
Effects of linker length and transient secondary structure 
elements in the intrinsically disordered Notch RAM region on 
Notch signaling

Kathryn P Sherry, Scott E Johnson, Christine L Hatem, Ananya Majumdar, and Doug 
Barrick*

T.C. Jenkins Department of Biophysics, The Johns Hopkins University, 3400 North Charles 
Street, Baltimore, Maryland 21218, USA

Abstract

Formation of the bivalent interaction between the Notch intracellular domain (NICD) and the 

transcription factor CSL is a key event in Notch signaling because it switches Notch-responsive 

genes from a repressed state to an activated state. Interaction of the intrinsically disordered RAM 

region of NICD with CSL is thought to both disrupt binding of corepressor proteins to CSL and 

anchor NICD to CSL, promoting interaction of the ankyrin domain of NICD with CSL through an 

effective concentration mechanism. To quantify the role of disorder in the RAM linker region on 

the effective concentration enhancement of Notch transcriptional activation, we measured the 

effects of linker length variation on activation. The resulting activation profile has general features 

of a worm-like chain model for effective concentration. However, deviations from the model for 

short sequence deletions suggest that RAM contains sequence-specific structural elements that 

may be important for activation. Structural characterization of the RAM linker with SV-AUC and 

NMR spectroscopy reveals that the linker is compact and contains three transient helices and two 

extended and dynamic regions. To test if these secondary structure elements are important for 

activation, we made sequence substitutions to change the secondary structure propensities of these 

elements and measured transcriptional activation of the resulting variants. Substitutions to two of 

these nonrandom elements (helix 2, extended region 1) have effects on activation, but these effects 

do not depend on the nature of the substituting residues. Thus, the primary sequences of these 

elements, but not their secondary structures, are influencing signaling.
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INTRODUCTION

The Notch pathway is a conserved signaling pathway in metazoans that is crucial to cell fate 

determination.1, 2 Errors in Notch signaling can lead to developmental disorders,3 adult-

onset diseases4 and cancer.5, 6 The Notch receptor is a single-pass type I transmembrane 

receptor.7 In canonical Notch signaling, association of the extracellular region of the Notch 

receptor with DSL ligands attached to neighboring cells triggers proteolytic cleavage of the 

receptor, releasing the intracellular domain of the Notch receptor (NICD) from the 

membrane (Figure 1).2 Upon release, NICD translocates to the nucleus where it interacts 

with the transcription factor CSL (CBF-1/RBP-J, Su(H), Lag-1) and a coactivator protein 

from the Mastermind family (MAML) to form ternary complexes at the promoters of Notch 

target genes, such as HES and HEY in mammals.2 Ternary complex formation activates 

transcription of Notch target genes by displacing corepressor proteins and by recruiting 

transcription machinery to the target gene promoters.

NICD contains the N-terminal approximately 135-residue intrinsically disordered region 

referred to as RAM (RBP-j associated molecule) that is followed by seven ankyrin repeats, 

nuclear localization sequences and a C-terminal PEST degradation sequence (Figure 1).2 

NICD forms a bivalent interaction with CSL through the RAM and ankyrin (ANK) domains. 

The N-terminus of RAM, centered on the highly conserved ΦWΦP motif, binds with high 

affinity to the beta-trefoil domain (BTD) of CSL.8 ANK binds to the other two domains of 

CSL: the N-terminal domain (NTD) and the C-terminal domain (CTD).8–11 The interaction 
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of ANK with CSL produces a cleft that interacts with the N-terminal helix of MAML to 

stabilize the ANK:CSL interaction.9, 10, 12

Compared to commonly studied intrinsically disordered protein (IDP)-mediated interactions, 

the RAM:CSL interaction is atypical. For some IDPs involved in cell signaling, interaction 

with a binding partner is coupled to the folding of secondary structure elements within the 

IDP.13 In contrast, much of RAM appears to remain disordered when bound to BTD, 

forming a “fuzzy” complex.10, 14 Additionally, the interactions of IDPs with their binding 

partners often have modest affinities, with dissociation constants in the micromolar 

range.15, 16 This allows for short-lived interactions that can easily tune signaling output. In 

contrast, the RAM:CSL interaction has a very high affinity (KD = 22 nM).17 This high 

affinity RAM:CSL interaction may be important for displacing corepressor proteins that 

bind to CSL and suppress transcription.18, 19

Additionally, the bivalent interaction of NICD with CSL may increase the effective 

concentration of ANK near the CTD and NTD of CSL to promote ANK:CSL interaction and 

promote active ternary complex formation.20, 21 A simple worm-like chain (WLC) polymer 

statistics model of the linker between RAM and ANK predicts that when RAM is bound to 

CSL, the effective concentration of ANK at its binding site is maximized when the linker is 

80 to 100 residues in length. This length is approximately equal to the lengths of the linker 

regions of the Notch receptor paralogs.21 This model also predicts that shortening or 

lengthening the linker would decrease transcription activity by disrupting ternary complex 

formation.

