vitro, and that ligand residues outside of the known binding interface are 

important contributing factors for ligand function in vivo. 

 

 

Results 

The extracellular domain dominates ligand function during 
somitogenesis 
Previous in vivo analyses indicated that DLL4 cannot substitute for DLL1 function during embryonic 

development (Preuße et al., 2015). To test whether the inability of DLL4 to rescue the loss of DLL1   

in the paraxial mesoderm in vivo resides in its extra- or intracellular domain we generated single   

copy transgenic mice allowing for the conditional expression of chimeric DLL molecules consisting of 

the extracellular domain of one ligand and transmembrane and intracellular domain of the other 

(D1ECD_D4ICD and D4ECD_D1ICD, II and VII in Figure 1). Transgenes were introduced into the 

Hprt locus of Hprt-deficient E14TG2a ES cells by homologous recombination using the strategy 

already employed for the initial analysis of full length DLL1  and  DLL4  during  somitogenesis  

(Preuße et al., 2015). Briefly, cDNAs encoding chimeric ligands were cloned into the targeting vec-  

tor pMP8 in reverse orientation downstream of neomycin phosphotransferase (neor) driven by the 

CAG promoter. Cre-mediated recombination of two loxP sites and two mutant loxP2272 (loxM) sites 

removes the neor cassette and flips the gene of interest and results in its expression from the CAG 

promoter (Figure 2A). 

To test whether the extracellular or intracellular domain determines the inability of DLL4 to rescue 

the loss of DLL1 in mesodermal tissues of early embryos, we induced expression of either chimeric 

ligand and simultaneously removed endogenous DLL1 using a floxed Dll1 allele and a Cre transgene 

expressed in the primitive streak driven by a promoter derived  from  brachyury  (T(s):Cre)  

(Feller et al., 2008). Because the Hprt locus is located on the X-chromosome, we used hemizygous 

male embryos for the analysis. As previously described, inactivation of Dll1 in the mesoderm resulted 

in loss of Uncx (formerly called Uncx4.1) expression in caudal somite compartments (n = 12; 

Figure 2Bb,b’) indicating severe somite patterning defects compared to wild type embryos (n = 28; 

Figure 2Ba,a’). Expression of D1ECD_D4ICD in Dll1-deficient embryos (n = 9) restored robust 

expression of Uncx similar to full length DLL1 (Preuße et al., 2015). Uncx expression expanded into 

cranial somite compartments (Figure 2Bc,c’) reminiscent of ectopic Notch activity (Feller et al., 

2008), probably reflecting non-restricted D1ECD_D4ICD expression throughout the PSM and  

somites. In contrast, expression of D4ECD_D1ICD barely restored Uncx expression in the majority 

(n = 8/12) of Dll1-deficient embryos (Figure 2Bd,d’), a phenotype similar to that seen with full-length 

DLL4 (Preuße et al., 2015), even though the chimeric ligand was expressed and detected on the 

cell surface of PSM cells (Figure 2Cd-f). As observed previously for full-length DLL4 (Preuße et al., 

2015) some embryos (n = 4) displayed essentially normal Uncx expression (not shown), which might 

result from some perdurance of DLL1 activity or delayed or inefficient excision of endogenous Dll1. 

Overall, this analysis strongly suggests that the functional difference between DLL1 and DLL4 

observed in vivo during somitogenesis resides in the extracellular domains. 

 

Regions outside the known receptor binding domain are essential for 
full DLL1 function in vivo 
The N-terminal MNNL and DSL domains and adjacent EGF repeats 1–3 constitute the major inter- 

face for interaction between DSL ligands and Notch receptors, and are essential for (full) activation 

of Notch signaling (Cordle et al., 2008; Andrawes et al., 2013; Luca et al., 2015; Schuster- 

Gossler et al., 2016; Luca et al., 2017). To analyze whether this region accounts for the observed 

differences between DLL1 and DLL4 in vivo we generated a chimeric ligand that contained the N-ter- 

minal region up to and including EGF3 of DLL1 fused to EGF4 and the remaining C-terminal portion 

of DLL4 (D1N-E3_D4, III in Figure 1; the amino acid sequence around the fusion is shown in Fig- 

ure 1—figure supplement 1Ab). We then tested whether this chimeric ligand is sufficient for normal 

DLL1 function during development. We generated mice (Dll1D1N-E3_D4ki) expressing D1N-E3_D4 

instead of DLL1 using the "mini-gene“ knock-in strategy (Figure 3A) that disrupts endogenous Dll1, 
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Figure 3. D1N-E3_D4 is not able to compensate for DLL1 function during somitogenesis. (A) "Mini-gene“ targeting strategy to express DLL1 or DLL4 

variants from the Dll1 locus (a) and alleles generated in this study (d and e). The Dll1Dll1ki (b) and Dll1Dll4ki (c) control alleles were described previously 

(Preuße et al., 2015; Schuster-Gossler et al., 2016). Dll1D1N-E3_D4ki (d) encodes a fusion protein between the N-terminal part of DLL1 including EGF3 

fused to EGF4 and the remaining C-terminal portion of DLL4 (III in Figure 1 and Figure 1—figure supplement 1Ab). Dll1D1contD4ki (e) encodes a DLL1 

Figure 3 continued on next page 
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Figure 3 continued 

variant whose predicted amino acids of the MNNL and DSL domains that contact N1 are replaced by the corresponding amino acids of DLL4 (XI in 

Figure 1, Figure 5C, and Figure 1—figure supplement 1B). All alleles have an identical structure and intron 9 and 10 sequences of Dll1. (B) External 

phenotypes of wild type (a; n = 19), homozygous Dll1D1N-E3_D4ki (b; n = 11), Dll1Dll1ki (c; n = 3) and Dll1Dll4ki (d; n = 3) control E15.5 fetuses. Arrow in (b) 

points to the short tail. Arrowhead in (c) points to edemas present in homozygous Dll1Dll4ki fetuses. (C) Indirect immunofluorescence staining of wild 

type (a–c, j–l), homozygous Dll1D1N-E3_D4ki (d–f, m–o), and homozygous Dll1Dll4ki (g–i, p–r) E9.5 PSMs using antibodies recognizing the extracellular 

domain of DLL4 (a, d, g) and DLL1 (j, m, p) and pan-Cadherin (panCad; b, e, h, k, n, q) showing expression of D1N-E3_D4 and co-localization with the 

cell surface marker pan-Cadherin. Staining of D1N-E3_D4 appears weaker than DLL4 most likely because much of the epitope recognized by the 

polyclonal anti-DLL4 antibody is missing in this chimeric protein. n ≤ 3; Scale bar = 5 mm. (D) WISH of E9.5 embryos showing that D1N-E3_D4 does not 

restore normal Uncx expression (e; n = 10) resembling the Dll1Dll4ki phenotype (d; n = 7). (E) Skeletal preparations of wild type (a; n = 11), homozygous 

Dll1Dll1ki (b; n = 6), heterozygous (c; n = 14/16) and homozygous (d; n = 3) Dll1Dll4ki, and heterozygous (e; n = 14) and homozygous (f; n = 10) Dll1D1N- 
E3_D4ki E15.5 fetuses. Arrow and arrowheads in (c) point to axial skeleton defects that were not detected in Dll1D1N-E3_D4ki heterozygotes (e). (F) Cross- 

sections of hind limbs of wild type (a), homozygous Dll1Dll1ki (b), homozygous Dll1Dll4ki (c), and homozygous (d-f; n = 3) Dll1D1N-E3_D4ki E18.5 fetuses 

stained for expression of Myosin Heavy Chain (MHC) indicating that D1N-E3_D4 rescues the skeletal muscle phenotype in contrast to DLL4. Arrows in 

(c) point to skeletal muscle remnants. 

DOI: https://doi.org/10.7554/eLife.40045.008 
 

 

successfully employed previously to express either a Dll4 or Dll1 (control) mini-gene (Schuster- 

Gossler et al., 2007; Preuße et al., 2015; Schuster-Gossler et al., 2016). Heterozygous  mice  

obtained from two independent targeting events carrying the Dll1D1N-E3_D4ki allele were viable  and showed 

no apparent phenotype. Homozygous Dll1D1N-E3_D4ki mice were stillborn (n = 3 and 4, respectively), 

indicating that D1N-E3_D4 cannot fully replace DLL1 during development although it    is  present  on  

the  cell  surface  of  PSM  cells  (Figure  3Cd-f).  At  E15.5  homozygous  Dll1D1N-E3_D4ki fetuses 

showed a stumpy tail (n =  5  and  6,  respectively;  arrow  in  Figure  3Bb) similar to Dll1Dll4ki mutants 

(Figure 3Bd); however, they lacked the edema observed in Dll1Dll4ki homozygotes (arrow- head in 

Figure 3Bd). D1N-E3_D4 was also not able to restore normal Uncx expression  (Figure  3De).  Axial   

skeletons   of   homozygous   Dll1D1N-E3_D4ki   fetuses   were severely disorganized (n = 10; Figure 

3Ef),  a  phenotype  consistent  with  abnormal  Uncx expression and similar to Dll1Dll4ki/Dll4ki 

homozygote axial skeletons (Figure 3Ed), although the rib  cage  appeared  less  compressed.  In  

con- trast to Dll1Dll4ki  heterozygotes (Figure 3Ec; Preuße et al., 2015), which often displayed axial 

skele- ton defects (n = 14/16) such as hemivertebrae (arrow    in Figure 3Ec) and fused ribs 

(arrowheads in Figure 3Ec) heterozygous  Dll1D1N-E3_D4ki  fetuses showed no defects of the axial 

skeleton (n = 0/14; Figure 3Ee) indicating that D1N-E3_D4 lacks the dominant interfering activity of 

DLL4. 

Deletion of DLL1 during myogenesis leads to premature differentiation of myogenic progenitor  

cells resulting in severe skeletal muscle hypotrophy at fetal stages (Schuster-Gossler et al., 2007). 

This phenotype cannot be suppressed by DLL4 expression (Figure 3Fc; Preuße et al., 2015). In con- 

trast, skeletal muscles of Dll1D1N-E3_D4ki/D1N-E3_D4ki homozygotes (Figure 3Fd-f; n = 3) were virtually 

indistinguishable from Dll1Dll1ki/Dll1ki (Figure 3Fb) and wild type fetuses (Figure 3Fa). These in vivo 

analyses indicate that, unlike the D1ECD_D4ICD chimera, D1N-E3_D4 is not a fully functional DLL1 

ligand during somite patterning. However, D1N-E3_D4 remains functional during myogenesis and 

restricts muscle progenitor differentiation despite the presence of the DLL4 ICD, consistent with the 

conclusion that in vivo the functional difference between DLL1 and DLL4 is encoded in the ECDs. 

 

DLL1 and DLL4 exhibit differential receptor selectivity in vitro 
In cell-based trans-activation assays using HeLa cells stably expressing murine N1 (HeLaN1) co-cul- 

tured with CHO cells expressing mouse DLL1 (mDLL1) or DLL4 from the same locus both ligands 

activated a transiently expressed Notch reporter similarly (Preuße et al., 2015). However, a purified 

fragment of the extracellular domain of human DLL4 (N-terminus up to and including EGF5: hD4N- 

E5) bound to hN1 with an approximately ten-fold higher affinity than the corresponding hDLL1 frag- 

ment  (Andrawes  et  al.,  2013).   Like   hD4N-E5,   mD4N-E5   has   a   higher   affinity   for   hN1   

(KD = 0.43 ± 0.046 mM; Figure 1—figure supplement 2Aa) than the corresponding mDLL1 fragment 

(KD = 1.56 ± 0.207 mM; Figure 1—figure supplement 2Ab), as judged by biolayer interferometry 

measurements. To find a potential explanation for the discrepancy between binding affinities and 

Notch activation in HeLaN1 cells we analyzed these cells for expression of other Notch receptors   

and found that in addition to exogenous mouse Notch1 HeLaN1 cells express endogenous NOTCH2 
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Figure 4. DLL1 and DLL4 differentially activate NOTCH1 and NOTCH2 in cell-based co-culture assays. (A) RT-PCR analysis using RNA of HeLaN1 cells 

shows the expression of endogenous human NOTCH2 and NOTCH3 in addition to the exogenous murine Notch1. (B) ES cell-based trans-activation 

assays demonstrate that E14TG2a ES cells express negligible amounts of endogenous Notch receptors and ligands. Co-cultivation of ES cells with 

stable expression of either DLL1 (III) or DLL4 (IV) from the Hprt-locus with ES-cells carrying only the RBP-Luc reporter in the Hprt-locus (E14rep) showed 

luciferase activity at levels indistinguishable from lysates of only E14 cells (I) and co-cultures of wild type E14 and reporter carrying ES cells (II). Similarly, 

co-culture of ES cells carrying N1 and the RBP-Luc reporter (N1rep) with E14 cells (V) did not show reporter activation significantly above background 

levels, whereas co-culture of DLL1 expressing cells with N1rep ES cells showed a 6–10-fold increase in luciferase activity (VI). n ≤ 3 co-cultures with 2–4 

replicate measurements per n (Figure 4—source data 1). Mean ± SD, ns = p ≤ 0.05, ****=p < 0.0001, one-way ANOVA followed by Tukey’s multiple 

comparison test. (C) Protein expression analysis indicating similar expression levels of DLL1 and DLL4 in the ES cell clones used. Each DLL4 value 

represents a technical replicate, which was referenced to its paired DLL1 value, which was arbitrarily set to one for each measurement. The non- 

normalized values (DLL/b-Tub ratios) are depicted in a graph in Figure 4—figure supplement 1A (Figure 4—source data 2). (D) Cell-surface  

biotinylation demonstrating that a slightly higher fraction of DLL4 is present at the cell surface compared to DLL1 (n ≤ 6; Figure 4—source data 3). (E) 

DLL4 activates N1 about 10-fold more strongly than DLL1 in co-culture assays. Left graph shows non-normalized N1 activation. Lines connect values 

measured in the same assay. Right graph shows values normalized to DLL1 activation, and corrected for protein expression and cell surface 

presentation. (F) DLL4 activates N2 about half as strongly as does DLL1. Left graph shows non-normalized N2 activation. Lines connect values measured 

in the same assay. Right graph shows values normalized to DLL1 activation, and corrected for protein expression and cell surface presentation. Each 

dot represents a technical replicate. Raw data are shown in Figure 4—source data 4 and Figure 4—source data 5. Co-cultures (n = 39) with two 

replicate measurements per n. Mean ± SD, ns = p ≤ 0.05, ****=p < 0.0001, Student’s paired t-test. 

DOI: https://doi.org/10.7554/eLife.40045.009 

The following source data and figure supplements are available for figure 4: 

Source data 1. Raw data used to generate the graph in Figure 4B. 

DOI: https://doi.org/10.7554/eLife.40045.013 

Source data 2. Data used to generate the graphs in Figure 4C and Figure 4—figure supplement 1A. 

Figure 4 continued on next page 
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Figure 4 continued 

DOI: https://doi.org/10.7554/eLife.40045.014 

Source data 3. Raw data used to generate the graph in Figure 4D. 

DOI: https://doi.org/10.7554/eLife.40045.015 

Source data 4. Numerical values used to generate the graphs in Figure 4E. 

DOI: https://doi.org/10.7554/eLife.40045.016 

Source data 5. Numerical values used to generate the graphs in Figure 4F. 

DOI: https://doi.org/10.7554/eLife.40045.017 

Figure supplement 1. Consistent N1 and N2 activation by different cell clones expressing DLL4. 

DOI: https://doi.org/10.7554/eLife.40045.010 

Figure supplement 1—source Data 1. Numerical values used to generate the graph in Figure 4—figure supplement 1B. 

DOI: https://doi.org/10.7554/eLife.40045.011 

Figure supplement 1—source Data 2. Numerical values used to generate the graphs in Figure 4—figure supplement 1C,D. 

DOI: https://doi.org/10.7554/eLife.40045.012 

 

and NOTCH3 (Figure 4A), which might have masked underlying differences in the intrinsic N1 

response to the DLL1 and DLL4 ligands. 

To detect potential differences in ligand activity towards N1 or N2, the two Notch receptors pres- 

ent during somitogenesis, and to reduce variability due to transient reporter expression we stably 

integrated a Notch luciferase reporter in the Hprt locus (E14rep) of mouse E14TG2a ES (E14) cells, 

and generated stable cell lines expressing either Notch1 (N1rep) or Notch2 (N2rep) in these cells 

(Schuster-Gossler et al., 2016). When co-cultured with E14 cells or DLL1 or DLL4 expressing cells, 

E14rep cells show luciferase activity similar to wild type E14 levels (compare I to II, III, and IV in 

Figure 4B; numerical values in Figure 4—source data 1), indicating that negligible amounts of func- 

tional endogenous NOTCH receptors are present in E14 cells. Likewise, N1rep cells show essentially 

no activation above background when co-cultured with wild type E14 ES cells (compare V to I in 

Figure 4B; numerical values in Figure 4—source data 1), indicating insignificant amounts of func- 

tional endogenous Notch ligands in these cells. ES cells expressing exogenous DLL1 activate the 

luciferase reporter approximately ten-fold above the basal signal in E14 ES cells when co-cultured 

with N1rep cells (compare VI to V in Figure 4B; numerical values in Figure 4—source data 1) indi- 

cating that our co-culture system reliably measures specific Notch signaling activity. 

