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Abbreviations: SOCS, suppressor of cytokine signaling; JAK, Janus kinase; STAT, signal 

transducer and activator of transcription; EGF, epidermal growth factor; JIR, JAK interacting 

region; NMR, nuclear magnetic resonance; mSOCS5175-244, N-terminal conserved region in 

mouse SOCS5; SH2, Src-homology 2; miR, microRNA; SPR, surface plasmon resonance; TEV, 

tobacco etch virus; IDP, intrinsically disordered protein; HSQC, heteronuclear single quantum 

coherence; NOE, nuclear overhauser effect; TCEP, tris(2-carboxyethyl)phosphine; RMSD, root-

mean-square deviation 
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Abstract 

SOCS5 can negatively regulate both JAK/STAT and EGF-receptor pathways and has therefore 

been implicated in regulating both the immune response and tumorigenesis. Understanding the 

molecular basis for SOCS5 activity may reveal novel ways to target key components of these 

signaling pathways. The N-terminal region of SOCS5 coordinates critical protein interactions 

involved in inhibition of JAK/STAT signaling, and a conserved region within the N-terminus of 

SOCS5 mediates direct binding to the JAK kinase domain. Here we have characterized the 

solution conformation of this conserved JAK interaction region (JIR) within the largely 

disordered N-terminus of SOCS5. Using nuclear magnetic resonance (NMR) chemical shift 

analysis, relaxation measurements and NOE analysis, we demonstrate the presence of pre- 

formed structural elements in the JIR of mouse SOCS5 (mSOCS5175-244). The pre-formed 

structure consists of an α-helix encompassing residues 224–233, which is preceded by a turn and 

an extended structure. We have identified a phosphorylation site (Ser211) within the JIR of 

mSOCS5 and have investigated the role of phosphorylation in modulating JAK binding using 

site-directed mutagenesis. 
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The Suppressor of Cytokine Signaling (SOCS) proteins are small intracellular proteins that 

negatively regulate cytokine responses by binding to receptor complexes and inhibiting the 

activity of the associated JAK tyrosine kinases, or by targeting signaling components for 

ubiquitination and proteasomal degradation.1-3 The mammalian SOCS family consists of eight 

proteins, SOCS1-7 and cytokine-inducible SH2-containing protein (CIS), that share a common 

domain organization, with a central SH2 domain, a highly conserved C-terminal SOCS box and 

an N-terminal region of low sequence conservation.4, 5
 The N-terminal domains of SOCS 

proteins vary in sequence and length, with SOCS4-7 being distinguished from the other SOCS 

proteins by a long N-terminal region, which is predicted to be disordered.6 In general, SOCS 

proteins are thought to bind to target proteins via their SH2 domains or N-terminal regions, 

leading to ubiquitination of the target protein by the SOCS box-associated E3 ubiquitin ligase 

complex and its subsequent proteasomal degradation.7, 8 

While the physiological functions of SOCS1-3 and CIS are well characterised,2, 5, 9 

comparatively little is known regarding the biological roles of SOCS4 and SOCS5. Although 

SOCS4 and SOCS5 share high sequence homology across their SH2 domain (~90%) and SOCS 

box, it is unclear whether they have overlapping or distinct biological roles.5, 8, 10, 11 However, 

SOCS5 can interact independently of the canonical SH2-phosphotyrosine interactions via its N- 

terminus, which mediates interactions with the EGF receptor8, 10 and IL-4 receptor.12 Recently, 

SOCS36E, the SOCS5 homologue in Drosophila, was shown to negatively regulate JAK/STAT 

signaling via a SOCS box-independent interaction mediated by the N-terminus.13 Studies in 

Drosophila suggest that the EGF receptor and JAK/STAT pathways cooperate in oncogenic 

transformation and are both able to induce the expression of SOCS36E, which, in turn, serves to 

limit the activity of both pathways.14 There is also increasing evidence that mammalian SOCS5 

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5 

Page 5 of 40

may function as a tumor suppressor.15, 16 Recently, SOCS5 was identified as a target of 

microRNA (miR) miR-9, and down-regulation of SOCS5 expression by miR-9 resulted in 

aberrant activation of JAK/STAT signaling in tumor-associated endothelial cells.17 These 

findings highlight the potential role of SOCS5 in the regulation of oncogenic signaling, although 

the molecular mechanisms by which it acts in these pathways have not been well defined. 

Understanding these events may provide a rationale for targeting these pathways through the 

development of novel cancer therapeutics that mimic or block the activity of SOCS5. 

In contrast to the relative wealth of structural and functional data available for the SH2 

domain and the SOCS box,7, 18-21 little is known about the structure and function of the N- 

terminal region of the SOCS proteins. In most studies the N-terminal regions of SOCS proteins 

were removed to avoid interference with structure determination. However, we recently 

identified a highly conserved 70-residue region in the disordered N-terminus of SOCS4 and 

SOCS5 that is predicted to be more ordered than the surrounding sequence.6 The high degree of 

sequence conservation of this region across species and extending back to lower vertebrates 

implies that it has an important functional role.6 We also demonstrated that SOCS5 could bind all 

four JAK family members, although it was found to selectively inhibit only JAK1 and JAK2 

autophosphorylation and this function was dependent on the SOCS5 N-terminal region.22 The 

conserved N-terminal region in SOCS5 (SOCS5175-244) facilitates a direct interaction with the 

kinase domain of JAK and has therefore been designated the JAK interaction region (JIR).22 The 

equilibrium dissociation constant (KD) for the interaction of SOCS5 JIR with the kinase domain 

of JAK1 was measured to be 0.5 µM.22 Deletion of the JIR impaired the ability of SOCS5 to 

inhibit IL-4 induced STAT6 activity, suggesting that this region was functionally important.22 
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In this study, we characterize the conformation and dynamics of the JIR of mouse SOCS5 

(mSOCS5175-244) by solution NMR spectroscopy. We show that the distal C-terminal region of 

mSOCS5 JIR adopts a helical structure and exhibits partially restricted dynamics, while the 

proximal N-terminal region is disordered and flexible. We identify a phosphorylation site within 

the conserved JIR of mSOCS5 and use site-directed mutagenesis and surface plasmon resonance 

(SPR) to probe the role of phosphorylation in modulating JAK binding. 