To test the effective concentration model for bivalent NICD:CSL interaction, we measured 

transcription activities of NICD variants with sequence insertions and deletions in the RAM 

region. The activation profile is generally consistent with the WLC model of the disordered 

linker; however, it deviates from the model for short internal deletions. These deviations are 

likely due to specific sequence and/or structural elements within the RAM linker. To attempt 

to identify these elements, we used NMR spectroscopy and sedimentation velocity analytical 

ultracentrifugation (SV-AUC) to structurally characterize the isolated RAM region of NICD. 

We found several secondary structure elements in the region where short deletions produce 

variations in transcriptional activation. We tested the importance of these secondary structure 

elements to Notch signaling and find sensitivity to sequence changes in these regions, but 

not to secondary structure changes.

RESULTS

The effects of insertions and deletions in the RAM region on NICD transcriptional 
activation

Covalent connection between the N-terminal RAM binding site and ANK domain via the 

RAM linker has been shown to be important for transcriptional activation and has been 

proposed to increase the effective concentration of ANK near CSL.20–22 For this 

mechanism, linker length should modulate effective concentration. To test the importance of 

linker length in Notch signaling, we measured transcription activities of NICD variants 

containing sequence insertions and deletions in the RAM linker region using a dual-
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luciferase reporter assay in HeLa cells (Figure 2). The inserted and deleted sequences are 

distant from the ΦWΦP motif, so direct contacts between RAM and the BTD of CSL should 

be unaffected. For insertions, the duplicated linker sequence is the segment of the RAM 

linker with the lowest amount of sequence conservation among Notch homologs to minimize 

sequence-specific effects.

The transcription activities of the RAM insertion and deletion series show maximal 

transcriptional activation around the wild-type linker length. Activation decreases for both 

large increases and decreases in linker length. The decrease in activation is gradual as linker 

length increases, but is quite sharp as linker length decreases. Thus, activation is more 

tolerant of sequence insertions than deletions. The residual levels of activation (~10% of 

wild-type) obtained after removal of 81 or more residues may result from binding of the 

RAM and ANK domains of two separate NICD molecules to CSL (Figure S1).

This transcriptional activation profile is generally consistent with the effective concentration 

profile calculated from a WLC model proposed by Bertagna et. al.21 The maximum effective 

concentration for the WLC, using persistence and residue lengths of 4 and 3.8 Å 

respectively, is obtained around the wild-type linker length. Effective concentration for the 

WLC decreases broadly and sharply at shorter and longer lengths, respectively. Despite this 

overall agreement, there are significant discrepancies between the activation and effective 

concentration profiles for short deletions. Decreasing the 111-residue wild-type linker by 13 

residues decreases transcriptional activation to 70% of the wild-type level. Activation 

remains below that of wild-type upon further deletions of 7 and 15 residues (91- and 83-

residue linkers). Further deletions of 11 and 30 residues (72- and 53-residue linkers) restore 

transcriptional activation to that of wild-type. This variation would not be predicted from a 

simple statistical polymer model. Instead, this variation is likely the result of removing 

sequence-specific structural elements within the linker region that affect the dimensions of 

the RAM structural ensemble. Changes to the RAM structural ensemble from disrupting 

local structural elements may affect its ability to position the ANK near its binding site on 

CSL and thus decrease ternary complex formation and transcriptional activation. It is also 

possible that the sequence-specific elements in the linker interact directly with CSL and 

influence activation; however, interaction between the RAM linker and CSL has not been 

observed in crystallographic studies of the ternary complex.10

The intrinsically disordered RAM region contains three transient α-helices and two 
extended and dynamic regions

To identify sequence and structure elements within the RAM region of NICD that may be 

important for Notch transcriptional activation, we used NMR spectroscopy to resolve local 

structural and dynamic features of the isolated RAM region of the Notch receptor. 