To create ligand presenting cells for a comparison between mDLL1 and mDLL4, we generated ES 

cells expressing either mDLL1 or mDLL4 from single copy integrations into the Hprt locus. Co-cul- 

tures (n = 39) of cells expressing DLL1 or DLL4 with N1rep ES cells consistently revealed higher acti- 

vation of N1 by DLL4 than by DLL1 (mean 12.454 ± 3.961 SD fold of non-normalized luciferase 

activity, 9.42 ± 2.997 SD fold, when normalized to DLL1 activation and corrected for protein expres- 

sion and cell surface levels (Figure 4C–E; numerical values Figure 4—source data 2, Figure 4— 

source data 3, Figure 4—source data 4). In contrast, DLL4 activated N2 significantly less efficiently 

than did DLL1 (n = 39; mean 0.468 ± 0.161 SD fold of non-normalized luciferase activity, 0.35 ± 0.12 

SD fold, when normalized to DLL1 activation and corrected for protein expression and cell surface 

levels (Figure 4F; numerical values in Figure 4—source data 5). To confirm that the observed differ- 

ences between DLL1 and DLL4 in activating N1 and N2 were not a secondary consequence of clonal 

selection (however unlikely), we also analyzed additional DLL1 (n = 3) and DLL4 (n = 9) expressing 

ES cell clones for protein expression and N1 or N2 activation. Despite some variability of protein 

expression (Figure 4—figure supplement 1B  and Figure 4—figure supplement  1—source data 1)  

and Notch activation levels between individual clones and co-cultures, all DLL4 clones consistently 

activated N1 significantly better than all DLL1 clones, and all DLL4 clones stimulated N2 significantly 

less efficiently than DLL1 (Figure 4—figure supplement 1C,D; numerical values in Figure 4—figure 

supplement 1—Source Data 2), indicating that both ligands differ significantly in their ability to acti- 

vate different Notch receptors in our cell-based assay. Consistent with the differences in N2 stimula- 

tion by mDLL1- and mDLL4-expressing cells, the highly homologous human hD1N-E5 exhibits a 

higher affinity (KD = 0.36 ± 0.11 mM; Figure 1—figure supplement 2Ba) for human NOTCH2 than 

D4N-E5 (KD = 1.28 ± 0.2 mM; Figure 1—figure supplement 2Bb). 
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Figure 5. Contributions of the MNNL-EGF3 portion and contact amino acids to ligand selectivity towards N1 and 

N2. (A) N1/N2 activation ratios by DLL1 and DLL4 chimeric proteins show that receptor selectivity of DLL1 and 

DLL4 is encoded by the extracellular domain and that EGF3 contributes to N1/N2 selectivity. DLL4, 

D4ECD_D1ICD, and D4N-E3_D1 show N1/N2 induction ratios of ~20. DLL1, D1ECD_D4ICD, and D1N-E3_D4 

Figure 5 continued on next page 
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Figure 5 continued 

exhibit induction ratios of 1–3. Chimeric pairs with domain exchanges between EGF2 and EGF3 or between DSL 

domain and EGF1 show equivalent stimulation ratios. Each dot represents the mean of N1 (relative luciferase 

units; Figure 5—source data 1)/N2 (relative luciferase units; Figure 5—source data 2) of n ≤ 3 measurements   

per clone of a given ligand construct. Bars represent the Mean ± SD of n ≤ 3 clones per construct (Figure 5— 

source data 3). (B) Structure-based superposition of DLL1 and DLL4 (PDB ID codes 4XBM and 4XLW, respectively; 

(Kershaw et al., 2015; Luca et al., 2015). Top panel: NOTCH1 is rendered as a molecular surface (wheat), and 

DLL4 is rendered in ribbon representation (cyan). N1 contact residues on DLL4 were rendered as sticks, and were 

used to predict N1 contact amino acids of the MNNL and DSL domains of DLL1 (red). Domains are labeled above 

and below the structures, respectively, and individual domains are identified by different degrees of color 

shading/intensity. (C) Parts of the MNNL and DSL sequences showing the contact amino acids (boxed), the 

divergent amino acids of DLL1 (red) and DLL4 (blue), and the sequence of ligands with amino acid exchanges 

(complete sequences of the changed MNNL and DSL domains are shown in Figure 1—figure supplement 1B). 

The N-glycosylation site at residue N109 of DLL4 is indicated in green. (D) N1/N2 activation ratios of ligands with 

exchanged N1 contact amino acids. D1contD4 does not show changes in receptor selectivity compared to DLL1. 

Replacing the contact residues of DLL4 with those of DLL1 only reduces N1/N2 activation ratio to ~13. Elimination 

of the N-glycosylation site of DLL4 with the N109G mutation (the corresponding amino acid of DLL1) does not 

change DLL4 receptor selectivity. Each dot represents the mean of N1 (relative luciferase units; Figure 5—source 

data 1)/N2 (relative luciferase units; Figure 5—source data 2) of n ≤ 3 measurements per clone of a given ligand 

construct. Bars represent the Mean ± SD of n ≤ 3 clones per construct (Figure 5—source data 3). 

DOI: https://doi.org/10.7554/eLife.40045.018 

The following source data and figure supplement are available for figure 5: 

Source data 1. Raw data (RLUs) of luciferase activity in co-cultures with N1rep cells used to generate the graph in 

Figure 5—figure supplement 1A. 

DOI: https://doi.org/10.7554/eLife.40045.020 

Source data 2. Raw data (RLUs) of luciferase activity in co-cultures with N1rep cells used to generate the graph in 

Figure 5—figure supplement 1B. 

DOI: https://doi.org/10.7554/eLife.40045.021 

Source data 3. N1/N2  activation  ratios. 

DOI: https://doi.org/10.7554/eLife.40045.022 

Figure supplement 1. N1 and N2 activation by different ligand proteins. 

DOI: https://doi.org/10.7554/eLife.40045.019 

 

The region encompassing the MNNL up to and including EGF3 encodes 
the differential receptor selectivity of DLL1 and DLL4 
In an attempt to identify the domains of DLL1 and DLL4 that contribute to differences in activating    

N1 and N2, we carried out a series of domain swaps to generate a set of chimeric ligands (II-V, VII-X 

in Figure 1) for stimulation of N1 and N2-expressing cells in our co-culture assay. Like wild-type 

ligands, chimeric ligands were expressed from single copy transgene integrations in the Hprt locus    

of murine ES cells. All chimeric proteins were expressed and present on the cell surface 

(Supplementary file 1), but expression levels varied among the chimeras (Supplementary file 2) 

despite integration into the Hprt locus by homologous recombination. We thus analyzed receptor 

selectivity of the chimeras in stimulating N1 and N2 responses using the co-culture assay by deter- 

mining the N1/N2 response ratio. Stimulation with DLL1 gives a N1/N2 response ratio of approxi- 

mately 1, DLL4 of ~20 (Figure 5A; numerical values used for calculations in Figure 5—source data    

1, Figure 5—source data 2, Figure 5—source data 3; graphical representations of the relative lucif- 

erase activities of the ligands are shown in Figure 5—figure supplement 1). Strikingly, chimeras   

which retain the full ectodomain or the MNNL-EGF3 region of DLL4 have a N1/N2 stimulation ratio    

of approximately 20 similar to DLL4, whereas chimeras that retain the ectodomain, or MNNL-EGF3 

region of DLL1 have a stimulation ratio of between one and two, resembling DLL1 (Figure 5A).    

These results indicate that the differences in activation potential of DLL4 and DLL1 toward N1 and   

N2 are encoded in the N-terminal part of the protein, encompassed by MNNL-EGF3. When chime-  

ras include the MNNL-EGF2 or MNNL-DSL region of one ligand and the remainder of the other, the 

N1/N2 stimulation ratios of the chimeric pairs are equivalent (Figure 5A), indicating that the third EGF-

like repeat makes an important contribution to receptor selectivity. 

124 

https://doi.org/10.7554/eLife.40045.018
https://doi.org/10.7554/eLife.40045.020
https://doi.org/10.7554/eLife.40045.021
https://doi.org/10.7554/eLife.40045.022
https://doi.org/10.7554/eLife.40045.019


Research article Developmental Biology 

 

 

Regions outside of the MNNL-DSL contact interface contribute to the 
functional difference of DLL1 and DLL4 in vitro and in vivo 
To analyze to what extent the amino acids that contact N1 in the binding interfaces of the MNNL 

and DSL domains might contribute to the different activity of DLL1 and DLL4 toward N1 and N2 we 

reciprocally exchanged these amino acids (XI-XII in Figure 1; Figure 5C and Figure 1—figure sup- 

plement 1B) based on alignments of the DLL4 (Luca et al., 2015) and DLL1 (Kershaw et al., 2015) 

structures (Figure 5B). Western blot analyses of cell lysates and cell surface biotinylation and immu- 

noprecipitation showed that all variants were present on the cell surface (Supplementary File 1). 

The N1/N2 response ratios show that swapping the contact residues of DLL4 onto DLL1 do not sub- 

stantially affect the activation ratio when compared to DLL1 itself, indicating that the differences 

between DLL1 and DLL4 in N1/N2 selectivity cannot simply be accounted for by interfacial residues 

in the MNNL-DSL region (Figure 5D; numerical values used for calculations are in Figure 5—source 

data 1, Figure 5—source data 2, Figure 5—source data 3). Similarly, replacement of the DLL4 con- 

tact residues by the analogous residues of DLL1 slightly reduces the mean N1/N2 activation ratio 

(to ~13), but does not collapse the ratio to 1 (Figure 5D), again strongly suggesting that residues 

outside of the MNNL-DSL contact interface contribute to the relative N1 selectivity of DLL4. These 

results are consistent with 1) the domain swap data, which argue that discrimination between DLL1 

and DLL4 depends on the EGF repeats as well as on the MNNL-DSL region, and 2) the prior obser- 

vation that variants of DLL4 selected for high N1 affinity accumulate mutations in the protein core, 

but not in the binding interface (Luca et al., 2015). Swapping the contact residues of DLL1 onto 

DLL4 did not reduce the binding affinity of DLL4 for N1 (D4contD1 KD = 0.327 ± 0.036 mM; Fig- 

ure 1—figure supplement 2Ac), fully consistent with the interpretation that the protein core of 

DLL4 contributes to N1 binding affinity, likely by influencing the fraction of molecules in a binding- 

active conformation. Although swapping the contact residues of DLL4 onto DLL1 increased binding 

affinity for N1 (D1contD4 KD = 0.326 ± 0.044 mM; Figure 1—figure supplement 2Ad), the substitu- 

tion did not substantially change the N1/N2 activation ratio, indicating that binding affinity for N1 is 

not the only influence on the selectivity of the two ligands for N1 or N2. 

The DLL4 MNNL domain contains three N-glycosylation sites, one of which (N109) is conserved 

from amphibian to mammalian DLL4 ligands but absent in DLL1. This residue resides adjacent to the 

contact amino acid F110 (Figure 1—figure supplement 3A). We confirmed that DLL4 can actually     

be N-glycosylated at this site (Figure 1—figure supplement 3C) and tested whether N109-glycosyl- 

ation contributes to DLL4 activity and selectivity by mutating N109 to G (XIII in Figure 1), which is    

the amino acid present in DLL1 in the equivalent position (G112). D4N109G had no effect on the rela- 

tive activation potential of DLL4 for N1 versus N2 (Figure 5D), and its affinity for N1 was not altered 

(KD = 0.341 ± 0.015 mM; Figure 1—figure supplement 2Ae), indicating that N-glycosylation at this   

site does not significantly modulate N1 binding or contribute to the relative selectivity  of  DLL4 

towards N1 and N2. 

To test whether the contact amino acids of DLL1 and DLL4 contribute to their functional diver- 

gence in vivo we generated a mouse line expressing D1contD4 (XI in Figure 1) instead of wild type 

DLL1 using our "mini-gene" knock-in strategy (Figure 3A). Heterozygous mice carrying this allele 

(Dll1D1contD4ki) are indistinguishable from wild type. Homozygous mutants obtained from heterozy- gous 

matings at the expected Mendelian ratio (6/27) were viable and fertile, and indistinguishable from 

wild type and Dll1Dll1ki/Dll1ki controls (Figure 6A). Uncx was expressed in regular pattern in the 

caudal halves of the somites of homozygous embryos (Figure 6Cd,d’), consistent with only subtle 

abnormalities of individual vertebral bodies  in  the  lower  thoracic  region  of Dll1D1contD4ki/D1contD4ki 

fetuses (Figure 6D; n = 3/4) indicating that the contact amino acids and different binding affinities 

are not a major discriminating feature of the two ligands in vivo. 

 

 

Discussion 
DLL1 and DLL4 have context-dependent redundant and divergent functions, but the bases for these 

differences are unclear. Here, using systematic domain exchanges and mutation of contact amino 

acids in the MNNL and DSL domains of DLL1 and DLL4, cell-based and biochemical assays, and 

transgenic mice we show that (1) DLL1 and DLL4 differ significantly in their potential to activate N1 

and N2 and this difference is encoded in the ligand ectodomains, (2) regions outside the known 
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Figure 6. DLL1 carrying the DLL4 contact amino acids in the MNNL and DSL domains is a functional DLL1 ligand 

in vivo. (A) E15.5 Dll1D1contD4ki/D1contD4ki (c; n = 12) fetuses are indistinguishable from wild type (a; n = 19) and 

Dll1Dll1ki/Dll1ki (b; n = 3) controls. (B) D1contD4 co-localizes with pan-Cadherin (panCad) at the cell surface of 

Dll1D1contD4ki/D1contD4ki PSM cells (e-h; n ≤ 3); Scale bars: a, e = 500 mm; b-d, f-h = 5 mm. (C) Whole mount in situ 

hybridization showing that D1contD4 induces normal Uncx expression during somitogenesis (d,d’; n ≤ 5). (D) 

Skeletal preparations of Dll1D1contD4ki/D1contD4ki E15.5 fetuses showing minor defects of single vertebrae in the 

lower thoracic region (c,c’; n = 3/4). 

DOI: https://doi.org/10.7554/eLife.40045.023 
 

 

contact interface contribute to context-dependent ligand function, and (3) the contact amino acids 

are not the sole or primary determinant of this discrimination between the two receptors. 

Analysis of our transgenic mice expressing D1ECD_D4ICD or D4ECD_D1ICD indicate a critical 

role of the ECD for the function of DLL1 during somite patterning in vivo. This resembles intrinsic 
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functional differences that reside in the extracellular domains of mN1 and mN2 during kidney devel- 

opment (Liu et al., 2013), whereas the N1 and N2 ICDs appear to be functionally equivalent in vari- 

ous developmental contexts (Liu et al., 2015). Functional equivalence of DLL1’s and DLL4’s ICDs in 

vivo is further supported by the rescue of the skeletal muscle phenotype in our D1N-E3_D4 knock-in 

mice, which harbor the DLL4 ICD. In this developmental context even domains C-terminal to EGF3   

of DLL1 appear to be interchangeable. Analyses of the ECD/ICD domain swaps in the cell-based 

assay also suggest that the discriminatory potential of the ligands tracks with the ECD, and not with 

the ICD, even though the ICD appears to affect the strength and/or dynamics of the signal in co-cul- 

ture assays where ligand and receptor expression is enforced in vitro (Nandagopal et al., 2018). 

Additional sources of complexity in vivo, like the stronger cis-inhibitory potential of the DLL4 ECD     

on Notch signaling (Preuße et al., 2015), or cyclic modulation of Notch by LFNG in the paraxial 

mesoderm, or different interactions with lipids (Suckling et al., 2017) might account for the resis-  

tance to loss of function phenotypes from ligand ICD swaps in vivo. 

EGF-like repeats 11 and 12 of mouse N1 and N2 are highly similar (56/83 residues identical, 14 

similar amino acids), and 13 of the 17 amino acid residues at the DLL4-binding interface are identi- 

cal. Moreover, the x-ray structures of the EGF11-13 fragments of human N1 and N2 adopt a very 

similar arrangement (Suckling et al., 2017). Nevertheless, DLL1 and DLL4 exhibit a "discrimination 

potential" of ~20 fold in terms of receptor response in culture assays, suggesting that either the few 

different contact amino acids in EGF 11 and 12 of N1 and N2 have a significant impact or interac- 

tions of DLL1 and DLL4 with N1 and N2 are not limited to the MNNL and DSL interfaces with recep- 

tor EGF repeats 11 and 12. Domain swaps carried out here show that the region responsible for this 

receptor discrimination maps to the MNNL-EGF3 region (Figure 5). These findings are consistent  

with previous work uncovering the requirement of EGF repeats 1–3 of the DLL ligands for NOTCH1 

activation, the importance of this region in the binding of Serrate family ligands to Notch receptors  

and in Serrate/Jagged-induced signaling, and the importance of EGF repeats 8–10 of NOTCH1 for 

signal activation by DLL ligands (Shimizu et al., 1999; Cordle et al., 2008; Yamamoto et al., 2012; 

Andrawes et al., 2013; Schuster-Gossler et al., 2016; Luca et  al.,  2017;  Liu  et  al.,  2017).  

Together, this body of work suggests that interactions of the N-terminal EGF repeats of the DLL 

ligands with EGF repeats 8–10 of Notch also contribute to recognition and impart discriminatory 

potential. The D1N-E3_D4 knock-in mice also point a functional role for domains outside the known 

binding interface, since this chimeric ligand does not substitute fully for DLL1 in vivo during somite 

patterning despite harboring the MNNL and DSL domains and EGF1-3 of DLL1, supporting context- 

dependent contributions of additional C-terminal EGF repeats observed previously in mice (Schus- 

ter-Gossler et al., 2016). 

Remarkably, the exchange of the contact amino acids in DLL1 with those of DLL4 in the D1contD4 

protein does not alter receptor selectivity in cultured cells even though these changes increase N1 

binding affinity. This result suggests that receptor selectivity of DLL1 and DLL4 is not determined 

exclusively by the differences in binding strength. The D1contD4 chimera even substitutes almost 

completely for DLL1 function in mice during somite patterning, which is highly sensitive to altered 

Notch signaling (Schuster-Gossler et al., 2009) and therefore a suitable in vivo read out to detect  

even minor differences of Notch ligand function. Together, our results also favor the conclusion that 

the contact amino acids in the MNNL and DSL domains do not make the dominant contributions to  

the functional divergence of DLL1 and DLL4 in vivo, suggesting instead that differences  in the 

domain cores, and/or contacts outside of the known DLL4-NOTCH1 interface, are the factors that 

most contribute to this functional divergence. 
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(Mus musculus) 

Strain, strain 
background 
(Mus musculus) 

Genetic reagent 
(Mus musculus) 

 

Genetic reagent 
(Mus musculus) 

 

Genetic reagent 
(Mus musculus) 

DLL4 MGI:1859388; 
NCBI Gene: 
54485 

CD1 Charles River 
Laboratories 

 

129Sv/CD1 hybrids own colony 
 

 
Dll1lacZ PMID: 9109488; 

DOI: 10.1038/ 
386717a0 

Dll1loxP PMID: 15146182; 
DOI: 10.1038/ 
ni1075 

T(s):Cre PMID: 18708576; 
PMCID: PMC2518812; 
DOI: 10.1101/gad. 
480408 

 
 
 
 
 
 
 
 
 
 
 

RRID:MGI:5780046 
 

 
RRID:MGI:5431505 

 

 
MGI:3811072 

Genetic reagent 
(Mus musculus) 

ZP3:Cre PMID: 10686600 MGI:2176187 

Genetic reagent 
(Mus musculus) 

 
 

Genetic reagent 
(Mus musculus) 

Dll1Dll1ki PMID: 26801181; 
PMCID: PMC4788113; 
DOI: 10.1534/genetics. 
115.184515 

Dll1Dll4ki PMID: 26114479; 
PMCID: PMC4482573; 
DOI: 10.1371/journal. 
pgen.1005328 

MGI:5790945 
 
 

 
MGI:5779556 

Genetic reagent 
(Mus musculus) 

 

Genetic reagent 
(Mus musculus) 

Genetic reagent 
(Mus musculus) 

Genetic reagent 
(Mus musculus) 

Cell line 
(Mus musculus) 

 

 
Cell line 
(Mus musculus) 

Dll1D1N-E3_D4ki this paper mini gene 
insertion in the 
Dll1 locus 

Dll1D1contD4ki this paper mini gene insertion 
in the Dll1 locus 

HprtDll1ECD_Dll4ICD this paper inducible insertion 
into Hprt locus 

HprtDll4ECD_Dll1ICD this paper inducible insertion 
into Hprt locus 

E14TG2a PMID: 26114479; 
PMCID: PMC4482573; 
DOI: 10.1371/journal. 
pgen.1005328 

129Sv/cast PMID: 26114479; 
PMCID: PMC4482573; 
DOI: 10.1371/journal. 
pgen.1005328 

 
 

Cell line (Homo sapiens) HeLaN1 PMID: 9653148; 
DOI: 10.1073/pnas. 
95.14.8108 

Cell line 
(Mus musculus) 

 

 
Cell line 
(Mus musculus) 
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pMP8.CAG-DLL1 PMID: 26801181; 
PMCID: PMC4788113; 
DOI: 10.1534/genetics. 
115.184515 

E14rep PMID: 26801181; 
PMCID: PMC4788113; 
DOI: 10.1534/genetics. 
115.184515 
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Cell line 
(Mus musculus) 