The 15N-1H HSQC spectrum of the 133-residue RAM polypeptide shows narrow chemical 

shift dispersion in the 1H dimension, which is typical of disordered proteins (Figure 

3a).23, 24 However, most peaks appear to be adequately resolved at 800 MHz for assignment 

by triple resonance methods. Using standard triple resonance experiments, we assigned 86% 

(100 residues) of the RAM non-proline backbone resonances. Repeating sequence motifs 

prevented assignment of the resonances for the first ten residues.
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To detect the residues of RAM that interact with CSL, we measured 15N-1H spectra of 15N 

RAM with and without a molar excess of CSL (Figure 3b). For the most part, chemical shift 

changes are restricted to the ΦWΦP region. Only one residue within the RAM linker (T66) 

shifts upon CSL binding. Therefore, the RAM:CSL interaction is localized to the RAM N-

terminus and, with the possible exception of T66, does not involve highly specific 

interactions between CSL and the residues in the RAM linker. This observation is consistent 

with crystallographic studies of the NICD:CSL complex.10

In addition, the resonances of RAM are uniformly broader in the presence of CSL. If RAM 

was fully disordered and bound to CSL solely through the ΦWΦP region, then broadening 

would be most pronounced for resonances near the ΦWΦP region. Uniform broadening 

demonstrates that the linker resonances are affected by the increased molecular weight of the 

CSL complex. This is consistent with our observations that RAM is compact and has regions 

of structural bias in the unbound state.

To identify regions of secondary structure bias within RAM that may be important for 

transcriptional activation, we determined secondary Cα chemical shifts, 15N-1H amide 

residual dipolar couplings (RDC), and 1H-15N NOEs. These three quantities are commonly 

used to identify secondary structure bias in IDPs.23,24 Secondary Cα chemical shift values 

provide information on secondary structure due to differences in local bonding architecture 

for α-helical and β-strand structures. 15N-1H Amide RDC values report on secondary 

structure due to local alignment of the 15N-1H spin vector with the magnetic field.25 We 

used several different methods to analyze secondary chemical shifts. Although there are 

minor variations among the different prediction methods, the same general trends are 

observed (Figure 4a, S2). Most of the RAM secondary Cα chemical shifts are close to zero 

and most of the 15N-1H RDC values are slightly negative, consistent with RAM being 

largely devoid of secondary structure.25 However, there are three regions of RAM that 

contain uniformly positive Cα secondary chemical shift and 15N-1H RDC values (identified 

as H1, H2 and H3, Figure 4). These values indicate bias toward α-helical structure.25, 26 

Two additional regions of RAM (identified as E1 and E2, Figure 4) have continuously 

negative Cα secondary chemical shift and 15N-1H RDC values. These values indicate bias 

toward extended conformations. Interestingly, some of E2 becomes α-helical upon 

interaction of NICD with CSL.10

To highlight the regions of secondary structural bias, the RAM 15N-1H RDC values can be 

compared to calculated random coil RDC values generated by the program Flexible-

Meccano.27 Flexible-Meccano models an excluded volume random coil structural ensemble 

for a given polypeptide sequence and calculates average residual dipolar coupling values 

from this ensemble. The random coil RDC values that Flexible-Meccano calculates for 

RAM are generally similar to the experimental RDC values over much of the RAM region 

(Figure 4b). However, there are significant deviations in the regions with α-helical bias, 

emphasizing that these sequences have non-random structures.

To characterize the dynamic properties of RAM, we measured 1H-15N NOE intensities. For 

backbone amide 1H-15N pairs, NOE intensities are sensitive to the local reorientational 

dynamics of a specific peptide unit in the picosecond to nanosecond timescale.28 Ordered 
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residues have higher NOE intensity ratios than dynamic residues. In general, the 

RAM 1H-15N NOE ratios are higher than the values typical for disordered regions, which 

tend to be negative (Figure 4c).29,30 This suggests that RAM is overall less dynamic than a 

typical IDP and may also explain the uniform resonance broadening of RAM upon 

interaction with CSL. Within the RAM sequence, the transiently helical regions have 

relatively high NOE values. This indicates that the helical regions are relatively rigid on the 

picosecond to nanosecond timescale. The two extended regions have the lowest 1H-15N 

NOE values observed for RAM, showing that these regions are the most dynamic on this 

timescale.