 

 
Cell line 
(Mus musculus) 

 
 

Bacterial strain 
(E. coli) 

Transfected 
construct 
(Mus musculus) 

N1rep PMID: 26801181; 
PMCID: PMC4788113; 
DOI: 10.1534/genetics. 
115.184515 

N2rep PMID: 26801181; 
PMCID: PMC4788113; 
DOI: 10.1534/genetics. 
115.184515 

SW106 PMID:15731329 
 

pMP8.CAG-DLL4 this paper progenitor: pMP8.CAG 

Transfected 
construct 
(Mus musculus) 

Transfected 
construct (Mus musculus) 

Transfected 
construct (Mus musculus) 

Transfected 
construct (Mus musculus) 

Transfected 
construct (Mus musculus) 

Transfected 
construct (Mus musculus) 

Transfected 
construct (Mus musculus) 

 

Transfected 
construct (Mus musculus) 

Transfected 
construct (Mus musculus) 

Transfected 
construct (Mus musculus) 

pMP8.CAG-D1ECD 
_D4ICD 

 

pMP8.CAG-D1N- 
E3_D4 

pMP8.CAG-D1N- 
E2_D4 

pMP8.CAG- 
D1N-D_D4 

pMP8.CAG- 
D4ECD_D1ICD 

pMP8.CAG- 
D4N-E3_D1 

pMP8.CAG- 
D4N-E2_D1 

pMP8.CAG- 
D4N-D_D1 

 

pMP8.CAG- 
D1contD4 

pMP8.CAG- 
D4contD1 

this paper progenitor: pMP8.CAG 
 

 
this paper progenitor: pMP8.CAG 

 

this paper progenitor: pMP8.CAG 
 

this paper progenitor: pMP8.CAG 
 

this paper progenitor: pMP8.CAG 
 

this paper progenitor: pMP8.CAG 
 

this paper progenitor: pMP8.CAG 
 

this paper progenitor: pMP8.CAG 
 

 
this paper progenitor: pMP8.CAG 

 

this paper progenitor: pMP8.CAG 

 
 

Transfected construct 
(Mus musculus) 

Transfected 
construct 
(Mus musculus) 

Transfected construct 
(Mus musculus) 

pMP8.CAG- 
D4N109G 

pMP8.CAG-Stop 
-D1ECD_D4ICD 

 

pMP8.CAG-Stop- 
D4ECD_D1ICD 

this paper progenitor: pMP8.CAG 
 

this paper progenitor: pMP8.CAG 
 

 
this paper progenitor: pMP8.CAG 

Transfected construct 
(Mus musculus) 

Transfected construct 
(Mus musculus) 

Transfected construct 
(Mus musculus) 

Transfected construct 
(Mus musculus) 

Transfected construct 
(Mus musculus) 

Transfected construct 
(Mus musculus) 

Continued on next page 

D1N-E3_D4-targeting this paper based on Dll1Dll1ki  targeting 
 

D1contD4-targeting this paper based on Dll1Dll1ki  targeting 
 

pLexM-Avi-His this paper progenitor: pLexM 
 

pLexM-D1N-E5-Avi-His this paper progenitor: pLexM 
 

pLexM-D4N-E5-Avi-His this paper progenitor: pLexM 
 

pLexM-D1N-E3_D4-E5-Avi-His this paper progenitor: pLexM 
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Transfected construct 
(Mus musculus) 

Transfected construct 
(Mus musculus) 

pLexM-D4N-E3_D1-E5-Avi-His this paper progenitor: pLexM 
 

pLexM-D1contD4-E5-Avi-His this paper progenitor: pLexM 

 
 

Transfected construct 
(Mus musculus) 

Transfected construct 
(Mus musculus) 

pLexM-D4contD1-E5-Avi-His this paper progenitor: pLexM 
 

pLexM-D4N109G-E5-Avi-His this paper progenitor: pLexM 

Antibody Rat anti-DLL1 PMID: 17664336; 
PMCID: PMC2064846; 
DOI: 10.1083/jcb. 
200702009 

(1F9, rat monoclonal) 1:50 (IF) 

Antibody Goat anti-DLL4 R and D Systems Cat. #AF1389 
RRID:AB_354770 

1:50 (IF) 

Antibody Mouse anti- 
panCadherin 

Antibody Donkey anti- 
mouse Alexa 555 

Antibody Donkey anti-goat 
Alexa 488 

 

Antibody Donkey anti-rat 
Alexa 488 

Antibody Anti-FLAG- 
Peroxidase (HRP) 

Sigma-Aldrich Cat. 
#C1821 RRID:AB_476826 

Invitrogen Cat. 
#A-31570 RRID:AB_2536180 

Invitrogen Cat. 
#A-11055 
RRID:AB_2534102 

Invitrogen Cat. 
#A-21208 RRID:AB_2535794 

Sigma-Aldrich (M2 mouse, 
monoclonal purified) 
Cat. 
#A8592 RRID:AB_439702 

1:250 (IF) 
 

1:100 (IF) 
 

1:100 (IF) 
 

 
1:100 (IF) 

 

1:10 000 (WB) 

Antibody Mouse anti-b-Tubulin Sigma-Aldrich Cat. 
#T7816 RRID:AB_261770 

Antibody Anti-mouse HRP Amersham Cat. 
#NA931 RRID:AB_772210 

1:500 000; 1:1 000 000 (WB) 
 

1:10 000 (WB) 

Antibody MHC (Myosin 
Heavy Chain) 

Antibody Anti-DIG AP 
fab fragment 

Antibody Anti-mouse 
biotinylated 
(BA9200/goat) 

Sigma-Aldrich Cat. 
#M4276 RRID:AB_477190 

Roche Cat. 
#1093274 

Vector Laboratories Cat. 
#BA-9200 RRID:AB_2336171 

1:250 (IHC) 
 

1: 5 000 (ISH) 
 

1:200 (IHC) 

Commercial assay 
or kit 

Commercial assay 
or kit 

Luciferase Cell Culture 
Lysis 5X Reagent 

Luciferase Assay 
Reagent 

Promega Cat. #E1531 
 

Promega Cat. #E1483 

 
 

Commercial assay 
or kit 

Commercial assay 
or kit 

SuperScript IV 
Reverse Transcriptase 

Expand 
High-Fidelity 
PCR system 

Invitrogen Cat. #18090050 
 

Roche Cat. #04743733001 

Commercial assay 
or kit 

Chemical compound, 
drug 

Tri-Reagent Sigma-Aldrich Cat. #T9424 
 

Sulfo-NHS-LC-Biotin Thermo Cat. 
#21335 

Chemical compound, 
drug 

Continued on next page 

Pierce 
NeutrAvidin Agarose 

Thermo Cat. #29200 
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Chemical compound, 
drug 

 

Chemical compound, 
drug 

cOmplete, Mini, 
EDTA-free Proteinase 
Inhibitor Cocktail 

BM-Purple AP substrate 
Roche 

Roche Cat. #04693159001 
 

 
Sigma-Aldrich Cat. #11442074001 

Chemical compound, 
drug 

Chemical compound, 
drug 

Chemical compound, 
drug 

Chemical compound, 
drug 

Chemical compound, 
drug 

G418 Biochrom Cat. #291–25 125 mg/ml 

HAT Gibco Cat. #31062–037 1:300 

HT Gibco Cat. #11067030 1:100 

Tunicamycin Sigma-Aldrich Cat. #T7765 1 mg/ml 

Alcian blue Sigma-Aldrich Cat. #A5268 5% working solution 

Chemical compound, drug   Alizarin red Sigma-Aldrich Cat. #A5533 5% working solution 

Other WesternBright 
Quantum  
HRP substrate 

Advansta Cat. #12042-D20 as recommended 
by the manufacturer 

Other Amersham ECL 
Detection 
Reagent 

GE Healthcare Life 
Sciences 

Cat. #RPN2106 as recommended by 
the manufacturer 

Sequence-based 
reagent 

Sequence-based 
reagent 

Sequence-based 
reagent 

Sequence-based 
reagent 

Sequence-based 
reagent 

Sequence-based 
reagent 

DLL1 wt For other NA 5‘-CTGAAGCGACCT 
GGCCCTGATAGCAC-3’ 

DLL1 wt Rev other NA 5‘-GGAGCTCCAGA 
CCTGCGCGGG-3’ 

Dll1lacZ For other NA 5‘-ATCCCTGGGT 
CTTTGAAGAAG-3’ 

Dll1lacZ Rev other NA 5‘-TGTGAGCGAGTA 
ACAACCCGTCGGATT-3’ 

Dll1Dll1ki For other NA 5‘-GGTTTGGGGAT 
CCATAACTTCG-3’ 

Dll1Dll1ki Rev other NA 5‘-GCCAGTCAGTTC 
CCAGTAAGAAGTC-3’ 

 
 

Sequence-based 
reagent 

Sequence-based 
reagent 

Sequence-based 
reagent 

Sequence-based 
reagent 

Sequence-based 
reagent 

Sequence-based 
reagent 

Sequence-based 
reagent 

 

Sequence-based 
reagent 

Dll1Dll4ki For other NA 5‘-AAGGACAACC 
TAATCCCTGCCG-3’ 

Dll1Dll4ki Rev other NA 5‘-TGCCACATCG 
CTTCCATCTTAC-3’ 

Dll1loxP For other NA 5‘-GCATTTCTCAC 
ACACCTC-3’ 

Dll1loxP Rev other NA 5‘-GAGAGTACTT 
GATGGAGCAAG-3’ 

T(s):Cre For other NA 5‘-AATCTTTGG 
GCTCCGCAGAG-3’ 

T(s):Cre Rev other NA 5‘-ACGTTCACCGGC 
ATCAACG-3’ 

ZP3:Cre For other NA 5‘-GCCTGCATTACC 
 

GGTCGATGCAACGA-3’ 

ZP3:Cre Rev other NA 5‘-GTGGCAGATGGC 
GCGGCAACACCATT-3’ 

Sequence-based 
reagent 

Continued on next page 

Hprt-CAGD1ECD_ 
D4ICD + neo For 

this paper NA 5‘-CCTAGCCCCTGCA 
AGAACGGAGC-3’ 
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Continued 

Reagent type 
(species) or resource 

Additional 
information Designation Source or reference Identifiers 

 

 

Sequence-based 
reagent 

Sequence-based 
reagent 

Sequence-based 
reagent 

Sequence-based 
reagent 

 

Sequence-based 
reagent 

Hprt-CAGD1ECD_ 
D4ICD + neo Rev 

Hprt-CAGD4ECD_ 
D1ICD + neo For 

Hprt-CAGD4ECD_ 
D1ICD + neo Rev 

HprtD1ECD_D4ICDrec 

and HprtD4ECD_D1ICDrec 

For (activated allele) 

HprtD1ECD_D4ICDrec 

and HprtD4ECD_D1ICDrec 

Rev (activated allele) 

this paper NA 5‘-TTGCCACAATTG 
GACTTGTC-3’ 

this paper NA 5‘-CACTGTGAGCAT 
AGTACC TTGAC-3’ 

this paper NA 5‘-CATGGTTTCTGTCT 
CTCCCCCACAGGG-3’ 

this paper NA 5‘-ACATGGCCGTCATC 
AAAGAG-3’ 

 

this paper NA 
5‘-GGGCAACAGAGA 
AATATCCTGTCTC-3’ 

Sequence-based 
reagent 

Sequence-based 
reagent 

Sequence-based 
reagent 

Sequence-based 

Dll1D1N-E3_D4ki  For this paper NA 5‘-CTGTCTGCCAGG 
GTGTGATGACCAAC-3’ 

Dll1D1N-E3_D4ki  Rev this paper NA 5‘-ATCGCTGATG 
TGCAGTTCACA-3’ 

Dll1D1N-E3_D4ki  For this paper NA 5‘-TGCAGGAG 
TTCGTCAACAAG-3’ 

Dll1D1N-E3_D4ki Rev this paper NA 5‘-ATAGTGGCC 
reagent    AAAGTGGTCATC 

CCGAGGCTT-3’ 

Sequence-based Y-Chromosome For other NA  

reagent    5‘-CTGGAGCTCT 
    ACAGTGATGA-3’ 

Sequence-based Y-Chromosome Rev other NA 5‘-CAGTTACCAA 

reagent    TCAACACATCAC-3’ 

Sequence-based mNotch1 For other NA 5‘-TAGGTGCTC 
reagent    TTGCGTCACTTGG-3’ 

Sequence-based mNotch1 Rev other NA 5‘-TCTCCCCACT 
reagent    CGTTCTGATTGTC-3’ 

Sequence-based hNOTCH1 For PMID: 22002304; NA 5‘-TCCACCAG 
reagent  DOI: 10.1038/onc  TTTGAATGGTCA-3’ 
  .2011.467   

Sequence-based hNOTCH1 Rev PMID: 22002304; NA 5‘-AGCTCATCA 
reagent  DOI: 10.1038/onc.  TCTGGGACAGG-3’ 
  2011.467   

Sequence-based hNOTCH2 For this paper NA 5‘-CAACCGCCA 
reagent    GTGTGTTCAAG-3’ 

Sequence-based hNOTCH2 Rev this paper NA 5‘-GAGCCATG 
reagent    CTTACGCTTTCG-3’ 

Sequence-based hNOTCH3 For PMID: 16327489; NA 5‘-AGATTCTCA 
reagent  PMCID: PMC1409885  TCCGAAACCGCTCTA-3’ 

Sequence-based hNOTCH3 Rev PMID: 16327489; NA 5‘-GGGGTCTC 
reagent  PMCID: PMC1409885  CTCCTTGCTATCCTG-3’ 

Sequence-based hGAPDH For PMID: 22002304; NA 5‘-GAGTCAACG 
reagent  DOI: 10.1038/onc.  GATTTGGTCGT-3’ 
  2011.467   

Sequence-based hGAPDH Rev PMID: 22002304; NA 5‘-TTGATTTTGG 
reagent  DOI: 10.1038/onc.  AGGGATCTCG-3’ 
  2011.467   

Sequence-based Forward primer - other NA 5’-GGGAACCTGTT 
reagent correct integration   AGAAAAAAAGA 
 into Hprt locus   AACTATGAAGAAC-3’ 

Continued on next page     
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Reagent type Additional 

 

 

(species) or resource Designation Source or reference Identifiers information 

Sequence-based Reverse primer - other NA 5’-GGCTATGAACTAATG 
reagent correct integration   GACCCCG-3’ 
 into Hprt locus    

Sequence-based Forward primer other NA 5‘-TGTCACGT 
reagent - correct integration   CCTGCACGACG-3’ 
 into Dll1 locus    

Sequence-based Reverse primer - other NA 5‘-GGTATCGGA 
reagent correct integration   TGCACTCATCGC-3’ 
 into Dll1 locus    

Sequence-based guideA-For this work, NA 5’-GGCAGCGGG 
reagent  according to  CAGCTCCGGAT-3’ 
  http://crispr.mit.edu/   

Sequence-based guideB-Rev this work, according to NA 5’-GCTCTCGGG 
reagent  http://crispr.mit.edu/  GTCGTCGCTGC-3’ 

Recombinant DNA Uncx-probe (plasmid) DOI 10.1007/   

reagent  s004270050120   

Recombinant DNA pLexM (plasmid) DOI 10.1074/   

reagent  jbc.M113.454850   

Recombinant DNA Cas9 D10A DOI 10.1126/ Addgene #42335  

reagent nickase (plasmid) science.1231143   

Recombinant DNA Dll1 5’ SB probe PMID: 26801181;  5’ probe: a 316 bp BamHI/AvaII 
reagent  PMCID: PMC4788113;  fragment 3.8 kb upstream 
  DOI: 10.1534/genetics.  of Dll1 exon 1 
  115.184515   

Recombinant DNA Dll1 3’ SB probe PMID: 26801181;  3’ probe: a 528 bp PCR 
reagent  PMCID: PMC4788113;  fragment in Dll1 
  DOI: 10.1534/genetics.  intron five obtained 
  115.184515  with primers CCTGTGAGACTTTCTA 
    CGTTGCTC/CACAACCATGTCA 
    CCTTCTAGATTC 

Software, ImageJ; FIJI  RRID:SCR_003070 ISAC Manager 

algorithm     

Software, Prism GraphPad RRID:SCR_002798  

algorithm     

Software, Olympus Olympus FLUOVI RRID:SCR_014215  

algorithm  EW FV1000   

 

Generation and husbandry of transgenic mice 

Ethics statement 
All animal experiments were performed according to the German rules and regulations (Tierschutz- 

gesetz) and approved by the ethics committee of Lower Saxony for care and use of laboratory ani- 

mals LAVES (Niedersa¨ chsisches Landesamt fü r Verbraucherschutz und Lebensmittelsicherheit; refs.: 

33.12-42505-04-13/1314 and 33.14-42505-04-13/1293). Mice were housed in the central animal facil- 

ity of Hannover Medical School (ZTL) and were maintained as approved by the responsible Veteri- 

nary Officer of the City of Hannover. Animal welfare was supervised and approved by  the  

Institutional Animal Welfare Officer (Tierschutzbeauftragter). 

 

Mouse strains 
Wild type mice were CD1 and 129Sv/CD1 hybrids; Dll1lacZ (Hrabĕ de Angelis et al., 1997), Dll1loxP 

(Hozumi et al., 2004), T(s):Cre (Feller et al., 2008) and ZP3:Cre (de Vries et al., 2000), Dll1Dll1ki 

(Schuster-Gossler et al., 2016), and Dll1Dll4ki (Preuße et al., 2015) were described previously. 

 

Generation of transgenic mice 
Mice allowing for inducible expression of chimeric ligands were generated by morula injection of 

E14TG2a ES cells carrying the expression construct in the Hprt locus. E14TG2a cells were 
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electroporated with linearized targeting constructs and correct integrations were identified by HAT 

selection and validated by long-range PCR using primers: For/Rev: GGGAACCTGTTAGAAAAAAA- 

GAAACTATGAAGAAC/GGCTATGAACTAATGACCCCG. 

Dll1D1N-E3_D4ki and Dll1D1contD4ki mice were generated with 129Sv/cast ES cells. ES cells were elec- 

troporated with linearized targeting constructs, Cas9 D10A nickase (Addgene #42335; Cong et al., 

2013) expression vector and guide RNAs targeting the first intron of Dll1 to increase the frequency    

of homologous recombination (guideA-FOR: GGCAGCGGGCAGCTCCGGAT; guideB-REV: GCTC 

TCGGGGTCGTCGCTGC, according to http://crispr.mit.edu/ the pair score for A and B – 79, 0 off 

target pairs, and 0 genic OT pairs). G418 resistant clones were screened for targeted integrations by 

long-range PCR using primers: For/Rev TGTCACGTCCTGCACGACG/GGTATCGGATGCACTCA 

TCGC and correct targeting events verified by Southern blot analysis (5’ probe: a 316 bp BamHI/ 

AvaII fragment 3.8 kb upstream of Dll1 exon 1; 3’ probe: a 528 bp PCR fragment in Dll1 intron five 

obtained with primers CCTGTGAGACTTTCTACGTTGCTC/CACAACCATGTCACCTTCTAGATTC). 

The neor cassette was excised in the female germ line using ZP3:Cre mice. 