Sequence substitutions to regions of RAM with transient secondary structure have a 
modest effect on transcription activity

To test the importance of the RAM secondary structure elements on Notch transcriptional 

activation, we substituted these regions with sequences designed to alter secondary structure 

composition. We made block sequence substitutions with either alanine residues (to increase 

helicity), glycine residues (to disrupt helicity), or proline residues (to decrease flexibility and 

disrupt helicity, Figure 5a).31, 32 Region E2 was not substituted because it is close to ANK 

and substitutions may directly affect the interaction between NICD and CSL. All of the 

resulting NICD variants were tested for their ability to activate transcription through CSL.

Overall, the transcription activities of these RAM secondary structure variants are similar to 

wild-type levels (Figure 5b). Substitutions to regions H1 and H3 result in transcription 

activities that are within error of wild-type levels. Therefore, these regions do not affect 

activation, even though the resonance for T66, which is in H1, shifts in the 15N-1H HSQC 

spectrum of 15N RAM bound to CSL. Substitutions to region H2 result in a ~30% decrease 

in transcription activation. NICD variants with substitutions to region E1 exhibit a ~30% 

increase in transcription activation. Importantly, these changes are independent of the 

sequences of the substitutions. Therefore, the sequences but not the secondary structure 

biases of these two regions appear to modulate signaling.

The effects of these sequence substitutions on transcription activity are consistent with the 

effects of sequence deletion. Deletion of the H2 region in the 98(−13) RAM linker decreases 

activation, as does sequence substitutions to H2. Activation is restored when the E1 region is 

deleted in the 72(−39) linker; likewise, sequence substitution of E1 increases transcriptional 

activation. These observations suggest that there are positive and negative control regions 

within the RAM linker.

The RAM structural ensemble is compact due to electrostatic interactions

The above studies demonstrate that specific sequence elements that are distant from the CSL 

binding site affect transcriptional activation, but they do not conform to a simple secondary 

structure code. To examine higher order structural properties that may mediate these 

sequence-specific effects, we explored the hydrodynamic properties of RAM using 

sedimentation velocity analytical ultracentrifugation (SV-AUC, Figure S3). In addition to 

detecting possible oligomerization, SV-AUC reports on shape and compaction, which are 

sensitive to intra-chain contact and electrostatic interactions. Sedimentation coefficients of 
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RAM were determined by direct boundary fitting of SV-AUC data to a single-species model 

with SEDANAL.33 Sedimentation coefficients were used to calculate the hydrodynamic 

radii (RH) of RAM using the Svedberg equation combined with Stokes’ Law (Figure 6, 

Table S1).

The RH values for RAM are larger than expected for a folded protein, which is consistent 

with RAM being largely disordered (Figure 6). However, the RH value for RAM increases 

significantly with salt concentration. This suggests that stabilizing electrostatic interactions 

lead to compact configurations at low salt concentrations. At 150 mM NaCl, RAM is 

significantly more compact than expected for an intrinsically disordered protein of the same 

molecular weight.

DISCUSSION

Many IDPs, like the RAM region of NICD, bind target proteins to modulate cell signaling 

pathways. The RAM:CSL interaction is a key component of Notch ternary complex 

formation that leads to activation of downstream genes. Here we test various mechanisms by 

which the RAM linker may modulate Notch signaling, ranging from polymer statistical 

effects to local sequence effects. By combining structural insights at local (NMR) and global 

(SV-AUC) levels with functional studies in mammalian cells, we find that the RAM linker 

has a significant amount of non-random structure and that some of these structured regions 

contribute to signaling activity.

Both polymer statistics and local sequence effects in RAM influence Notch signaling

The overall agreement between transcriptional activation from our linker deletion and 

insertion series and the effective concentration estimates from the WLC model of Notch 

transcriptional activation (Figure 2) supports the idea that the RAM linker promotes 

interaction by optimizing effective concentration. However, we also see sharp changes in 

activation resulting from short deletions of linker length. The effective concentration model 

predicts minimal effects for the deletion of short, random coil sequences because the ability 

of the linker to position ANK near its CSL binding site should not be significantly altered. 

Rather, this sharp decrease in activation is likely due to the removal of sequence-specific 

elements within the linker region that impact NICD:CSL interaction. It is also possible that 

the insertions and deletions influence transcriptional activation because they affect NICD 

nuclear transport and/or post-translational modifications.

These sequence-specific effects may come from the influence of these segments on the 

dimensions of the RAM structural ensemble rather than from specific interactions between 

these segments and CSL. The 15N-1H HSQC spectrum of 15N RAM bound to CSL (Figure 

3b) and crystallographic studies by Wilson and Kovall10 show that RAM does not 

specifically interact with CSL outside of the well-characterized N-terminal ΦWΦP binding 

site. Instead of disrupting interactions between RAM and CSL, removing sequence-specific 

elements within the linker may cause the chain to expand, resulting in decreased effective 

concentration and reduced activation. Deleting additional linker residues may restore wild-

type levels of activation by significantly reducing the contour length, so that ANK is tethered 

closer to its CSL binding site.
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The sequence-specific structural elements within the RAM linker region identified by 

solution NMR spectroscopy overlap the short deletions that modulate Notch transcriptional 

activation. Our block-substitution studies of these structural elements show that while some 

of these elements (E1 and H2) do contribute to signaling, these perturbations are 

independent of changes in secondary structure propensity. This demonstrates that there is not 

a secondary structure code for activation within the RAM linker.

This behavior differs from several systems where IDP function is affected by stabilization of 

transient α-helices within the IDP. For the Sgs1:Top3/Rmi1 and p53:mdm2 systems, 

Daughdrill and coworkers showed that enhancing or disrupting residual helicity 

correspondingly changes the binding affinities of the IDPs for their partners and alters 

functional effects in vivo.30, 34 For the PUMA:MCL-1 system, Rogers and Clarke showed 

that disrupting residual helicity in PUMA decreases its binding affinity for MCL-1.35

Our observation that sequence changes in RAM secondary structure regions affect Notch 

transcriptional activation is similar to observations from studies of the p27:cyclin A-Cdk2 

system by Bienkiewicz et. al.36 and Otieno and Kriwacki.37 These studies showed that either 

enhancing or disrupting residual helicity in p27 decreases its ability to inhibit cyclin A-cdk2 

kinase activity. The two studies described conflicting results of enhancing helicity in p27 on 

binding affinity, but both showed that disrupting helicity in p27 decreases its binding affinity 

for cyclin A/cdk2.

In these examples, helical propensity within the IDP affects binding affinity and function 

because the transient α-helices are directly involved in protein-protein interactions and 

become fully helical when bound to their partners. For Notch signaling, transcriptional 

activation is affected by bias toward both helical and extended structures within RAM that 

are distant in sequence from the CSL binding site. In addition, these regions do not appear to 

undergo structural changes upon interaction of RAM and CSL because we find almost no 

chemical shift changes for the linker region in the 15N-1H HSQC spectrum of 15N RAM 

bound to CSL (Figure 3b). Because the regions of RAM with structural bias do not 

specifically interact with CSL or seem to change their structures upon RAM:CSL binding, 

they may affect NICD:CSL interaction by influencing the overall structure of the disordered 

polypeptide.

RAM compaction may be important to Notch signaling

To gain insight into other structural properties of RAM that may be important for Notch 

transcriptional activation, we characterized RAM compaction and electrostatic interactions 

using SV-AUC. We found that RAM is significantly more compact than a typical IDP of its 

molecular weight. The high salt dependence of RH from 50–500 mM NaCl suggests that 

compact conformations are stabilized by favorable electrostatic interactions and that these 

are partially screened at higher concentrations of salt. RAM has a large number of charged 

residues (35% D, E, K, R). All-atom simulations and experiments have shown that the 

compaction of IDPs is strongly influenced by the patterning of these charged 

residues.38, 39, 40 By manipulating charge patterning, we should be able to test the 

relationship between sequence, global structure, and transcriptional activation. Local 

structural features, such as secondary structure elements, may also affect the compaction of 
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RAM. RAM compaction may be important for transcriptional activation because it may 

influence the ability of RAM to enhance ANK binding through the effective concentration 

mechanism.

MATERIALS AND METHODS

Expression and purification of unlabeled, 15N-, and 15N, 13C-RAM

The RAM polypeptide used in these experiments spans residues 1758 to 1890 from human 

Notch1. The polypeptide has an extra Met residue on the N-terminus and Leu and Glu 

residues on the C-terminus resulting from the cloning procedure used to insert the gene 

fragment into a modified pET vector. RAM was expressed in BL21(DE3*) Escherichia coli 
cells. Unlabeled and 15N-RAM were grown in auto-induction media supplemented with 0.05 

g/L kanamycin sulfate and 15NH4Cl when appropriate.41 15N, 13C-RAM was grown in M9 

minimal media supplemented with 15NH4Cl, 0.05 g/L kanamycin sulfate, 2 mM MgSO4, 

100 μM CaCl2, and 2.0 g/L 13C D(+)glucose.42 All cultures were grown at 37 °C to an 

OD600 of 0.6. For M9 cultures, isopropyl-beta-D-thiogalactopyranoside (IPTG) was added 

to a final concentration of 1 mM. Protein expression was induced overnight after lowering 

the growth temperature to 20 °C for all cultures. Bacteria were collected by centrifugation 

and were stored at −80 °C.