 

Genotyping of mice and embryos 
Genomic DNA was isolated from ear or tail biopsies, yolk sacs or umbilical cords and used as tem- 

plate in PCRs with the following primer pairs: HprtDll1ECD_Dll4ICD For/Rev CTGTCTGCCAGGGTGTGA 

TGACCAAC/CAGATTGTTCATGGCTTCCCT; HprtDll4ECD_Dll1ICD For/Rev CACTGTGAGCATAGTACC 

TTGAC/CATGGTTTCTGTCTCTCCCCCACAGGG;  HprtDll1ECD_Dll4ICDrec  or   HprtDll4ECD_Dll1ICDrec   (acti- 

vated alleles) For/Rev ACATGGCCGTCATCAAAGAG/GGGCAACAGAGAAATATCCTGTCTC; 

Dll1loxP For/Rev GCATTTCTCACACACCTC/GAGAGTACTTGATGGAGCAAG; T(s):Cre For/Rev AA 

TCTTTGGGCTCCGCAGAG/ACGTTCACCGGCATCAACG; ZP3:Cre For/Rev GCCTGCATTACCGG 

TCGATGCAACGA/GTGGCAGATGGCGCGGCAACACCATT; Dll1wt For/Rev CTGAAGCGACC 

TGGCCCTGATAGCAC/GGAGCTCCAGACCTGCGCGGG; Dll1lacZ For/Rev ATCCCTGGGTC 

TTTGAAGAAG/TGTGAGCGAGTAACAACCCGTCGGATT; Dll1Dll4ki For/Rev AAGGACAACCTAA 

TCCCTGCCG/TGCCACATCGCTTCCATCTTAC; Dll1Dll1ki For/Rev GGTTTGGGGATCCATAACTTCG/ 

GCCAGTCAGTTCCCAGTAAGAAGTC; Dll1D1N-E3_D4ki For/Rev CTGTCTGCCAGGGTGTGATGAC- 

CAAC/ATCGCTGATGTGCAGTTCACA; Dll1D1contD4ki For/Rev TGCAGGAGTTCGTCAACAAG/ATAG 

TGGCCAAAGTGGTCATCCCGAGGCTT; Y-chromosome PCR For/Rev CTGGAGCTCTACAGTGA 

TGA/CAGTTACCAATCAACACATCAC 

 

Cloning of constructs 

Hprt targeting constructs for expression from single copy integrations in ES 
cells 
cDNAs encoding Flag-tagged ligand  proteins with exchanges of domains or  individual amino acids  

in the extracellular domain of DLL1 and DLL4 were generated by standard cloning procedures using 

either synthesized gene fragments (II-IV, VII-IX, XI-XIII in Figure 1) or fragments obtained by restric- 

tion digests from Dll1 and Dll4 cDNA constructs (V, X in Figure 1). Tagged cDNAs were cloned into 

pMP8-CAG.Stop-shuttle as EcoRI/BamHI or EcoRI/NotI fragments. The stop cassette was excised by 

Cre mediated recombination of the loxP sites in bacterial SW106 cells. 
 

Hprt targeting constructs for inducible expression in transgenic mice 
D1ECD_D4ICD and D4ECD_D1ICD were generated by PCR amplification of the respective  

untagged cDNAs and subcloned into shuttle vector pSL1180dttomato containing the wild type and 

mutant loxP sites and iresdsRED. Subsequently, the fragments encoding the chimeric ligands fused 

to iresdsRED were cloned into pMP8-CAG.Stop (Preuße et al., 2015) using MluI and Swa1 restric- 

tion sites. 
 

Mini gene constructs for targeting the Dll1 locus 
Dll1D1N-E3_D4ki  and  Dll1D1contD4ki  targeting  constructs  were  generated   by   standard   cloning   proce- 

dures based on the Dll1Dll1ki (Dll1tm7.1Gos) or Dll1Dll4ki (Dll1tm4.1Gos)  targeting  vectors  (Preuße  et  al., 2015; 

Schuster-Gossler et al., 2016). First, the 3’ DT cassette was removed by PmeI and AatII    digest and 

relegation of the blunt ended plasmid. EcoRI fragments containing the Dll1 or Dll4 cod-   ing 

sequences in the targeting vector lacking the 3’ DT cassette were excised by EcoRI and cloned 
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into pCR-TOPO-XL. The wild type Dll1 sequence was replaced in pCR-TOPO-XL by a D1contD4 

cDNA, the Dll4 sequence by D1N-E3_D4 cDNA. Fragments were ligated back into the targeting vec- 

tors as EcoRI fragments. 

Avi-His-tagged ligand fragments for protein expression and purification 
For production and purification of proteins for binding assays (XIV-XVIII in Figure 1) fragments 

encompassing the N-terminus up to and including EGF5 were PCR amplified and cloned into pLexM-

Avi-His vector (Andrawes et al., 2013) as EcoRI/BamHI fragments by standard procedures. 

 

Analysis of gene expression patterns and phenotypes 

Whole mount in situ hybridization 
E9.5 embryos were collected in ice cold PBS and fixed in 4% formaldehyde/PBS over night at 4˚C 

and dehydrated in methanol. In situ hybridization was performed according to standard procedures 

with digoxigenin labelled cDNA probes for Uncx (Neidhardt et al., 1997). 

 

Antibody staining 
E18.5 embryos were collected in ice cold PBS, fixed in 4% formaldehyde/PBS over night at 4˚C, 

dehydrated in methanol, ethanol, and 2-propanol. Hind limbs were paraffin embedded and 10 mm 

transverse sections stained for Myosin Heavy Chain (MHC). 

 

Whole mount immunofluorescence 
E9.5 embryos were collected in ice cold PBS, fixed in 4% formaldehyde in PBS and immunofluores- 

cence staining was performed as described in Bone et al. (2014). Used primary antibodies: anti-  

DLL1 (1F9; 1:50) (Geffers et al., 2007), anti-DLL4 (AF1389, R and D; 1:50), and anti-pan-Cadherin 

(C1821, Sigma; 1:250). Used secondary antibodies: Alexa488/555 conjugated antibodies (Invitrogen; 

1:100). Images were taken using OLYMPUS FV1000. 

 

Skeletal preparations 
E15.5 fetuses were collected in ice cold PBS and dehydrated in EtOH. Alcian blue and Alizarin red 

staining was performed using standard procedures (Cordes et al., 2004). 

 

Western blot analyses 
Cells were lysed in 2x sample buffer (0.125M Tris pH 6.8; 4% SDS; 20% glycin; 5% b-mercaptoetha- 

nol; 0.025% bromphenol blue). Proteins were separated by SDS-PAGE and transferred onto Immobi- 

lon-P Transfer membranes (Millipore) by wet tank or SemiDry blotting. Membranes were blocked in 

5% nonfat dried milk powder (AppliChem) in PBS/0.1% Tween20 and subsequently incubated in 5% 

nonfat dried milk powder containing primary antibodies. Used primary antibodies: anti-Flag HRP 

(mouse monoclonal; clone M2; Sigma; 1:10 000), anti-b-Tubulin I (Sigma; 1:500 000/1:1 000 000). 

Used secondary antibodies: anti-mouse HRP (Amersham; 1:10 000). For HRP detection ECL Western 

Blotting Detection Reagent (Amersham) and WesternBright Quantum (advansta) were used with 

Luminiscent Image Analyser LAS4000 (Fujifilm). ImageJ was used to quantify signals. 

 

RT-PCR 
HeLaN1 cells were lysed in Tri-Reagent (Sigma) and RNA was isolated according to the manufac- 

turer’s instructions. Reverse transcription was performed using SuperScript IV (Invitrogen) according 

to the manufacturer’s instructions. Primers used for RT-PCR analysis were: mNotch1 For/Rev TAGG 

TGCTCTTGCGTCACTTGG/TCTCCCCACTCGTTCTGATTGTC; hNOTCH1 For/Rev TCCACCAG 

TTTGAATGGTCA/AGCTCATCATCTGGGACAGG (Ding et al., 2012); hNOTCH2 For/Rev 

CAACCGCCAGTGTGTTCAAG/GAGCCATGCTTACGCTTTCG; hNOTCH3 For/Rev AGATTCTCA 

TCCGAAACCGCTCTA/GGGGTCTCCTCCTTGCTATCCTG (Büchler et al., 2005); hGAPDH For/Rev 

GAGTCAACGGATTTGGTCGT/TTGATTTTGGAGGGATCTCG (Ding et al., 2012). 
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Southern blot analyses 
Genomic DNA was isolated from ES cells, digested with BamHI overnight and separated on an 0.7% 

agarose gel. Blotting, crosslinking, hybridization, and signal detection were performed using Immo- 

bilon-Ny+ membrane (Millipore) according to the manufacturer’s instructions. 

 

Cell culture experiments 

Culture of cells 
Mouse E14TG2a and 129Sv/cast ES cells were cultured in DMEM (Invitrogen) cell culture medium 

supplemented with 15% FCS (Biochrom AG), Glutamax, Pen/Strep, Sodium Pyruvate, MEM Non- 

Essential Amino Acid Solution, b-mercaptoethanol, and leukemia inhibitory factor (LIF), HeLaN1 cells 

were cultured in DMEM (Invitrogen) cell culture medium supplemented with 10% FCS (Biochrom  

AG), Glutamax and Pen/Strep. All cell lines were tested negative for mycoplasma. No authentication 

of cell lines was performed. 

 

Generation of cells stably expressing ligand proteins 
ES cells were electroporated with linearized pMP8 targeting vectors and selected with HAT (1:300; 

Gibco). Correct integration of the 5’ homology arm in HAT resistant clones was verified with long- 

range PCR using following primers: For/Rev: GGGAACCTGTTAGAAAAAAAGAAACTATGAAGAAC/ 

GGCTATGAACTAATGACCCCG. Expression of proteins was verified using Western Blot analyses. 

 

Trans-activation assay 
For in vitro cell co-culture assays ES cells were counted in PBS using LUNA-II (logos biosystems) and 

9.25 × 105 ligand and 0.75 × 105 receptor expressing cells were plated on gelatin coated six well 

plate dishes. After 24 hr fresh medium was added. 48–52 hr after co-cultivation cells were washed 

once with PBS, lysed in 250 ml 1xCCLR (Luciferase Cell Culture Lysis Reagent, Promega), transferred 

into 1.5 ml tubes, and frozen at —80˚C. For measurements lysates were thawed, vortexed, and 

briefly centrifuged. 20 ml aliquots of each lysate was measured with Luciferase Assay Reagent in 

duplicates or quadruplicates using GloMax-96 (Promega). 

 

Biotinylation assay 
For determination of relative cell surface protein levels, cells were treated with Sulfo-NHS-LC-Biotin 

(Pierce; 0.25 mg/ml PBS supplemented with 1 mM MgCl2 and 0.1 mM CaCl2), quenched with 100  

mM glycine in DMEM and lysed in lysis buffer supplemented with Complete Proteinase Inhibitor 

Cocktail Tablets (Roche). Biotinylated proteins were immunoprecipitated using NeutrAvidin beads 

(Thermo Scientific) and analyzed by Western blotting. For detailed information see (Braune et al., 

2014; Preuße et al., 2015). 

 

Protein expression and purification 
The cDNA for expression of the N1 fragment using the pLexM vector was described previously 

(Andrawes et al., 2013) and encodes the N1 signal sequence followed by EGF repeats 6–15 (amino 

acids 216–604), a biotinylation (avi) tag, and a His6 tag. The cDNAs for expression of DLL1, DLL4, 

and all chimeric proteins extend from the N-terminus through EGF5. These proteins were also subcl- 

oned into pLexM as described (Andrawes et al., 2013). The N2(1–15)-Fc protein was purchased   

from R and D systems and used without further purification. 

Expi293F cells maintained in Expi293 expression media were grown to cell density of 106 cells/ml 

and then transiently transfected with Dll1 ligand, Dll4 ligand or N1 DNA (1 mg/liter of cells) and Fec- 

toPro transfection reagent (Polyplus) at 1:1 DNA/FectoPro ratio. For biotinylation of Avi-tagged 

NOTCH1 protein, cells were co-transfected with biotin ligase (BirA) DNA as well as with DNA encod- 

ing Protein O-fucosyltransferase-1 (POFUT1), which enhances Notch folding and secretion. 

Transfected cells were then cultured in FreeStyle293 media for 3–4 days to produce protein. The 

media was collected, separated from the cells by centrifugation and supplemented with 50 mM Tris 

buffer, pH 8.0. The resulting supernatant was bound to Ni-NTA beads (Qiagen) over a 3 hr incuba- 

tion at 4˚ C. After a wash with ten column volumes of 50 mM Tris buffer, pH 8.0, containing 150 mM 

NaCl, 5 mM CaCl2, and 20 mM Imidazole, bound protein was eluted with the same buffer supple- 

mented with 250 mM Imidazole. Following elution, fractions containing the partially purified proteins 
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were concentrated and further purified by gel-filtration chromatography using a Superdex 200 col- 

umn in 50 mM Tris, pH 8.0, containing 150 mM NaCl, and 5 mM CaCl2. The quality of the resulting 

purified proteins was assessed using non-reducing SDS-PAGE. Pure fractions were pooled, flash fro- 

zen and stored at —80˚ C. The efficiency of biotinylation was estimated by immunoprecipitation with 

streptavidin resin. 

 

Biolayer interferometry 
Ligand binding affinities were quantified by biolayer interferometry using a BLItz instrument (Forte- 

Bio). For N1 binding, streptavidin biosensors were loaded with the biotinylated Notch1 fragment, 

equilibrated in buffer for 30 s, then dipped into ligand samples of varying concentration until equilib- 

rium was observed. For N2 binding, protein A biosensors were used for the capture step. All ligand- 

receptor binding experiments were done in HBS-P buffer containing 0.005% surfactant P20, supple- 

mented with 5 mM CaCl2. Equilibrium binding curves were fitted with a one site - specific binding 

model using GraphPad Prism. 

 

Statistical analysis 
Statistical analyses were done using Prism7 (GraphPad) as indicated in Figure legends. 
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and Dll4-mediated Notch activation levels shows differential lymphomyeloid lineage commitment outcomes. 

The Journal of Immunology 185:867–876. DOI: https://doi.org/10.4049/jimmunol.1000782, PMID: 20548034 
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Fig. S1. NRARP inhibits reporter gene induction by all four human Notch receptors. NIH 3T3 

cells were transiently transfected with pcDNA3-based plasmids for expression of NRARP and 

NICD1 (A), NICD2 (B), NICD3 (C), or NICD4 (D), a firefly luciferase reporter plasmid under 

control of the TP1 Notch-response element, and a plasmid expressing Renilla luciferase.  Firefly 

luciferase activity is reported relative to that of the Renilla luciferase, setting the firefly:Renilla 

ratio in cells transfected with empty pcDNA vector control to a value of one. n=2 (independent 

experiments).  
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Fig. S2. Electron density and unit cell features. A. Electron density map of the region at the 

Notch1-NRARP interface, contoured at 1σ after refinement. B. Ribbon representation of the 

asymmetric unit of the NRARP-Notch1-RBPJ complex on DNA. The protein assemblies in the 

two copies of the complex in the asymmetric unit are green and blue, and the DNA is orange.  C. 

Overlay of the NRARP-NICD1-RBPJ complex (NRARP pink, NICD1 blue, RBPJ green, and 

DNA orange) onto the dimeric RBPJ-NICD1-MAML1-DNA complex (gray; PDB ID code 

3NBN). 
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Table S1. Mass spectrometry results from tandem affinity purification of NRARP 

complexes.  

 

The full list of interactors from multiple experimental repeats and control experiments can be 

accessed following the instructions provided below. 

 

Protein accession IDs, names, gene symbols, number of times the protein has been identified in 

control immunoprecipitates (tandome detections) and number of gene-unique peptides are given 

in columns A-E. In the NRARP-tagged samples, only proteins that have had fewer than two 

tandome detections are listed. Data are from four independent experiments and two control 

immunoprecipitations in parental cells lacking NRARP. Native mass spectrometry data files are 

freely available for download from the MassIVE data archive hosted at the University of 

California, San Diego (ftp://massive.ucsd.edu) with the accession code/identifier 

MSV000084131. 

 
 

https://urldefense.proofpoint.com/v2/url?u=ftp-3A__massive.ucsd.edu_MSV000084131&d=DwMGaQ&c=WO-RGvefibhHBZq3fL85hQ&r=RGBjK-H69_kVmz3m8deMM8-JZUp6pC1csygA0Kp_axk&m=9zSPldKYmMKeW_YIR1wLGKGQCtRLQOQzA3hr3XXlCcA&s=VwHWvcMKZqkhUCokUCiWMjMT9QxVWkGAkQWriEUd7zQ&e=
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Bispecific Forkhead Transcription Factor FoxN3 Recognizes Two Distinct Motifs 

with Different DNA Shapes 
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SUMMARY 

 

Transcription factors (TFs) control gene expression 

by binding DNA recognition sites in genomic regula- 

tory regions. Although most forkhead TFs recognize 

a canonical forkhead (FKH) motif, RYAAAYA, some 

forkheads recognize a completely different (FHL) 

motif, GACGC. Bispecific forkhead proteins recog- 

nize both motifs, but the molecular basis for bispe- 

cific DNA recognition is not understood. We present 

co-crystal structures of the FoxN3 DNA binding 

domain bound to the FKH and FHL sites, respectively. 

FoxN3 adopts a similar conformation to recognize 

both motifs, making contacts with different DNA ba- 

ses using the same amino acids. However, the DNA 

structure is different in the two complexes. These 

structures reveal how a single TF binds two unrelated 

DNA sequences and the importance of DNA shape in 

the mechanism of bispecific recognition. 

 

INTRODUCTION 

 
Transcription factors (TFs) must accurately distinguish target 

sites from the rest of the genome in order to properly regulate 

gene expression. Structural studies have revealed mechanisms 

used by many TFs to contact specific DNA sequences, largely 

by hydrogen bonding interactions between amino acid side 

chains and DNA bases in the major groove (Garvie and Wol- 

berger, 2001; Harrison, 1991). Global structural features of 

DNA can also be recognized through a shape readout mecha- 

nism, involving contacts to the DNA backbone instead of directly 

to the bases (Otwinowski et al., 1988). TFs can also recognize 

particular structural features of DNA, such as a narrow minor 

groove (Rohs et al., 2009). 

Forkhead TFs are one of the major TF families in eukaryotes 

and play prominent roles in development, immunity, metabolism, 

and cell cycle control (Lam et al., 2013). Within this family, struc- 

tural studies have revealed how members of this family bind 

sequences closely matching the canonical forkhead motif, 

RYAAAYA, and a related lower affinity motif, AHAACA (Boura 

et al., 2010; Brent et al., 2008; Clark et al., 1993; Li et al., 2017; 

Littler et al., 2010; Stroud et al., 2006; Tsai et al., 2006, 2007). 

Forkhead factors share a canonical forkhead DNA binding 

domain (DBD), which adopts a winged-helix fold, a modification 

of the helix-turn-helix DBD, to interact with DNA. In this motif, a 

three-helix bundle presents the third helix, the recognition helix, 

into the major groove of DNA. Additionally, two loop structures, 

known as the wings, make additional DNA contacts, typically to 

the DNA backbone. 

We previously showed that some forkhead proteins can 

recognize an alternate DNA motif, GACGC, with some individual 

proteins able to bind both the canonical forkhead (FKH) and 

alternate forkhead-like (FHL) motifs (Nakagawa et al., 2013). 