Cell pellets were resuspended in 50 mL water and 5 cOmplete mini EDTA-free protease 

inhibitor tablets (Roche) per liter of culture. Resuspended cells were lysed by boiling in a 

water bath for 20 min with occasional stirring. Cooled cell lysates were clarified by 

centrifugation. Lysis supernatants were diluted 1:1 with 50 mM sodium phosphate pH 7.0 

and 2 mM β-mercaptoethanol.

RAM was purified from the diluted lysis supernatant by applying it to a bench-top column 

with Q Sepharose™ anion exchange resin (Sigma) equilibrated with 25 mM sodium 

phosphate pH 7.0, 100 mM NaCl, 0.1 mM TCEP. The protein-bound column was washed 

with 5 column volumes (CV) of equilibration buffer. RAM was eluted with 3 CV of 25 mM 

sodium phosphate pH 7.0, 300 mM NaCl, 0.1 mM TCEP. The eluate was concentrated to a 

volume of 5 mL and exchanged into buffer containing 25 mM sodium phosphate pH 7.0, 

150 mM NaCl, 1 mM β-mercaptoethanol. The concentrated elution was further purified by 

chromatography on a HiPrep™ 26/60 Sephacryl™ S-100 size-exclusion column (GE 

Healthcare Life Sciences) using an Äkta FPLC (GE Healthcare Life Sciences).

Expression and purification of CSL

The CSL construct spans residues 25 to 449 of human CSL isoform 1 and was inserted into 

the pMAL-c2x vector modified with a His12 tag on the N-terminus of MBP and a tobacco 

etch virus (TEV) protease recognition site between MBP and CSL. MBP-CSL fusion protein 

was expressed in BL21(DE3*) E. coli cells grown in LB media to an O.D. of 0.6 to 0.8. 

Expression was induced O/N at 20 °C with the addition of 0.8 mM IPTG. Bacteria were 

collected by centrifugation and lysed by homogenization after resuspension in 25 mM Tris-

HCl pH 8.0, 50 mM NaCl, 0.5 mM TCEP. Cell lysates were clarified by centrifugation. 

Lysis supernatant was treated with DNase I and Benzonase (Sigma) for 1 hr at room 
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temperature. MBP-CSL was purified from the treated lysate by applying it to a bench-top 

column with Ni-NTA agarose resin equilibrated in 25 mM Tris-HCl pH 8.0, 500 mM NaCl, 

0.5 mM TCEP. The protein-bound column was washed with 5 CV of equilibration buffer 

with 100 mM imidazole. MBP-CSL was eluted with 3 CV of equilibration buffer with 750 

mM imidazole. The eluate was dialyzed O/N with His6-tagged TEV protease into cation 

exchange buffer A (25 mM sodium phosphate pH 7.0, 100 mM NaCl, and 0.5 mM TCEP).

CSL was purified from the dialysate by applying it to a bench-top with Ni-NTA agarose 

resin equilibrated cation exchange buffer A. The column was washed with 5 CV cation 

exchange buffer A with 100 mM imidazole. The column flow-through and wash were 

collected and applied to a HiTrap™ SP HP cation exchange column (GE Healthcare Life 

Sciences) equilibrated with cation exchange buffer A. CSL was eluted with a linear NaCl 

gradient (0.1 mM to 1 M).

Cell culture

The NICD construct used in these experiments spans residues 1758–2555 of human Notch1 

in a pcDNA3.1(+) vector. The NICD internal deletion constructs were generated by 

removing the RAM region from the NICD vector and inserting PCR products with the 

desired sequences. These constructs have the following boundaries: wild-type NICD (1758–

2555), NICD−13 (1758–1839, 1853–2555), NICD−20 (1758–1832, 1853–2555), NICD−28 

(1758–1824, 1853–2555), NICD−39 (1758–1813, 1853–2555), NICD−58 (1758–1794, 1853–

2555), NICD−68 (1758–1784, 1853–2555), NICD−81 (1758–1771, 185–2555), NICD−101 

(1758–1772, 1874–2555), and NICD−RAM (1853–2555). NICD internal duplication 

constructs were generated by duplicating and triplicating residues 1794–1843 to generate the 

+49 and +98 linker. Deletion constructs contain point substitutions at deletion boundaries. 

NICD secondary structure sequence substitutions were produced by substituting residues 

1822–1825 (H1), 1829–1838 (E1), 1842–1848 (H2) and 1854–1859 (H3) with alanine, 

glycine, or proline residues through QuikChange mutagenesis (Agilent) or synthetic gene 

fragments.

HeLa cells were maintained in Dulbecco’s Modified Eagle Medium with 10% (v/v) fetal 

bovine serum and 1% (v/v) penicillin/streptomycin at 37 °C. Cells were seeded 24 hours 

prior to transfection in 24 well-plates at a density of 2×105 cells per well. For insertion and 

deletion experiments, cells were transfected with 225 ng TP1-luc reporter plasmid (firefly 

luciferase under the control of a 10x CSL binding site promoter), 75 ng Renilla transfection 

control plasmid (Promega), 60 ng NICD-expressing plasmid, and 140 ng empty 

pcDNA3.1(+) vector. For secondary structure sequence substitution experiments, cells were 

transfected with 225 ng TP1-luc reporter plasmid, 75 ng Renilla transfection control 

plasmid, and 100 ng NICD-expressing plasmid. An empty plasmid was used as a negative 

control for all experiments. Transfections were performed using Lipofectamine LTX (Life 

Technologies) according to the manufacturer’s instructions. Cells were harvested 40–44 hrs 

after transfection by lysing in Passive Lysis Buffer and were assayed using the Dual-

luciferase Reagent on a GloMax Multi microplate luminometer following the manufacturer’s 

directions (Promega). For each transfection, luciferase activities were measured in 

quadruplicate. For each construct, transfections were repeated at least three times. The 
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reported activities are relative to wild-type NICD and are reported as the mean ± standard 

error of the mean. For block sequence substitutions, Student’s t-test was used to compare 

mean values with NICD and one-way ANOVA was applied with a significance value of p < 

0.001.

NMR spectroscopy

Double- (15N-1H HSQC) and triple-resonance spectra (HNCACB, HNCO, HN(CA)CO, 

HN(CA)N, HN(COCA)N, 15N-edited HMQC-NOESY-HSQC) for backbone assignments 

were collected on samples of uniformly 15N- or 15N, 13C-labeled RAM at concentrations of 

1–2 mM in 25 mM sodium phosphate pH 6.5, 50 mM NaCl, 0.1 mM TCEP, 1 mM EDTA, 

5% D2O. All spectra were collected at 20 °C on a Varian Inova 800 MHz spectrometer 

equipped with a cryoprobe. Data were processed with NMRpipe43 and resonance 

assignments were made with the aid of CARA.44 Resonance assignments are deposited in 

the BMRB (accession number 11593).

15N-1H RDC values were determined by recording two sets of IPAP spectra in liquid 

crystalline alignment media45 and isotropic solution. RDC values that differ by more than 

1.1 Hz between the two experiments are not reported. Predicted random coil 15N-1H RDC 

values were calculated in Flexible-Meccano v1.1 from 133,000 conformers of the RAM 

sequence.27

1H-15N Heteronuclear NOE values were determined as the ratios of the intensities of 

resonances in the presence and absence of proton saturation.28 The reported ratios are an 

average of two experiments. Ratios that differ by more than 0.1 between the two 

experiments are not reported.

Sedimentation Velocity Analytical Ultracentrifugation

RAM was dialyzed extensively in 25 mM sodium phosphate pH 7.0, 50–500 mM NaCl, 0.1 

mM TCEP, 1 mM EDTA. Dialyzed RAM was diluted with dialysis buffer to 100 μM. This 

sample was serially diluted with dialysis buffer to produce additional samples with 75 μM, 

50 μM and 25 μM RAM. The four samples and dialysis buffer references were loaded into 

AUC cells containing SedVel60K 1.2 cm meniscus-matching centerpieces (SpinAnalytical) 

and sapphire windows. The rotor containing the AUC cells was spun at 50,000 rpm to match 

the sample and reference menisci and to adjust the interference optics settings of the 

Beckman XL-I centrifuge. The rotor was removed to mix the samples and was returned to 

the centrifuge to equilibrate to 20 °C for at least 1.5 hr. Sedimentation velocity experiments 

were run at 50,000 rpm collecting interference scans every 30 s for 8 hr.

Sedimentation g(s*) distributions were generated in SEDANAL33 from a set of scans 

captured immediately after the sedimentation boundary had cleared the meniscus. 