These two motifs are of different lengths and GC content, and 

their sequences are divergent enough that there is no clear 

sequence-based alignment between them; therefore, it is not 

clear how the documented binding mechanism to the FKH motif 

could also enable binding to the FHL motif. Previously deter- 

mined mechanisms of recognition of multiple motifs by a single 

TF involve binding sequences of the same length that can be 

aligned (Badis  et al., 2009; Gorda  ̂n et al., 2011; Morgunova   

et al., 2018). In other cases, dimeric TFs, such as bZIP TFs, 

can bind motifs comprising very similar or identical DNA half- 

sites separated by different spacer lengths. Recognition of 

different DNA sequence motifs can also be achieved by the bind- 

ing of different sets of fingers, linkers, or flanking regions within a 

multi-fingered C2H2 zinc finger protein (Siggers et al., 2014). 

However, the bispecificity observed for forkheads is achieved 

by a single, monomeric DBD, binding two sites of different 

lengths and very different sequences, and thus cannot be ex- 

plained by these mechanisms. 

Human FoxN3 was first identified as a suppressor of check- 

point mutations in S. cerevisiae (Pati et al., 1997). It has been 

shown to  act as a transcriptional repressor  and  interacts  with 
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Figure 1. FoxN3 Is a Bispecific Transcription Factor 

(A and B) The (A) FKH and (B) FHL motifs are bound by FoxN3 in PBM experiments. 

(C) FoxN3 binds both the FKH and FHL motifs in solution. Microscale thermophoresis (MST) measurements of FoxN3 binding to oligonucleotides containing the 

FKH site (red) or the FHL consensus sequence (blue). Data points show the mean of six measurements and with error bars show the SD. 

 

histone deacetylase complexes involved in the DNA damage 

response (Busygina et al., 2006; Scott and Plon, 2003, 2005). 

FoxN3 has also been implicated in craniofacial and eye develop- 

ment and in regulation of metabolism and the cell cycle (Chang 

et al., 2005; Huot et al., 2014; Karanth et al., 2016; Markowski 

et al., 2009; Nagel et al., 2017; Samaan et  al., 2010; Schmidt 

et al., 2011; Schuff et al., 2007; Sun et al., 2016). The molecular 

mechanisms by which FoxN3 carries out these diverse functions 

remain unclear. 

Here, we show that FoxN3 is a bispecific TF that binds both the 

FKH and FHL sites in cells. We report the co-crystal structures of 

the bispecific human protein FoxN3 in complex with both FKH 

and FHL consensus sequences. The structures reveal that the 

forkhead DBD adopts remarkably similar structures to contact 

both motifs, using the same residues to specifically recognize 

two distinct DNA motifs. However, the shape of the DNA, partic- 

ularly the bend of the DNA helix, throughout the recognition motif 

is strikingly different between the structures. 

 
RESULTS 

 
FoxN3 Is a Bispecific Transcription Factor 

Human FoxN3 is a member of the FoxN forkhead subfamily, 

which contains bispecific and FHL monospecific TFs (Nakagawa 

et al., 2013). We assayed the binding specificity of FoxN3 by uni- 

versal protein binding microarray (PBM) and found that the 

FoxN3 DBD recognizes both the FKH and FHL motifs (Figures 

1A and 1B). We also measured the binding affinity of FoxN3 to 

DNA oligonucleotides containing the FKH or FHL sequence 

and showed that FoxN3 binds both sequences with mid-nano- 

molar affinity (Figure 1C). The Kd to the FKH site is 60 ± 20 nM 

and to the FHL site is 238 ± 69 nM. 

The ability of a forkhead factor to recognize both the FKH and 

FHL sites in the same cells in vivo has not been reported in prior 

studies. Therefore, we performed chromatin immunoprecipita- 

tion sequencing (ChIP-seq) experiments on FoxN3 and found 

that FoxN3 also binds both motifs in HepG2 cells (Figures 2A, 

2B, and S1; Table S1). The  FKH  (p  =  1  3 10—21)  and FHL 

(p = 1 3 10—8) motifs are both enriched among the top 2,000 

ChIP-seq peaks (Figure 2C), with centralization of both motifs 

(Figures 2D and 2E), supporting direct DNA binding of FoxN3 

to these motifs within the peaks. 78 of these peaks contained 

an FHL match, and 365 contained an FKH match (1 peak had 

matches to both motifs). 

 
FoxN3 Adopts the Canonical Winged-Helix Fold to Bind 

Both the FKH and FHL DNA Sequences 

In order to understand how the forkhead domain contacts these 

two sites, we determined co-crystal structures of the DBD of 

FoxN3 in complex with the FKH and, separately, the FHL 

consensus sequence (Figures 3A and 3B; Table 1). In both struc- 

tures, FoxN3 adopts the same overall forkhead winged-helix fold 

that has been observed for other forkhead proteins (Boura et al., 

2010; Brent et al., 2008; Clark et al., 1993; Li et al., 2017; Littler 

et al., 2010; Stroud et al., 2006; Tsai et al., 2006, 2007). In the 

FoxN3:FHL structure, two DBDs bind the same DNA in the crys- 

tallographic asymmetric unit (Figure S2A). Molecule A directly 

contacts the FHL motif within the DNA, and molecule B contacts 

the end of the crystallized DNA sequence, making contacts with 

a weak match to an FKH site created by formation of a pseudo- 

continuous DNA helix in the crystal (Figure S2B). Therefore, for 

the rest of the analysis of the FHL site presented here, we will 

discuss molecule A of this structure. The root-mean-square de- 

viation (RMSD) between the forkhead domain in the FKH-bound 

structure and that in the FHL-bound structure is 0.533 Å . In both 

structures, there is no observed electron density for wing 1 for 

amino acid (aa) positions 178–185, indicating that this wing 

may be flexible when FoxN3 binds DNA. Wing 2 is partially a-he- 

lical, with electron density extending to aa position 207 in the 

FKH structure and position 210 in the FHL structure. 

 
FKH and FHL DNA Adopt Different Shapes in Complex 

with FoxN3 

Although the overall protein conformation is similar between the 

FKH-contacting and FHL-contacting structures, the DNA mole- 

cules in the two structures adopt different conformations (Fig- 

ures 3A and 3B). The DNA is bent away from the FoxN3 DBD 

by 22.2○ in the FHL structure but toward the DBD in the FKH 
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Figure 2. FoxN3 Recognizes Both Motifs in Cells 

(A and B) Browser shot for an ~40-kb region of chromosome 3 flanking a peak with an FKH binding site (A) or a ~40-kb region of chromosome 15 flanking a peak 

with an FHL binding site (B). An additional track for ChromHMM genome segmentations is displayed (red regions are annotated as promoters, yellow regions are 

annotated as enhancers, and green regions are annotated as regions of transcription; Ernst and Kellis, 2012). 

(C) A table summarizing enrichment p values for FKH or FHL motifs in individual and pooled replicate samples, as well as the percent of the top 2,000 peaks from 

the pooled sample that contain matches to each motif. 

(D and E) Composite profile of binding site location within the top 2,000 peaks after scanning with either the FKH (D) or FHL (E) motif. LOESS fits of the data are 

displayed in black. 

See also Figure S1 and Table S1. 

 

 
structure by 13.5○. This bend toward the protein in the FKH struc- 

ture is consistent with the DNA conformation in other co-crystal 

structures of forkhead domains with the FKH motif, but the FHL 

DNA has a very different conformation from that observed in any 

other published forkhead co-crystal structure (Boura et al., 2010; 

Brent et al., 2008; Clark et al., 1993; Li et al., 2017; Littler et al., 

2010; Stroud et al., 2006; Tsai et al., 2006, 2007; Figures 3C 

and 3D). 

This difference in the DNA shape explains how the same DBD 

can recognize two motifs of different lengths: the bend in the 

FHL DNA reduces the number of DNA base pairs that contact 

the DBD (Figure 4A). The guanines at the 50 end of both the 

FKH (G7) and FHL (G10) motifs are in the same position with 

respect to the protein, as are G120 in the FKH motif and G140 

 
in the FHL motif. These guanines can be thought of as ‘‘registra- 

tion positions’’ that orient the DNA with respect to the protein. 

Between these two positions, the FKH DNA is bent 6.5○ toward 

the protein, and FHL is bent 9.5○ away. In the FKH motif, there 

are four base pairs between these two positions, and there are 

three in the FHL motif. In order to accommodate one fewer base 

in the FoxN3-FHL structure, many aspects of DNA shape are 

different between this structure and the FoxN3-FKH structure. 

The minor groove width in the FHL motif is much narrower 

than that in the FKH motif, averaging 5.90 Å  over the FHL motif 

compared to 7.05 Å  over the FKH motif (Figures 3C and 3E). 

Additionally, the helical rise (the distance between adjacent 

base pairs in the DNA helix) is much larger in the FHL structure 

than in the FKH structure (average of 3.38 Å  over the FHL motif 

E D 
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A B Figure 3. FKH and FHL DNA Adopt Different 

Structures 

(A) FoxN3 (magenta) in complex with DNA containing 

the FKH motif (yellow): GTAAACA. 

(B) FoxN3 (blue), in complex with DNA containing the 

FHL motif (green): GACGC. Alpha helices (a1–a4), 

wing 1 (w1), and wing 2 (w2) are labeled. The helical 

axis calculated by Curves+ (Lavery et al., 2009) is 

shown for both structures. 

(C) The minor groove of the FHL DNA (green) is much 

narrower than that of the FKH DNA (yellow) through 

the core binding site. The DNA molecules from other 

published structures with FKH sites (PDB: 1VTN, 

2C6Y, 2A07, 3CO6, 3CO7, 3COA, 2UZK, 3L2C, 

3G73, and 5X07; Boura et al., 2010; Brent et al., 2008; 

Clark et al., 1993; Li et al., 2017; Littler et al., 2010; 

C D Stroud et al., 2006; Tsai et al., 2006, 2007) were 

aligned  with  respect  to  the  FoxN3  DBD  and  are 

shown in transparent gray. 

(D) The bases in the FHL site (green) are positioned 

differently from those in the FKH (yellow for FoxN3 

and transparent gray for other published crystal 

structures) site, enabling fewer bases to cover the 

same amount of space. 

(E and F) Major groove width (E) and helical rise (F) are 

shown for the FKH (red) and FHL sites (blue). Shape 

parameters were calculated by Curves+ (Lavery et al., 

2009). 

See also Figures S2 and S3. 
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hydrogen bonds to one of the guanine regis- 

tration positions: G120 in the FKH structure 

and  G140 in  the  FHL  structure.  The  other 

conserved base-contacting positions in the 

recognition helix (His164 and Asn160) con- 

tact different bases in the two complexes 

(Figures 4B, 4C, S4A, and S4B). In both 

structures, contacts to the DNA backbone 

are made by the bases of wing 1 and helix 

1 (Figures S4C–S4F). 

In contrast, wing 2 adopts different posi- 

tions in the two structures (Figure 4D). In 

the FKH structure, wing 2 is angled closer 

to helix 1, not making any direct ordered 

compared to 3.17 Å over the FKH motif; Figures 3D and 3F). The 

helical twist is lower in the FKH structure (average 31.4○) than 

in the FHL structure (average 33.8○), although roll is higher in 

FKH (average 2.7○) than in FHL (average —0.5○; Figures S3A 

and S3B). 

In the two DNA conformations, the sequence of the intervening 

bases between the registration positions is very different; these 

sequences may be partially specified by their propensity to 

form the required DNA structure, as well as by specific interac- 

tions with base-contacting protein side chains. The predicted 

DNA shape is different from that observed in the crystal structure 

for both the FKH and FHL sequences, so some deformation from 

inherent shape must occur to accommodate protein binding 

(Figures S3C–S3H). Specific DNA base contacts are largely 

made through the recognition helix, helix 3, in both structures 

(Figures 4B and 4C). In both structures, Arg163 makes bidentate 

contacts to the DNA backbone. In the FHL structure, wing 2 ex- 

tends toward the DNA backbone and contacts the backbone of 

G10 through His209 (Figure 4E). 

 
Chimeric Proteins Reveal the Importance of the Wings in 

FHL Binding 

These observed differences between the structures suggest that 

the wings may contribute to DNA binding specificity. Therefore, 

we created chimeric proteins in which we swapped segments of 

the forkhead DBD between FoxN3 and the FKH monospecific 

FoxJ3 (Table S2). Replacing the wings of FoxN3 with the wings 

of FoxJ3 significantly reduced binding to the FHL site while main- 

taining binding to the FKH site (Figures 5 and S5). Performing 

these swaps in the context of a different bispecific forkhead 

protein, FoxN2, also showed the requirement of the wings for 

FHL binding, indicating that this effect is not limited to FoxN3 
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Table 1. Crystallographic Data 
 

 

FoxN3:FKH FoxN3:FHL 
 

 

Data Collection 

Cell Dimensions 

 
 
 
 
 
 
 
 
 

 
Refinement 

 

Resolution (Å ) 30.57–2.60 39.3–2.70 

Number of reflections 33,381 (3,307) 59,615 (5,791) 

Wilson B-factor (Å ) 85.51 81.03 

Rwork/Rfree (%) 23.5/27.1 23.4/27.6 

Number of Non-H Atoms 
 

Macromolecules 1,381 2,125 

Water 19 13 

Ligands 8 2 

Average B Factors (Å 2) 
 

Macromolecules 136.50 76.11 

Water 105.83 66.50 

Ligands 134.30 73.06 

RMSDs 
 

Bond lengths (Å ) 0.004 0.003 

Bond angles (○) 0.54 0.49 

Ramachandran favored (%) 98.82 98.24 

Ramachandran allowed (%) 1.18 1.76 

Ramachandran outliers (%) 0.00 0.00 

Each dataset was collected from a single crystal. The values in parenthe- 

ses show the values for the highest resolution shell. 
 

 

 

(Figure S5). A shorter stretch of 6 amino acids in wing 2, L199- 

K204, recapitulated the effect of swapping the entire wing 2 

sequence. This stretch of amino acids is conserved between 

the bispecific proteins FoxN2 and FoxN3 (Figure S6) and does 

not directly contact DNA in either structure. Interestingly, swap- 

ping the sequence of the FoxN3 wings into FoxJ3 did not in- 

crease FHL binding. These findings reveal that features in the 

wings of the proteins that bind the FHL motif are necessary,  

but not sufficient, for binding this motif, indicating allosteric inter- 

actions with other regions of the protein. 

Given that the repositioned portion of wing 2 is important for 

DNA binding specificity, we also tested other portions of the 

domain that adopted different positions in the two structures: 

helix 4, the short helix preceding the recognition helix, and the 

N-terminal loop. Neither of these regions affected binding to 

either the FKH or FHL sequence (Figure S5). The N-terminal 

loop contacts wing 2 and helix 4, suggesting that combining 

these swaps may be sufficient to confer FHL binding to FoxJ3 

as the wing swap was not sufficient on its own. However, none 

of the tested combinations of swaps could increase FHL binding, 

indicating that a more distributed set of amino acids throughout 

the forkhead domain is required for FHL binding. 

 
DISCUSSION 

 
The structures presented in this work demonstrate the ability of 

the forkhead DBD to recognize vastly different DNA sequences 

using the same overall fold and DNA-contacting residues. The 

FKH and FHL sites are much more dissimilar than other examples 

of sequences bound by the same DBD (Badis et al., 2009; Gorda  ̂n 

et al., 2011). Structures of FoxO1 in complex with the FKH pri- 

mary site and a related lower affinity motif (AHAACA) showed 

that this protein also rearranges the interactions of the amino 

acids in the recognition helix to bind different sequences (Brent 

et al., 2008). The FoxN3 structures presented here reveal even 

more flexibility in the interactions of these amino acids, as they 

can not only tolerate substitutions leading to DNA sequences still 

related to the FKH motif but also interact with the highly divergent 

FHL motif of different sequence length. The interactions made by 

FoxN3 with the registration positions in both the FKH and FHL 

motifs are enabled by the difference in DNA shape, orienting 

the FHL DNA in a strikingly different conformation than the  

FKH DNA. The structures presented here highlight that DNA 

motif recognition cannot be cleanly partitioned into sequence 

versus shape recognition, as TFs recognize the totality of the 

DNA structure. The role of DNA shape in motif recognition repre- 

sents a different mechanism of binding to distinct DNA se- 

quences than others previously reported. For example, dimeric 

TFs can bind DNA half-sites with different spacer lengths (Badis 

et al., 2009; Gorda  ̂n et al., 2011). Alternatively, the monomers of 

a dimeric TF can adopt different protein conformations to 

recognize distinct half-site sequences (Kalodimos et al., 2002). 

Monomeric HoxB13 can recognize two sequences (CCAATAAA 

and CTCGTAAA) using different contributions of enthalpy and en- 

tropy to binding (Morgunova et al., 2018). FoxN3 uses a different 

strategy, recognizing two DNA sequences without major struc- 

tural differences within the DBD via differences in DNA shape. 

Co-crystal structures of other forkhead TFs in complex with 

the FKH site show that these wings can adopt vastly different po- 

sitions and conformations and so may be a wider source of func- 

tional divergence within this family (Boura et al., 2010; Brent   

et al., 2008; Clark et al., 1993; Littler et al., 2010; Stroud et al., 

2006; Tsai et al., 2006, 2007). Previous studies of FKH-binding 

forkhead proteins showed that swapping wings between two 

forkhead proteins was sufficient to switch their preferences for 

the flanking sequences surrounding the core FKH motif (Pierrou 

et al., 1994). Our study reveals that the protein sequence of the 

wings can exert a much more dramatic effect in determining 

specificity for the core recognition sequence. 

Lastly, the differences in DNA recognition between the two 

complexes might have gene regulatory consequences. For 

example, different co-factors might interact with FoxN3 when 

bound to an FKH versus FHL site; this mode of sequence 

readout by TFs affecting co-factor recruitment has been 

observed for single-nucleotide differences in nuclear factor kB 

(NF-kB) binding sites, suggesting that the much more dramatic 

Space group C 1 2 1 P 21 21 21 

 

a,b,c (Å ) 94.94 102.08 

34.45 

42.54 72.31 

102.63 

a, b, g (○) 90 102.65 90 90 90 90 

Rmerge 0.04832 (1.328) 0.09034 (1.949) 

< I/s(I) > 12.60 (1.09) 11.66 (0.85) 

CC1/2 0.996 (0.563) 0.999 (0.34) 

Completeness (%) 96.62 (94.47) 99.16 (98.87) 

Redundancy 3.5 (3.5) 6.5 (6.6) 
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A Figure 4. Contacts between FoxN3 and the 
FKH and FHL Sites 

(A) The guanine bases at the end of each DNA 

strand in both motifs are in the same position with 

respect to the protein. The helical axis calculated by 

Curves+ (Lavery et al., 2009) is shown for both 

structures. 

(B) Specific contacts between FoxN3 (magenta) and 

the FKH DNA (yellow) are shown. 

(C) Contacts between these same amino acids in 

FoxN3 (blue) and the FHL DNA (green) are shown. 

(D) The FKH structure (magenta protein and yellow 

B C DNA) and the FHL structure (blue protein and green 

DNA) are aligned to highlight the differences in po- 

sitions of wing 2. 