Boundaries captured later in the experiment were very broad due to diffusion. The selected 

scans were used for direct boundary fitting with the Lamm equation in SEDANAL to 

determine the sedimentation coefficient and protein concentrations. The RAM molecular 

weight and partial specific volume were calculated from the RAM sequence in 

SEDNTERP46 and were held constant in the fits, along with the refractive index increment. 

The Δc/Δt curves for all four protein concentrations were fit simultaneously.
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Fitted sedimentation coefficients were converted to hydrodynamic radii (RH) values by 

substituting Stoke’s law into the Svedberg equation47 to obtain the following equation:

RH values can be calculated by substituting the measured sedimentation coefficients (s), 

molecular weight (M), partial specific volume , solution density (ρ), Avogadro’s number 

(NA), and solution viscosity (η). The RAM molecular weight and partial specific volume 

along with solvent densities and viscosities were determined in SEDNTERP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• The disordered RAM region of NICD interacts with CSL during Notch 

activation

• RAM linker length variation shows features consistent with chain statistics

• Additional sequence elements in RAM have specific effects on Notch 

activation

• RAM transient secondary structure has modest effects on Notch activation

• IDP structural elements distant from interaction sites can affect IDP function
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Figure 1. Schematic of Notch signaling
NICD (containing RAM, ANK, NLS, and PEST regions) enters the nucleus after it is 

cleaved from the Notch receptor upon receptor activation. The RAM region and ANK 

domain of NICD bind to CSL at the promoter region of Notch target genes. Binding of 

NICD to CSL disrupts binding of co-repressor (CoR) proteins and promotes binding of the 

co-activator protein MAML.
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Figure 2. Transcription activities of RAM linker sequence deletions and duplications
(a) Schematic of NICD and constructs with sequence deletions and duplications in the RAM 

region. Each construct is labeled with the length, in residues, of the RAM linker region and 

the number of residues deleted or inserted (in parentheses). The duplicated sequence (black 

arrow) was replicated once (+49) or twice (+98) (gray arrows). (b) NICD-mediated 

transcriptional activation (black) and effective concentration (gray) of constructs with 

different RAM linker lengths. Effective concentrations were calculated from the worm-like 

chain model.21

Sherry et al. Page 18

J Mol Biol. Author manuscript; available in PMC 2017 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 15N-1H HSQC spectra of uniformly labeled 15N RAM
(a) Spectrum of 15N RAM at 800 MHz. Most resonances are reasonably well dispersed for 

an IDP, facilitating assignment with standard triple resonance experiments. (b) Overlay 

of 15N RAM spectra with (red) and without (black) a 1.4:1 molar excess of CSL at 600 

MHz. Resonances that move upon RAM:CSL binding are labeled and correspond to 

residues at the RAM N-terminus. Unassigned resonances that move are labeled with an 

asterisk. Conditions: 25 mM sodium phosphate pH 6.5, 50 mM sodium chloride, 0.1 mM 

TCEP, and 1 mM EDTA at 20 °C.
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Figure 4. Local structural features of RAM determined by NMR spectroscopy
(a) Cα Chemical shift deviations from random coil values.26 (b) 15N-1H Amide residual 

dipolar coupling values (black circles), and values predicted by Flexible-Meccano27 (gray). 

(c) 1H-15N Heteronuclear NOE values. Based on these three parameters, we identify three 

transiently helical segments H1-H3 (blue, green and purple), and two extended and dynamic 

segments E1 and E2 (green and orange). The first twelve and last five residues of RAM are 

not shown because of missing assignments.
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Figure 5. Transcription activities of block sequence substitutions in regions of RAM containing 
residual secondary structure
(a) RAM sequence with block substitution boundaries. Each RAM variant contains one 

helical or extended region substituted with alanine, glycine, or proline residues. (b) 

Transcriptional activation of RAM sequence substitutions in NICD. Substitutions in the E1 

and H2 regions change transcriptional activation, but this change does not depend on 

secondary structure type. Error bars show the standard error of the mean and statistical 

significance compared to NICD is labeled as ***P < 0.001, **P < 0.01, and *P < 0.05.
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Figure 6. Hydrodynamic radii (RH) of RAM determined by SV-AUC at various concentrations of 
NaCl
The solid line is a linear fit to the data. The dashed lines are RH values calculated from 

scaling relationships for folded and unfolded proteins48 and for intrinsically disordered 

proteins39 of the same molecular weight as RAM at physiological salt concentration.
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