(E) In the FHL structure, wing 2 contacts the DNA 

backbone through His209. 

See also Figure S4. 
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differences over the lengths of the FKH versus FHL motifs might 

also contribute to different regulatory output (Leung et al., 2004). 

Overall, the work presented here reveals the ability of the FoxN3 

DBD to recognize two DNA bind sites of vastly different DNA 

sequences and structures, highlighting the surprising plas- ticity 

of DNA recognition within the forkhead family. Given the 

prevalence of diverse DNA binding motif preferences within 

numerous TF families, such flexibility in TF-DNA recognition 

may be a more universal principle and might play an important 

role in the evolution of gene regulatory networks (Badis et al., 

2009; Gordaˆ n et al., 2011; Nakagawa et al., 2013). 

 

STAR+METHODS 

 
Detailed methods are provided in the online version of this paper 

and include the following: 
 

  KEY RESOURCES TABLE 

  CONTACT FOR REAGENT AND RESOURCE SHARING 

  EXPERIMENT MODEL AND SUBJECT DETAILS 

 Cell culture 

 Protein Production 

  METHOD DETAILS 

 Preparation of whole cell lysates 

 Western blot 

 Cross-linking and harvest of cells for ChIP  

Sonication of cross-linked material for ChIP  

Immunoprecipitation 

 Reversal of crosslinks 

 Preparation of sequencing libraries and sequencing 

 ChIP-seq data processing and analysis 

 Cloning 

 Protein Purification 

 Crystallization and Data Collection 

 Structure Determination 

 DNA Shape Analysis 

 Protein Binding Microarrays 

 MicroScale Thermophoresis 
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Figure 5. Subdomain Swap Experiments 

Show the Involvement of the Wings in FHL 

Recognition 

(A) Chimeric proteins were designed to test the 

importance of parts of the forkhead DBD for binding 

specificity. Positions are numbered with respect to 

the full-length FoxN3 protein. 

(B) The location of the swaps on the forkhead 

structure is shown. 

(C) Boxplots show PBM E-scores for 8 mers con- 

taining the FKH site (GTAAACA; top  panel)  or  

the FHL site (GACGC; bottom panel) for each 

chimeric protein. FoxN3 and chimeras of it are 

shown in blue, and FoxJ3 is shown in red. The 

FoxN3 boxplot represents the average of three 

replicate PBM experiments, and N2(J3-wing) and 

N3(J3-6aa) represent the average of two replicates. 

Boxplots for individual replicates are shown in 

Figure S5. * indicates p < 9 3 10—16; one-sided 

Mann-Whitney test. 

See also Figures S5 and S6 and Table S2. 
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new details of FOXO binding to the DNA. Acta Crystallogr. D Biol. Crystallogr. 

66, 1351–1357. 

Brent, M.M., Anand, R., and Marmorstein, R. (2008). Structural basis for DNA 

recognition by FoxO1 and its regulation by posttranslational modification. 

Structure 16, 1407–1416. 

Busygina, V., Kottemann, M.C., Scott, K.L., Plon, S.E., and Bale, A.E. (2006). 

Multiple endocrine neoplasia type 1 interacts with forkhead transcription factor 

CHES1 in DNA damage response. Cancer Res. 66, 8397–8403. 

Chang, J.T., Wang, H.M., Chang, K.W., Chen, W.H., Wen, M.C., Hsu, Y.M., 

Yung, B.Y.M., Chen, I.H., Liao, C.T., Hsieh, L.L., and Cheng, A.J. (2005). 

Identification of differentially expressed genes in oral squamous cell carci- 

noma (OSCC): overexpression of NPM, CDK1 and NDRG1 and underexpres- 

sion of CHES1. Int. J. Cancer 114, 942–949. 

Clark, K.L., Halay, E.D., Lai, E., and Burley, S.K. (1993). Co-crystal structure of 

the HNF-3/fork head DNA-recognition motif resembles histone H5. Nature 

364, 412–420. 

Dunham, I., Kundaje, A., Aldred, S.F., Collins, P.J., Davis, C., Doyle, F., 

Epstein, C.B., Frietze, S., Harrow, J., Kaul, R., et al.; ENCODE Project 

Consortium (2012). An integrated encyclopedia of DNA elements in the human 

genome. Nature 489, 57–74. 

Emsley, P., and Cowtan, K. (2004). Coot: model-building tools for molecular 

graphics. Acta Crystallogr. D Biol. Crystallogr. 60, 2126–2132. 

Ernst, J., and Kellis, M. (2012). ChromHMM: automating chromatin-state 

discovery and characterization. Nat. Methods 9, 215–216. 

Feng, J., Liu, T., Qin, B., Zhang, Y., and Liu, X.S. (2012). Identifying ChIP-seq 

enrichment using MACS. Nat. Protoc. 7, 1728–1740. 

Garvie, C.W., and Wolberger, C. (2001). Recognition of specific DNA 

sequences. Mol. Cell 8, 937–946. 

Gorda  ̂n, R., Murphy, K.F., McCord, R.P., Zhu, C., Vedenko, A., and Bulyk, M.L. 

(2011). Curated collection of yeast transcription factor DNA binding specificity 

data reveals novel structural and  gene  regulatory  insights. Genome Biol. 

12, R125. 

Harrison, S.C. (1991). A structural taxonomy of DNA-binding domains. Nature 

353, 715–719. 

Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y.C., Laslo, P., Cheng, J.X., 

Murre, C., Singh, H., and Glass, C.K. (2010). Simple combinations of lineage- 

determining transcription factors prime cis-regulatory elements required for 

macrophage and B cell identities. Mol. Cell 38, 576–589. 

Huot, G., Vernier, M., Bourdeau, V., Doucet, L., Saint-Germain, E., Gaumont- 

Leclerc, M.-F., Moro, A., and Ferbeyre, G. (2014). CHES1/FOXN3 regulates 

cell proliferation by repressing PIM2 and protein biosynthesis. Mol. Biol. Cell 

25, 554–565. 

Robinson, J.T., Thorvaldsdo´ ttir, H., Winckler, W., Guttman, M., Lander, E.S., 

Getz, G., and Mesirov, J.P. (2011). Integrative Genomics Viewer. Nat. 

Biotechnol. 29, 24–26. 

Kabsch, W. (2010). XDS. Acta Crystallogr. D Biol. Crystallogr. 66, 125–132. 

Kalodimos, C.G., Bonvin, A.M.J.J., Salinas, R.K., Wechselberger, R., Boelens, 

R., and Kaptein, R. (2002). Plasticity in protein-DNA recognition: lac repressor 

interacts with its natural operator 01 through alternative conformations of its 

DNA-binding domain. EMBO J. 21, 2866–2876. 

Karanth, S., Zinkhan, E.K., Hill, J.T., Yost, H.J., and Schlegel, A. (2016). FOXN3 

regulates hepatic glucose utilization. Cell Rep. 15, 2745–2755. 

Lam, E.W., Brosens, J.J., Gomes, A.R., and Koo, C.Y. (2013). Forkhead box 

proteins: tuning forks for transcriptional harmony. Nat. Rev. Cancer 13, 482–

495. 

Langmead, B., Trapnell, C., Pop, M., and Salzberg, S.L. (2009). Ultrafast and 

memory-efficient alignment of short DNA sequences to the human genome. 

Genome Biol. 10, R25. 

Lavery, R., Moakher, M., Maddocks, J.H., Petkeviciute, D., and Zakrzewska, 

K. (2009). Conformational analysis of nucleic acids revisited: Curves+. 

Nucleic Acids Res. 37, 5917–5929. 

Leung, T.H., Hoffmann, A., and Baltimore, D. (2004). One nucleotide in a 

kappaB site can determine cofactor specificity for NF-kappaB dimers. Cell 

118, 453–464. 

Li, J., Dantas Machado, A.C., Guo, M., Sagendorf, J.M., Zhou, Z., Jiang, L., 

Chen, X., Wu, D., Qu, L., Chen, Z., et al. (2017). Structure of the forkhead 

domain of FOXA2 bound to a complete DNA consensus site. Biochemistry 

56, 3745–3753. 

Littler, D.R., Alvarez-Ferna´ ndez, M., Stein, A., Hibbert, R.G., Heidebrecht, T., 

Aloy, P., Medema, R.H., and Perrakis, A. (2010). Structure of the FoxM1 

DNA-recognition domain bound to a promoter sequence. Nucleic Acids Res. 

38, 4527–4538. 

Mariani, L., Weinand, K., Vedenko, A., Barrera, L.A., and Bulyk, M.L. (2017). 

Identification of human lineage-specific transcriptional coregulators enabled 

by a glossary of binding modules and tunable genomic backgrounds. Cell 

Syst. 5, 187–201.e7. 

Markowski, J., Tyszkiewicz, T., Jarzab, M., Oczko-Wojciechowska, M., 

Gierek, T., Witkowska, M., Paluch, J., Kowalska, M., Wygoda, Z., Lange, D., 

and Jarzab, B. (2009). Metal-proteinase ADAM12, kinesin 14 and checkpoint 

suppressor 1 as new molecular markers of laryngeal carcinoma. Eur. Arch. 

Otorhinolaryngol. 266, 1501–1507. 

Morgunova, E., Yin, Y., Das, P.K., Jolma, A., Zhu, F., Popov, A., Xu, Y., Nilsson, 

L., and Taipale, J. (2018). Two distinct DNA sequences recognized by tran- 

scription factors represent enthalpy and entropy optima. eLife 7, 1–21. 

Nagel, S., Pommerenke, C., Meyer, C., Kaufmann, M., MacLeod, R.A.F., and 

Drexler, H.G. (2017). Identification of a tumor suppressor network in T-cell 

leukemia. Leuk. Lymphoma 58, 2196–2207. 

Nakagawa, S., Gisselbrecht, S.S., Rogers, J.M., Hartl, D.L., and Bulyk, M.L. 

(2013). DNA-binding specificity changes in the evolution of forkhead transcrip- 

tion factors. Proc. Natl. Acad. Sci. USA 110, 12349–12354. 

153 

http://refhub.elsevier.com/S1097-2765(19)30039-5/sref1
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref1
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref1
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref1
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref2
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref2
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref2
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref2
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref3
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref3
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref3
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref3
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref4
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref4
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref4
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref5
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref5
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref5
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref5
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref6
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref6
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref6
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref6
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref6
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref7
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref7
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref7
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref8
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref8
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref8
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref9
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref9
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref9
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref9
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref9
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref10
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref10
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref10
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref11
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref11
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref11
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref11
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref12
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref12
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref13
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref13
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref14
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref14
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref15
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref15
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref16
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref16
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref16
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref16
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref17
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref17
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref18
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref18
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref18
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref18
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref19
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref19
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref19
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref19
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref20
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref20
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref20
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref21
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref22
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref22
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref22
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref22
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref23
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref23
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref24
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref24
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref24
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref24
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref25
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref25
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref25
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref26
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref26
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref26
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref26
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref27
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref27
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref27
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref28
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref28
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref28
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref28
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref29
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref29
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref29
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref29
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref30
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref30
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref30
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref30
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref31
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref31
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref31
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref31
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref31
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref32
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref32
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref32
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref33
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref33
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref33
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref34
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref34
http://refhub.elsevier.com/S1097-2765(19)30039-5/sref34


 

 

 
 

 
Otwinowski, Z., Schevitz, R.W., Zhang, R.G., Lawson, C.L., Joachimiak, A., 

Marmorstein, R.Q., Luisi, B.F., and Sigler, P.B. (1988). Crystal structure of 

trp repressor/operator complex at atomic resolution. Nature 335, 321–329. 

Pati, D., Keller, C., Groudine, M., and Plon, S.E. (1997). Reconstitution of a 

MEC1-independent checkpoint in yeast by expression of a novel human fork 

head cDNA. Mol. Cell. Biol. 17, 3037–3046. 

Pierrou,  S.,  Hellqvist,  M.,  Samuelsson,  L.,  Enerba€ck,  S.,  and  Carlsson,  P. 

(1994). Cloning and characterization of seven human forkhead proteins: bind- 

ing site specificity and DNA bending. EMBO J. 13, 5002–5012. 

Rohs, R., West, S.M., Sosinsky, A., Liu, P., Mann, R.S., and Honig, B. (2009). 

The role of DNA shape in protein-DNA recognition. Nature 461, 1248–1253. 

Sagendorf, J.M., Berman, H.M., and Rohs, R. (2017). DNAproDB: an interac- 

tive tool for structural analysis of DNA-protein complexes.  Nucleic Acids 

Res. 45 (W1), W89–W97. 

Samaan, G., Yugo, D., Rajagopalan, S., Wall, J., Donnell, R., Goldowitz, D., 

Gopalakrishnan, R., and Venkatachalam, S. (2010). Foxn3 is essential for 

craniofacial development in mice and a putative candidate involved  in 

human congenital craniofacial defects. Biochem. Biophys. Res. Commun. 

400, 60–65. 

Schmidt, J., Schuff, M., and Olsson, L. (2011). A role for FoxN3 in the develop- 

ment of cranial cartilages and muscles in Xenopus laevis (Amphibia: Anura: 

Pipidae) with special emphasis on the novel rostral cartilages. J. Anat. 218, 

226–242. 

Schro¨ dinger. (2018). The PyMOL Molecular Graphics System, Version 1.8 

(Schro¨ dinger). 
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STAR+METHODS 
 

KEY RESOURCES TABLE 

 
 

REAGENT or RESOURCE SOURCE IDENTIFIER 
 

Antibodies 

Anti-FoxN3 Abgent AP19255B; RRID: AB_2783721 

Anti-GST Sigma G7781;RRID: AB_259965 

HRP-conjugated goat anti-rabbit Thermo Fisher 31460; RRID: AB_228341 

Alexa488-conjugated anti-GST Thermo Fisher A-11131; RRID: AB_2534137 

Bacterial and Virus Strains 

One Shot® BL21(DE3) Chemically Competent E. coli Thermo Fisher Scientific C600003 

Chemicals, Peptides, and Recombinant Proteins 

DMEM HyClone SH30022.01 

Fetal Bovine Serum GIBCO 10082139 

Formaldehyde Sigma F87750 

Protein G Sepharose beads Sigma P3296 

Salmon Sperm DNA Sigma D9156 

BSA New England Biolabs B9000S 

Recombinant GST Sigma G5663 

Critical Commercial Assays 

QIAquick PCR purification kit QIAGEN 28106 

NEBNext Ultra II DNA Library Prep Kit NEB E7645 

PURExpress in vitro protein synthesis kit NEB E6800S 

8x60K universal protein binding microarray Agilent Technologies AMADID #030236 

Monolith NT.115 Standard Treated Capillaries NanoTemper MO-K002 

Tapestation 2200 D1000 Screen Tape and Reagents Agilent 5067-5582 

5067-5583 

Deposited Data 

FoxA1 ChIP-seq, HepG2 cells Dunham et al., 2012 ENCFF396NXZ, ENCFF988UCQ, ENCFF190EPQ 

FoxN3 ChIP-seq This study GEO, GSE112672 

PBM data This study Uniprobe, http://the_brain.bwh.harvard.edu/ 

uniprobe/, ROG18A 

FoxN3:FKH structure This study PDB 6NCE 

FoxN3:FHL structure This study PDB 6NCM 

Experimental Models: Cell Lines 

Oligonucleotides 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(Continued on next page) 

HepG2 ATCC HB-8065 

 

NEBNext Singleplex Oligos for Illumina Kit NEB E7350 

Crystallization oligo FKH-F TCTTAAGTAAACAATG This paper, IDT N/A 

Crystallization oligo FKH-R ACATTGTTTACTTAAG This paper, IDT N/A 

Crystallization oligo FHL-F TCATGCTAAGACGCTA This paper, IDT N/A 

Crystallization oligo FHL-R ATAGCGTCTTAGCATG This paper, IDT N/A 

MST oligo FKH_affinity_F\56-FAM\TTAAGTAAA 

CAATGAG 

This paper, IDT N/A 

MST oligo FKH_affinity_R CTCATTGTTTACTTAA This paper, IDT N/A 

MST oligo FHL_affinity_F\56-FAM\TGAGGAC 

GCTATTATC 

This paper, IDT N/A 

MST oligo FHL_affinity_R GATAATAGCGTCCTCA This paper, IDT N/A 
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Continued 

REAGENT or RESOURCE SOURCE IDENTIFIER 
 

Recombinant DNA 

pDEST17 Invitrogen 11803012 

pDEST15 Invitrogen 11802014 

pDEST17-FoxN3 This study n/a 

pDEST15-FoxN3 This study n/a 

pDEST15-FoxN2 This study n/a 

pDEST15-FoxJ3 This study n/a 

pDEST15-N3(J3-wing) This study n/a 

pDEST15-N3(J3-6aa) This study n/a 

pDEST15-J3(N3-wing) This study n/a 

pDEST15-J3(N3-6aa) This study n/a 

pDEST15-N3(J3-Nterm) This study n/a 

pDEST15-N3(J3-loop) This study n/a 

pDEST15-J3(N3-6aa+Nterm) This study n/a 

pDEST15-J3(N3-loop) This study n/a 

pDEST15-J3(N3-6aa+loop) This study n/a 

pDEST15-J3(N3-6aa+Nterm+loop) This study n/a 

pDEST15-N2(J3-wing) This study n/a 

pDEST15-J3(N2-wing) This study n/a 

Software and Algorithms 

FastQC v0.11.5  https://www.bioinformatics.babraham.ac.uk/ 

projects/fastqc/ 

Fastx-trimmer v0.0.13  http://hannonlab.cshl.edu/fastx_toolkit/ 

Bowtie v1.1.1 Langmead et al., 2009 http://bowtie-bio.sourceforge.net/index.shtml 

MACS v2.1.1.20160309 Feng et al., 2012; 

Zhang et al., 2008 

https://github.com/taoliu/MACS/wiki 

HOMER v4.9 Heinz et al., 2010 http://homer.ucsd.edu/homer/ 

GENRE Mariani et al., 2017 http://thebrain.bwh.harvard.edu/glossary-GENRE/ 

download.html 

Integrative Genomics Viewer Robinson et al., 2011 http://software.broadinstitute.org/software/igv/ 

ChromHMM Ernst and Kellis, 2012 http://rohsdb.cmb.usc.edu/GBshape/cgi-bin/ 

hgFileUi?db=hg19&g=wgEncodeBroadHmm 

UCSC LiftOver  https://genome-store.ucsc.edu/ 

XDS Kabsch, 2010 http://xds.mpimf-heidelberg.mpg.de 

Phenix Adams et al., 2010 https://www.phenix-online.org/ 

COOT Emsley and Cowtan, 2004 https://www2.mrc-lmb.cam.ac.uk/personal/ 

pemsley/coot/ 

PyMOL The PyMOL Molecular 

Graphics System, 

Schro  ̈dinger, LLC. 

https://pymol.org/2/ 

Curves+ Lavery et al., 2009 https://bisi.ibcp.fr/tools/curves_plus/ 

Universal PBM Analysis Suite Berger and Bulyk, 2009 http://thebrain.bwh.harvard.edu/PBMAnalysisSuite/ 

indexSep2017.html 

MO.Control version 1.6  https://nanotempertech.com/monolith-mo-control- 

software/ 

MO.Affinity Analysis version 2.3  https://nanotempertech.com/monolith/ 

GraphPad Prism 7  https://www.graphpad.com 

(Continued on next page) 
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REAGENT or RESOURCE SOURCE IDENTIFIER 
 

Other 

Monolith NT.115pico NanoTemper 

Technologies 

Biorupter Twin circulating bath sonicator Diagenode UCD-400 

Illumina NextSeq sequencer 

Mono-S 10/100 GL column GE 17516901 

Superdex 75 10/300 GL GE 17517401 

 
 

 

CONTACT FOR REAGENT AND RESOURCE SHARING 

 
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Martha 

L. Bulyk (mlbulyk@genetics.med.harvard.edu). 

 
EXPERIMENT MODEL AND SUBJECT DETAILS 

 
Cell culture 

HepG2 cells were purchased from ATCC (HB-8065). Cells were cultured in DMEM with High Glucose and 4.0 mM L-Glutamine, 

without Sodium Pyruvate (HyClone SH30022.01), and supplemented with 10% heat inactivated fetal bovine serum (GIBCO 

10082139) and 1% penicillin/streptomycin. 

 
Protein Production 

One Shot® BL21(DE3) Chemically Competent E. coli cells were purchased from Thermo Fisher Scientific. 

 
METHOD DETAILS 

 
Preparation of whole cell lysates 

Whole cell lysates were prepared by placing a 15-cm culture dish on ice, aspirating culture media, and washing once in 15 mL cold 

PBS. Two mL of ice cold RIPA buffer (150 mM NaCl, 1% NP-40 substitute, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 

8.0) was then added. Cells were scraped in RIPA buffer and transferred to a cold microcentrifuge tube. The tube was then placed on a 

shaker platform at 100 rpm for 30 minutes at 4○C. After lysis, cell debris was pelleted by spinning at 14,000 rcf. for 20 minutes at 4○C. 

The supernatant was removed, aliquoted into 300 mL aliquots, flash frozen in liquid nitrogen and stored at —80○C. One cOmplete 

ULTRA mini protease-inhibitor tablet was used per 10 mL of buffer (RIPA or PBS). 

 
Western blot 

Anti-FoxN3 antibody (Abgent AP19255B) was first evaluated for specificity via western blot against HepG2 whole cell lysate 

(Figure S1A). Ten to fifteen mL of whole cell lysate was run on a 4%–12% Criterion Bis-Tris acrylamide gel (Bio-Rad 3450125), 

and was blotted with a 1:100 dilution of primary antibody, followed by 1:2,000 dilution of an HRP-conjugated goat anti-rabbit 

secondary (Thermo Fisher #31460). 

 
Cross-linking and harvest of cells for ChIP 

To prepare material for ChIP-seq, cells were grown on 15-cm culture dishes. Two independent passages were maintained simulta- 

neously, harvested independently, and processed in parallel, yielding two biological replicate datasets. Plates were removed from 

the incubator and placed at room temperature. Formaldehyde (Sigma F87750) was added directly to the culture medium to a final 

concentration of 1%. Plates were incubated at room temperature for 10 minutes, with swirling every 2.5 minutes. Crosslinking   

was quenched by adding 2.5 M stock glycine to a final concentration of 0.125 M and plates were swirled to mix. Media was then 

aspirated and cells were washed once in 1X PBS. Eight milliliters of cold lysis buffer (5 mM PIPES pH 8.0, 85 mM KCl, 0.5% NP- 

40 substitute, prepared fresh and filter sterilized) was then added directly to cells on the dish. Cells were then scraped, transferred 

to a 15-cm conical tube, and spun at 2000 rpm for 5 minutes at 4○C. The supernatant was then removed and flash frozen in liquid 

nitrogen at a concentration of 2x107 cells/mL for storage at —80○C. 

Sonication of cross-linked material for ChIP 

A 1-mL aliquot of cells was thawed and gently resuspended before being passed through a 20-gauge needle 20 times. Crude nuclear 

prep was then collected by spinning the lysate at 2000 rpm for 5 minutes at 4○C. The resulting pellet was resuspended in 300 mL RIPA 
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buffer and then processed in a Biorupter Twin circulating bath sonicator for 50 cycles of 30 s on and 30 s off at the high setting in a 4○C 

environmental chamber. Following sonication, samples were spun at 16,000 rcf. for 15 minutes at 4○C and the supernatant was either 

snap frozen and stored at —80○C or used as input for immunoprecipitation. Prior to immunoprecipitation, the total protein concen- 

tration of each sample was measured by Bradford assay, and all sample concentrations were normalized to 1.75 mg/mL with 1X RIPA 

buffer and split into 1-mL aliquots. 

 
Immunoprecipitation 

Sixty mL of Protein G Sepharose beads (Sigma P3296) were used per sample. Beads were washed twice in 1X PBS and resuspended 

in 1X PBS to 60 mL. Thirty mL of washed beads were blocked by adding 9 mL of 0.3 mg/mL salmon sperm DNA and 12 mL 1 mg/mL BSA 

and incubating at 4○C for 1 hour on a rotisserie. The remaining 30 mL was added directly to a 1-mL sonicated cell aliquot and incu- 

bated for 1 hour at 4○C on a rotisserie to pre-clear the lysate. Following clearing, the sample was spun at 2500 rcf. for 1 minute and 

950 mL of supernatant was transferred to a new tube. Ten micrograms of the anti-FoxN3 antibody (Abgent AP19255B) and 30 mL of 

blocked bead slurry was then added and samples were incubated at 4○C overnight with rotation on a rotisserie. A ‘no antibody’ nega- 

tive control sample was also prepared from a paired aliquot by incubating overnight with 30 mL of blocked bead slurry, without addi- 

tion of the primary antibody. Approximately 18 hours later, samples were washed at 4○C by spinning at 2,500 rcf. for 1 minute, adding 

1 mL of the following buffers, incubating for 1 minute, and repeating. Washes began with 2 1X PBS washes, 4 washes with IP wash 

buffer (100 mM Tris pH 7.5, 500 mM LiCl, 1% NP-40 substitute, and 1% sodium deoxycholate), and 1 wash with PBS-RIPA buffer 

(1X PBS, 1% NP-40 substitute, 0.5% sodium deoxycholate, and 0.1% SDS). Immunoprecipitated material was eluted off the beads 

by adding 200 mL elution buffer (70 mM Tris-Cl pH 8.0, 1 mM EDTA, 1.5% SDS), and incubating at 65○C for 10 minutes with vortexing 

every 2 minutes. Samples were then spun at 2500 rcf. for 2 minutes and the supernatants were transferred to fresh tubes. 

 
Reversal of crosslinks 

To each sample (antibody or no antibody), 13 mL of 4 M NaCl (200 mM final) was added, and samples were incubated at 65○C for 

18 hours. Subsequently, 20 mg of Proteinase K was added to each sample and incubated at 45○C for 60 minutes. Five volumes of 

QIAGEN Buffer PB (QIAquick PCR purification kit) was then added to one volume of sample. This material was then processed 

according to the manufacturer’s instructions for the QIAquick PCR purification kit, eluting twice with 30 mL of pre-warmed  

QIAGEN Buffer EB. 

 
Preparation of sequencing libraries and sequencing 

Libraries for sequencing with Illumina high-throughput sequencing chemistry were prepared using the NEBNext Ultra II DNA Library 

Prep Kit (NEB E7645) with adaptors from the NEBNext Singleplex Oligos for Illumina Kit (NEB E7350) according to manufacturer’s 

instructions. A final cycle number of 12 cycles of amplification was required during the PCR step. Libraries were multiplexed at equal 

concentrations based on integration under TapeStation D1000 tape traces and sequenced on an Illumina NextSeq instrument at the 

Bauer Core Facility at Harvard University. 

 
ChIP-seq data processing and analysis 

Read quality was evaluated using FastQC v0.11.5. Reads were trimmed to 36 nt to remove lower quality 30 end base calls using fastx- 

trimmer v0.0.13. Reads were then aligned to hg38 using bowtie v1.1.1 (bowtie -n 2 -m 1) (Langmead et al., 2009). Aligned reads from 

replicate sequencing runs were pooled either within biological replicates or across all replicates. Peaks were then called on pooled 

aligned reads using MACS2 v2.1.1.20160309 (macs2 callpeak -g hs -bw 400) (Feng et al., 2012; Zhang et al., 2008). Following 

peak calls, enriched motifs in the top 2,000 peaks, as ranked by the -log10(q-value) for each peak, were detected using HOMER 

v4.9 (findMotifsGenome.pl -size 50 -len 6,8,10 with hg38) (Heinz et al., 2010). Motif enrichment p values were calculated by the 

HOMER findMotifsGenome.pl script against a binomial null distribution. 

The top 2,000 peaks were partitioned according to the presence of a match to the FoxN3 PBM-derived FKH or FHL motifs using an 

empirically-derived log odds detection threshold in HOMER (annotatePeaks.pl -size 50 or -size 200 with hg38). Composite profiles 

were generated using the HOMER annotatePeaks.pl function (-m -hist 10 -size 2000 with hg38). Plots were produced using R v3.2.4. 

The background dataset used for motif centralization was generated using the GENRE utility, matching on dinucleotide content and 

promoter enrichment (Mariani et al., 2017). Genome browser shots were depicted using Integrative Genomics Viewer (IGV), and chro- 

matin state was analyzed using ChromHMM (Ernst and Kellis, 2012; Robinson et al., 2011). The top 2,000 peaks, annotated for FKH 

and FHL motif occurrence, are provide in Table S1. 

FoxA1 ChIP-seq data from HepG2 cells were downloaded from the ENCODE repository (ENCFF396NXZ and ENCFF988UCQ) with 

corresponding control data (ENCFF190EPQ) (Dunham et al., 2012). Peaks were called using MACS2, as above, and the top 2,000 

peaks as ranked by -log10(q-value) were analyzed for the presence of matches to either the FKH or the FHL motif, as above. 

Composite profiles were generated using the HOMER annotatePeaks.pl function (-m -hist 5 -size 2000 with hg38). 

 
Cloning 

Forkhead DBDs were generated through gene synthesis, flanked by Gateway attB recombination sites (GenScript USA, Inc.; IDT). 

For protein expression, the FoxN3 construct was transferred into the pDEST17 vector, which confers an N-terminal 6xHis tag, using 
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the Gateway cloning system (Invitrogen). The sequence encoding the TEV protease cleavage site (ENLYFQG) was inserted between 

the pDEST17 recombination site and the beginning of the FoxN3 sequence, in order to enable tag cleavage. For use in PBM exper- 

iments, constructs were transferred into pDEST15, which confers an N-terminal Glutathione S-transferase (GST) tag, using the 

Gateway system (Invitrogen). All cloned protein sequences are provided in Table S2. 

 
Protein Purification 

To produce protein for crystallization, BL21(DE3) cells were transformed with pDEST17 containing the FoxN3 DBD, grown at 37○C to 

OD600 of 0.6, and protein production was induced with 0.5 mM IPTG overnight at 16○C. Cells were harvested, resuspended in lysis 

buffer (20 mM Tris HCl pH7.7, 300 mM NaCl, 0.03% Triton X-100, 5 mM beta-mercaptoethanol, and protease inhibitor tablets 

(Roche)), lysed by sonication and clarified. Protein was bound to Ni-NTA beads (QIAGEN), washed in wash buffer (20 mM Tris 

HCl pH 7.7, 300 mM NaCl, 0.03% Triton X-100, 10 mM imidazole, 5 mM 1,4-dithiothreitol  (DTT)), and eluted in elution buffer     

(20 mM Tris HCl pH 7.7, 300 mM NaCl, 250 mM imidazole (500 mM in final elution), 5 mM DTT). The 6xHis tag was removed by 

overnight digestion with Tobacco Etch Virus (TEV) protease at 4○C. The cleaved protein solution was re-bound to Ni-NTA beads 

to capture the cleaved tag, and the flow-through was collected and loaded on to a Mono-S 10/100 GL column (GE) and eluted in 

20 mM Tris HCl pH 7.7, 5 mM DTT with a 0 to 1 M NaCl gradient. Peak fractions were pooled and further purified by size exclusion 

chromatography on a Superdex 75 10/300GL column (GE) in 20 mM Tris HCl pH 7.7, 150 mM NaCl, 2 mM tris(2-carboxyethyl)phos- 

phine (TCEP). The protein was either used fresh, or concentrated to 1 mg/mL and flash frozen in 20% glycerol for later use. 

Protein for PBM experiments was produced through in vitro transcription and translation using the PURExpress in vitro protein syn- 

thesis kit (New England BioLabs), according to the manufacturer’s instructions. Protein quality and concentration was assessed by 

anti-GST western blot with a dilution series of a recombinant GST standard (Sigma G5663). The western blot was performed with 

20 ng/mL anti-GST primary antibody (Sigma G7781) and a 1:2000 dilution of HRP-conjugated goat anti-rabbit secondary antibody 

(Thermo Fisher #31460). 

 
Crystallization and Data Collection 

DNA oligonucleotides (IDT) for crystallization were resuspended to 100 mM in DNA hybridization buffer (10 mM Tris HCl pH 8, 50 mM 

NaCl), and annealed by mixing the forward and reverse sequences at a 1:1 ratio, heating to 95○C for 5 minutes, and slowly cooling to 

room temperature overnight. The DNA sequences are: FKH-F (50-TCTTAAGTAAACAATG-30), FKH-R (50-ACATTGTTTACTTAAG-30), 

FHL-F (50-TCATGCTAAGACGCTA-30), and FHL-R (50 ATAGCGTCTTAGCATG-30). These sequences were selected from among PBM 

probes that were highly bound by bispecific forkhead proteins in our previous study (Nakagawa et al., 2013). 

FoxN3 was mixed with the annealed DNA at a molar ratio of 1:1.2, and the mixture was incubated on ice for 5 min. The complexes 

were concentrated to a final protein concentration of 4 mg/mL for the FKH complex, and 5 mg/mL for the FHL complex. Initial crys- 

tallization tests with the Natrix, Peg-Ion, and Peg-Rx screens (Hampton) were performed using the NT8 liquid handling robot, in sitting 

drop format. Crystals were optimized in hanging drops in 24-well format at room temperature. The FoxN3:FKH crystals formed in 

0.1 M BisTris pH 5.4, 0.2 M MgCl2, 22% PEG 3350. The FoxN3:FHL crystals formed in 0.1 M BisTris pH 5.5, 0.2 M NaCl, 22% 

PEG 3350. 

Crystals were harvested, moved to cryoprotectant solution (for FKH crystal: 0.1 M BisTris pH 5.4, 0.2 M MgCl2, 25% PEG 3350, 5% 

glycerol; for FHL crystal: 0.1 M BisTris pH 5.5, 0.2 M NaCl, 22% PEG 3350, 10% glycerol), and flash frozen with liquid nitrogen. 

Diffraction data was collected at the Advanced Photon Source, beam-line 24-ID-C for the FoxN3-FKH structure, and 24-ID-E for 

the FoxN3-FHL structure (NE-CAT). 

 
Structure Determination 

Diffraction images were indexed using XDS (Kabsch, 2010). Phases were produced by molecular replacement in Phenix (Adams 

et al., 2010). For the FoxN3:FKH structure, the structure of FoxK1a (PDB 2C6Y, chains A,C,D) was used as a search model (Tsai 

et al., 2006). The DNA and protein structures from the FoxN3:FKH structure were used as search models for the FoxN3:FHL structure. 

Model building was done in COOT (Emsley and Cowtan, 2004), and structures were refined with Phenix (Adams et al., 2010) using 

reciprocal space optimization of xyz coordinates, individual atomic B factors, optimization of X-ray/stereochemistry weights and 

optimization of ADP weights for both structures. TLS was used in the refinement of the FoxN3:FKH structure. The crystallographic 

data table (Table 1) was generated using Phenix. Figures were created using PyMOL (Schro  ̈dinger, 2018). 

 
DNA Shape Analysis 

Protein-DNA contacts were identified using the DNAproDB tool (Sagendorf et al., 2017). Superpositions of the FKH and FHL struc- 

tures were performed using the align function in PyMOL, aligning the FoxN3 protein in the two structures. DNA shape parameters 

were determined from the structures using Curves+ (Lavery et al., 2009). For MGW for C14 at the end of the FHL DNA, which Curves+ 

could not compute, the measurement tool in PyMOL was used to determine the distance between the phosphate group of the +2 and 

—20 nucleotides. 5.8 Å  was subtracted from the measurement, for concordance with the Curves+ results. Shape parameters for un- 

bound DNA were predicted using the DNAshape webserver (Zhou et al., 2013). Average shape parameter values were calculated 

over the GTAAAC or GACGC bases for the FKH and FHL motifs, respectively. 
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Protein Binding Microarrays 

PBM assays were carried out essentially as described, using our 8 3 60K ‘‘all 10-mer’’ universal array design (Agilent Technologies, 

AMADID #030236) (Berger and Bulyk, 2009; Berger et al., 2006). Briefly, GST-tagged forkhead DBDs, synthesized by IVT,     

were applied to the double-stranded DNA array, and detected with a fluorescently conjugated anti-GST antibody (Thermo Fisher 

#A-11131). Full experimental conditions (protein concentration and buffers used for each protein) are provided in Table S2. 

Microarray data were quantified as described previously (Berger and Bulyk, 2009; Berger et al., 2006). 

 
MicroScale Thermophoresis 

Fluorescein-labeled oligonucleotides (IDT) were resuspended to 100 mM in DNA hybridization buffer (10 mM Tris HCl pH 8.0, 50 mM 

NaCl), and annealed by mixing the forward and reverse sequences at a 1:1 ratio, heating to 95○C for 5 minutes, and slowly cooling to 

room temperature overnight. Concentrations of the labeled, annealed oligonucleotidess were determined by measuring A280 and 

A495, and using the following formula, with ε260, fluorescein = 20960, ε495, fluorescein = 75000, ε260, FKH = 252,998, and ε260, FHL = 264,337. 
ε260;fluorescein 

A260 — 
ε 

M = 
 

495; fluorescein 

A495 

 

ε260; oligo 

MST reaction buffer was 12mM Tris pH7.5, 200mM KCl, 1mM DTT, 5mM MgCl2, 0.05% Tween-20. A 1:2 dilution series of FoxN3 from 

7.5 mM to 228pM was made in MST reaction buffer, and incubated with 20nM DNA for at least 30 minutes before measuring binding. 

Binding was measured by MicroScale Thermophoresis using the NanoTemper Monolith NT.115pico. MST measurements were 

made at 22○C, at 30% excitation power for the FKH sequence, 50% excitation power for the FHL sequence, and medium MST power 

(40%) for both. 3 dilution series of FoxN3 were performed for each DNA, and each dilution series was read twice by MST, resulting in 

six replicates. 

 
QUANTIFICATION AND STATISTICAL ANALYSIS 

 
Protein Binding Microarray Analysis 

Boxplots were generated by filtering all 8-bp sequences for those that match the indicated sequence (FKH: GTAAACA, FHL: 

GACGC). The PBM E-scores of those 8-mers for each protein were plotted using the boxplot function in R. The negative control 

GST PBM data are from Barrera et al. (Barrera et al., 2016). P-values were computed using the one-sided Mann-Whitney test function 

in R, and were corrected for multiple hypothesis testing using the Bonferroni correction. 

 
MST Affinity Analysis 

Fnorm was calculated from the MST traces, with the ‘cold region’ defined as —1 s to 0 s, and the ‘hot region’ defined as 4 s to 5 s. 

Individual capillary traces were visualized to remove fluorescence outliers outside 20% of the average fluorescence. Data were fit to a 

one-to-one binding model accounting for ligand depletion in Prism to determine Kd: Y = Unbound+ (Bound-Unbound)*((Ro + X + Kd) 

-sqrt((Ro + X + Kd)^2 - 4*Ro*X))/(2*Ro), where Ro = the total fluorescent oligo concentration, fixed at 20nM, X is the protein concen- 

tration, Bound and Unbound are the Maximum and Minimum binding response measurements, and Y is the binding measurement 

(here, Fnorm). For plotting, data were normalized to represent fraction bound: fraction = (unbound-Fnorm)/(unbound-bound). 

 
DATA AND SOFTWARE AVAILABILITY 

 
The accession number for the ChIP data reported in this paper is GEO: GSE112672. The accession number for the PBM data re- 

ported in this paper is UniPROBE: ROG18A, at http://the_brain.bwh.harvard.edu/uniprobe/. The accession number for the crystal 

structures reported in this paper are PDB: 6NCE and 6NCM. 
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Figure S1. Related to Figure 2 
 

 

 

A 

 

 

 

 
FoxN3 ChIP. 

(a) Western blot of HepG2 whole-cell lysate, probed with anti-FoxN3 antibody (Abgent 

#AP19255B). Sizes from a molecular weight standard are indicated on the left side of the film, 

and the predominant band (indicated with the arrow) at ~70 kDa is the expected FoxN3 band. 

FoxN3 ChIP-seq read pile-up at FKH-containing peaks (b), FHL-containing peaks (c), or peaks 

without either motif (d). Composite profile of binding site location at the top 2,000 FOXA1 

ChIP-seq peaks after scanning with either the FKH (e) or FHL (f) motif. LOESS fits of the data 

are displayed in black. Motif centrality analysis of background DNA regions matched for 

dinucleotide content and promoter enrichment, scanned for FKH (g) or FHL (h) motif matches. 
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Figure S2. Related to Figure 3 
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Molecule B in the FHL structure binds a weak match to the FKH motif created by the 

pseudocontinuous DNA helix. 

(a) Two molecules of FoxN3 (chain A, blue, chain B, cyan), in complex with DNA containing 

the FHL motif (green): GACGC. (b) Molecule B is shown in cyan, DNA from the same 

crystallographic unit is in dark green, and the DNA from the next unit is shown in light green. 

The bases comprising the weak match to the FKH sequence, GCTATCA, are annotated. 
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Figure S3. Related to Figure 3 
 

 

 

 

 

 
 

  
 

          

 

 
 

 

 

Observed and Predicted DNA Shape parameters 

Helical twist (a) and roll (b) are shown for both sequences (FKH in red, FHL in blue). DNA 

shape parameters were measured from the crystal structure using Curves+ (Lavery et al., 2009). 

Predicted and measured minor groove width (c,f), helical twist (d,g) and roll (e,h) are shown for 

both sequences. FKH predicted is shown in dark red, FKH measured in red, FHL predicted is in 

dark blue, and FHL measured in blue. DNA shape parameters were measured from the crystal 

structure using Curves+ (Lavery et al., 2009), and DNA shape predictions were made using the 

DNAshape webserver (Zhou et al., 2013). 
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Figure S4. Related to Figure 4 
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Figure S5. Related to Figure 3 

 

 

DNA contacts for both structures. 

All protein-DNA contacts for the FKH (a) and FHL (b) co-crystal structures are shown. (c,d) 

Contacts between wing 1 and the DNA backbone are shown for (ca) the FKH structure (magenta 

protein, yellow DNA) and (d) the FHL structure (blue protein, green DNA). (e,f) Contacts 

between helix 1 at the N-terminal end of the DBD and the protein are shown for (e) the FKH and 

(f) the FHL structure. 
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FoxN3 subdomain swap boxplots. 

(a) Schema of designed chimeric proteins with positions numbered according to the FoxN3 (left) 

and FoxN2 (right) full protein sequences. (b) Position of the substituted sequences are shown on 

the FoxN3 structure. (c) As in Figure 5, PBM E-scores for the FKH (top panel) and FHL (bottom 

panel) sites are shown. 
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Figure S6. Related to Figure 5 
 

 

 

 

H1 H2 H4 H3 S1 wing1 S2 wing2 6aa 
FOXN3 NCKPPYSFSCLIFMAIEDSPTKRLPVKDIYNWILEHFPYFANA -----PTGWKNSVRHNLSLNKCFKKVDKERSQ ---SIGKGSLWCIDPEYR -----------QNLI-----------QALK-KTPYHP 

FOXN2 TSKPPYSFSLLIYMAIEHSPNKCLPVKEIYSWILDHFPYFATA -----PTGWKNSVRHNLSLNKCFQKVERSHGK ---VNGKGSLWCVDPEYK -----------PNLI-----------QALK-KQPFSS 

FOXN1 FPKPIYSYSILIFMALKNSKTGSLPVSEIYNFMTEHFPYFKTA -----PDGWKNSVRHNLSLNKCFEKVENKSGS ---SSRKGCLWALNPAKI ----------DKMQEELQKWKRKDPIAVR K--SMAKP 

FOXN4 YPKPIYSYSCLIAMALKNSKTGSLPVSEIYSFMKEHFPYFKTA -----PDGWKNSVRHNLSLNKCFEKVENKMSG ---SSRKGCLWALNLARI ----------DKMEEEMHKWKRKDLAAIH R--SMANP 

FOXR1 WSRPPLNYFHLIALALRNSSPCGLNVQQIYSFTRKHFPFFRTA -----PEGWKNTVRHNLCFRDSFEKVPVSMQGGASTRPRSCLWKLTEEGH ----------RRFAEEARALASTRLESIQ Q--CMSQP 

FOXR2 WQRPPLNCSHLIALALRNNPHCGLSVQEIYNFTRQHFPFFWTA -----PDGWKSTIHYNLCFLDSFEKVPDSLKDEDNARPRSCLWKLTKEGH ----------RRFWEETRVLAFAQRERIQ E--CMSQP 

FOXM1 SERPPYSYMAMIQFAINSTERKRMTLKDIYTWIEDHFPYFKHI ----AKPGWKNSIRHNLSLHDMFVRETSAN -------GKVSFWTIHPSAN-----------RYLT------LDQVFKPLDPGSPQLP 

FOXA1 HAKPPYSYISLITMAIQQAPSKMLTLSEIYQWIMDLFPYYRQN -----QQRWQNSIRHSLSFNDCFVKVARSPDK ---P-GKGSYWTLHPDS----------- GNMFENGCYLRRQKRFKCE K--QPGAG 

FOXA2 HAKPPYSYISLITMAIQQSPNKMLTLSEIYQWIMDLFPFYRQN -----QQRWQNSIRHSLSFNDCFLKVPRSPDK ---P-GKGSFWTLHPDS----------- GNMFENGCYLRRQKRFKCE K--QLALK 

FOXA3 HAKPPYSYISLITMAIQQAPGKMLTLSEIYQWIMDLFPYYREN -----QQRWQNSIRHSLSFNDCFVKVARSPDK ---P-GKGSYWALHPSS----------- GNMFENGCYLRRQKRFKLE E--KVKKG 

FOXO6 NAWGNLSYADLITKAIESAPDKRLTLSQIYDWMVRYVPYFKDKGDSNSSAGWKNSIRHNLSLHTRFIRVQNEG -----T-GKSSWWMLNPEGGKTGKTPRRRAVSMDNGAKFLRIKGKASKK K--QLQAP 

FX4L4 PAKPPYSYIALITMAILQNPHKRLTLSGICAFISGRFPYYRRK -----FPAWQNSIRHNLSLNDCFVKIPREPGH ---P-GKGNYWSLDPAS----------- QDMFDNGSFLRRRKRFKRH Q--LTPGA 

FOXB2 DQKPPYSYISLTAMAIQHSAEKMLPLSDIYKFIMERFPYYREH -----TQRWQNSLRHNLSFNDCFIKIPRRPDQ ---P-GKGSFWALHPDC----------- GDMFENGSFLRRRKRFKVL R--ADHTH 

FOXI3 MVRPPYSYSALIAMAIQSAPERKLTLSHIYQFVADSFPFYQRS -----KAGWQNSIRHNLSLNDCFKKVPRDEDD ---P-GKGNYWTLDPNC----------- EKMFDNGNFRRKRKRRSEA S--NGSTV 

FX4L6 PAKPPYSYIALITMAILQNPHKRLTLSGICAFISGRFPYYRRK -----FPAWQNSIRHNLSLNDCFVKIPREPGH ---P-GKGNYWSLDPAS----------- QDMFDNGSFLRRRKRFKRH Q--LTPGA 

FOXI2 LVRPPYSYSALIAMAIQSAPLRKLTLSQIYQYVAGNFPFYKRS -----KAGWQNSIRHNLSLNDCFKKVPRDEDD ---P-GKGNYWTLDPNC----------- EKMFDNGNFRRKRKRRAEA S--AAVRS 

FX4L5 PAKPPYSYIALITMAILQNPHKRLTLSGICAFISGRFPYYRRK -----FPAWQNSIRHNLSLNDCFVKIPREPGH ---P-GKGNYWSLDPAS----------- QDMFDNGSFLRRRKRFKRH Q--LTPGA 

FX4L3 PAKPPYSYIALITMAILQNPHKRLTLSGICAFISGRFPYYRRK -----FPAWQNSIRHNLSLNDCFVKIPREPGH ---P-GKGNYWSLDPAS----------- QDMFDNGSFLRRRKRFKRH Q--LTPGA 

FX4L1 PAKPPYSYIALITMAILQSPHKRLTLSGICAFISGRFPYYRRK -----FPAWQNSIRHNLSLNDCFVKIPREPGH ---P-GKGTYWSLDPAS----------- QDMFDNGSFLRRRKRFKRH Q--LTPGA 

FOXQ1 RPKPPYSYIALIAMAIRDSAGGRLTLAEINEYLMGKFPFFRGS -----YTGWRNSVRHNLSLNDCFVKVLRDPSR ---PWGKDNYWMLNPNS ----------- EYTFADGVFRRRRKRLSHR A--PVPAP 

FOXJ3 DGKPPYSYASLITFAINSSPKKKMTLSEIYQWICDNFPYYREA -----GSGWKNSIRHNLSLNKCFLKVPRSKDD ---P-GKGSYWAIDTNP----------- KEDVL----PTRPKKRARSV-ERASTP 

FOXK1 ESKPPFSYAQLIVQAISSAQDRQLTLSGIYAHITKHYPYYRTA -----DKGWQNSIRHNLSLNRYFIKVPRSQEE ---P-GKGSFWRIDPAS----------- EAKLVEQAFRKRRQRGVSC F-RTPFGP 

FOXD3 LVKPPYSYIALITMAILQSPQKKLTLSGICEFISNRFPYYREK -----FPAWQNSIRHNLSLNDCFVKIPREPGN ---P-GKGNYWTLDPQS----------- EDMFDNGSFLRRRKRFKRH Q--QEHLR 

FOXL1 PQKPPYSYIALIAMAIQDAPEQRVTLNGIYQFIMDRFPFYHDN -----RQGWQNSIRHNLSLNDCFVKVPREKGR ---P-GKGSYWTLDPRC----------- LDMFENGNYRRRKRKPKPG P--GAPEA 

FOXB1 DQKPPYSYISLTAMAIQSSPEKMLPLSEIYKFIMDRFPYYREN -----TQRWQNSLRHNLSFNDCFIKIPRRPDQ ---P-GKGSFWALHPSC----------- GDMFENGSFLRRRKRFKVL K--SDHLA 

FOXD2 LVKPPYSYIALITMAILQSPKKRLTLSEICEFISGRFPYYREK -----FPAWQNSIRHNLSLNDCFVKIPREPGN ---P-GKGNYWTLDPES----------- ADMFDNGSFLRRRKRFKRQ P--LPPPH 

FOXS1 PTKPPYSYIALIAMAIQSSPGQRATLSGIYRYIMGRFAFYRHN -----RPGWQNSIRHNLSLNECFVKVPRDDRK ---P-GKGSYWTLDPDC----------- HDMFEHGSFLRRRRRFTRQ T--GAEGT 

FOXP4 DVRPPFTYASLIRQAILETPDRQLTLNEIYNWFTRMFAYFRRN -----TATWKNAVRHNLSLHKCFVRVENV ---------KGAVWTVDERE------------------- YQKRRPPKMTGS--PTLVK 

FOXD4 PAKPPSSYIALITMAILQSPHKRLTLSGICAFISDRFPYYRRK -----FPAWQNSIRHNLSLNDCFVKIPREPGR ---P-GKGNYWSLDPAS----------- QDMFDNGSFLRRRKRFQRH Q--PTPGA 

FOXG1 YEKPPFSYNALIMMAIRQSPEKRLTLNGIYEFIMKNFPYYREN -----KQGWQNSIRHNLSLNKCFVKVPRHYDD ---P-GKGNYWMLDPSS----------- DDVFIGGTTGKLRRRSTTS RAKLAFKR 

FOXF2 PEKPPYSYIALIVMAIQSSPSKRLTLSEIYQFLQARFPFFRGA -----YQGWKNSVRHNLSLNECFIKLPKGLGR ---P-GKGHYWTIDPAS----------- EFMFEEGSFRRRPRGFRRK C--QALKP 

FOXI1 LVRPPYSYSALIAMAIHGAPDKRLTLSQIYQYVADNFPFYNKS -----KAGWQNSIRHNLSLNDCFKKVPRDEDD ---P-GKGNYWTLDPNC----------- EKMFDNGNFRRKRKRKSDV S--SSTAS 

FOXF1 PEKPPYSYIALIVMAIQSSPTKRLTLSEIYQFLQSRFPFFRGS -----YQGWKNSVRHNLSLNECFIKLPKGLGR ---P-GKGHYWTIDPAS----------- EFMFEEGSFRRRPRGFRRK C--QALKP 

FOXC1 MVKPPYSYIALITMAIQNAPDKKITLNGIYQFIMDRFPFYRDN -----KQGWQNSIRHNLSLNECFVKVPRDDKK ---P-GKGSYWTLDPDS----------- YNMFENGSFLRRRRRFKKK D--AVKDK 

FOXP3 NMRPPFTYATLIRWAILEAPEKQRTLNEIYHWFTRMFAFFRNH -----PATWKNAIRHNLSLHKCFVRVESE ---------KGAVWTVDELE------------------- FRKKRSQRPSRC--SNPTP 

FOXO1 NAWGNLSYADLITKAIESSAEKRLTLSQIYEWMVKSVPYFKDKGDSNSSAGWKNSIRHNLSLHSKFIRVQNEG -----T-GKSSWWMLNPEGGKSGKSPRRRAASMDNNSKFAKSRSRAAKK K--ASLQS 

FOXE3 RGKPPYSYIALIAMALAHAPGRRLTLAAIYRFITERFAFYRDS -----PRKWQNSIRHNLTLNDCFVKVPREPGN ---P-GKGNYWTLDPAA----------- ADMFDNGSFLRRRKRFKRA E--LPAHA 

FOXD1 LVKPPYSYIALITMAILQSPKKRLTLSEICEFISGRFPYYREK -----FPAWQNSIRHNLSLNDCFVKIPREPGN ---P-GKGNYWTLDPES----------- ADMFDNGSFLRRRKRFKRQ P--LLPPN 

FOXE1 RGKPPYSYIALIAMAIAHAPERRLTLGGIYKFITERFPFYRDN -----PKKWQNSIRHNLTLNDCFLKIPREAGR ---P-GKGNYWALDPNA----------- EDMFESGSFLRRRKRFKRS D--LSTYP 

FOXJ1 HVKPPYSYATLICMAMQASKATKITLSAIYKWITDNFCYFRHA -----DPTWQNSIRHNLSLNKCFIKVPREKDE ---P-GKGGFWRIDPQY----------- AERLLSGAFKKRRLPPVHI H--PAFAR 

FOXH1 HDKPPYTYLAMIALVIQAAPSRRLKLAQIIRQVQAVFPFFRED -----YEGWKDSIRHNLSSNRCFRKVPKDPAK ---PQAKGNFWAVDVSLIPA -------EALRLQNTALCRRWQNGGAR ---GAFAK 

FOXO3 NAWGNLSYADLITRAIESSPDKRLTLSQIYEWMVRCVPYFKDKGDSNSSAGWKNSIRHNLSLHSRFMRVQNEG -----T-GKSSWWIINPDGGKSGKAPRRRAVSMDNSNKYTKSRGRAAKK K--AALQT 

FOXP1 EVRPPFTYASLIRQAILESPEKQLTLNEIYNWFTRMFAYFRRN -----AATWKNAVRHNLSLHKCFVRVENV ---------KGAVWTVDEVE------------------- FQKRRPQKISGN--PSLIK 

FOXC2 LVKPPYSYIALITMAIQNAPEKKITLNGIYQFIMDRFPFYREN -----KQGWQNSIRHNLSLNECFVKVPRDDKK ---P-GKGSYWTLDPDS----------- YNMFENGSFLRRRRRFKKK D--VSKEK 

FOXO4 NAWGNQSYAELISQAIESAPEKRLTLAQIYEWMVRTVPYFKDKGDSNSSAGWKNSIRHNLSLHSKFIKVHNEA -----T-GKSSWWMLNPEGGKSGKAPRRRAASMDSSSKLLRGRSKAPKK K--PSVLP 

FOXL2 AQKPPYSYVALIAMAIRESAEKRLTLSGIYQYIIAKFPFYEKN -----KKGWQNSIRHNLSLNECFIKVPREGGG ---E-RKGNYWTLDPAC----------- EDMFEKGNYRRRR -RMKRPF--RPPPA 

FOXK2 DSKPPYSYAQLIVQAITMAPDKQLTLNGIYTHITKNYPYYRTA -----DKGWQNSIRHNLSLNRYFIKVPRSQEE ---P-GKGSFWRIDPAS----------- ESKLIEQAFRKRRPRGVPC F-RTPLGP 

FOXP2 DVRPPFTYATLIRQAIMESSDRQLTLNEIYSWFTRTFAYFRRN -----AATWKNAVRHNLSLHKCFVRVENV ---------KGAVWTVDEVE------------------- YQKRRSQKITGS--PTLVK 

FOXJ2 DGKPRYSYATLITYAINSSPAKKMTLSEIYRWICDNFPYYKNA -----GIGWKNSIRHNLSLNKCFRKVPRPRDD ---P-GKGSYWTIDTCP----------- DISRK----RRHPPDDDLSQ-DSPEQ- 

.   :   .: :  * :: *:.::::.* * : : * : 

 

 

 

 

 

Protein sequence alignment of the forkhead DBD. 

The DBD sequences of all human forkhead proteins were collected from UniProt and aligned 

using Clustal. Alpha helices are boxed in blue, beta strands in green, and the two wings of the 

forkhead fold in orange. The 6 a.a. in FoxN3 substituted in Figure 5 are shown in red. 
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