EXPERIMENTAL PROCEDURES 

Protein expression and purification. The expression and purification of mSOCS5175-244 were 

as described previously.22 The protein purity was determined to be > 95% by analytical HPLC 

and SDS-PAGE and the molecular mass confirmed by mass spectrometry (8101 Da). [U-13C, 

15N]-mSOCS5175-244 was expressed in 1 L of M9 medium supplemented with 1 g/L of 15NH4Cl 

and 2 g/L of 13C-glucose. Expression and purification conditions were as described for unlabeled 

mSOCS5175-244.
22 The protein yields per liter of culture were generally 1–2 mg for [U-13C, 15N]-

mSOCS5175-244 and 3 mg for [U-15N]-mSOCS5175-244. Ser211Glu and Ser211Ala mutants of 

mSOCS5175-244 were generated using site-directed mutagenesis. Expression and purification 

conditions for these mutants were as described for mSOCS5175-244.
22

Codon-optimized DNA corresponding to residues 110-313 in the N-terminus of mouse 
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SOCS5 was custom synthesized (Genscript). EcoR1 and TEV sites were engineered upstream of 

mSOCS5110-313 gene and a BamH1 site was incorporated downstream. This gene was ligated into 

the pGEX-2T vector (GE Healthcare) via EcoRI and BamH1 sites and transformed into E. coli 

BL21-(DE3) cells. mSOCS5110-313 was expressed as a glutathione S-transferase (GST)-fusion 

protein. The cells were grown at 28 °C in 1 L of Luria-Bertani medium to an OD600 0.5, cooled 
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to 18 °C, and protein expression was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside 

for 20 h at 18 °C. The soluble GST-fusion protein was purified using glutathione-SepharoseTM 

4B (GE healthcare). One unit of TEV protease per 30 mg of fusion protein was used to cleave at 

4 °C for 20 h on a rotating mixer. mSOCS5110-313 was further purified from the cleavage mixture 

using cation-exchange chromatography. Recombinant JAK kinase domains were expressed in 

insect cells and purified as described previously.19 

NMR spectroscopy and resonance assignments.  Lyophilized [U-13C, 15N]-mSOCS5175-244 

was dissolved in a buffer containing 20 mM sodium citrate (pH 4.5), 5 mM TCEP, 0.02% (w/v) 

sodium azide (NaN3), 94% H2O, and 6% 2H2O, at a final protein concentration of 0.3 mM. NMR 

data were acquired on Bruker Avance spectrometers operating at 1H frequencies of 600 and 800 

MHz, both equipped with cryogenically cooled triple-resonance probes. Sequence-specific 

resonance assignments (HN, N, Cα and Cβ) were obtained at 30 °C using the following three- 

dimensional experiments, employing non-uniform sampling in the 15N and 13C dimensions: 

HNCA, CBCA(CO)NH, HNCACB. The datasets were processed with the multidimensional 

decomposition algorithm23 using TOPSPIN (version 3.2) from Bruker BioSpin or NMRPipe.24 

Spectra were referenced to dioxane at 3.75 ppm. Data analysis and peak-picking were done using 

CARA and NMRView25 and automated backbone assignments were made using the software 

MATCH in the UNIO software package.26 The backbone assignments were then manually 

complemented and completed interactively using 3D 15N-resolved [1H,1H]-NOESY, and further 

extended to the side-chains using 3D HBHA(CO)NH, 3D 13C(aliphatic)-resolved, and 

3D 13C(aromatic)-resolved [1H,1H]-NOESY experiments. NOESY spectra were recorded with a 

mixing time of 225 ms at 800 MHz. Cα, Cβ, Hα, and N chemical shifts were used in the program 

TALOS 27 to obtain backbone torsion angles. 
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Structure Calculation. The software UNIO-ATNOS/CANDID 28, 29 was used in combination 

with the torsion angle dynamics algorithm CYANA3.0 30 in a standard seven-cycle protocol for 

NOESY peak picking, NOE assignment and structure calculation.31 The intensities from the 

NOEs were converted into distance restraints and combined with the backbone dihedral angles 

derived from TALOS,27 of which 18 φ and ψ dihedral angle constraints predicted with high 

confidence were used to supplement the NOE distance restraints in the final input for structure 

calculations. The 40 conformers with the lowest CYANA target function values obtained from 

the final UNIO-ATNOS/CANDID/CYANA3.0 cycle were subjected to restrained simulated 

annealing and energy minimization in a water shell with the program OPALp.32 Finally, a 

family of 20 conformers of lowest target function values was chosen for further analysis based 

on stereochemistry and energy considerations using the programs PROCHECK33 and 

MOLMOL34 as previously described.31 The structures were displayed and analyzed using 

PyMOL and MOLMOL.34  

15
N Relaxation Studies. Backbone {1H}-15N heteronuclear NOE and 15N longitudinal (T1) 

and transverse (T2) relaxation experiments were performed using standard methods35 at 30 °C on 

Bruker 600 MHz and 800 MHz spectrometers, respectively. T1 values were obtained from a 

series of 1H-15N correlation spectra with 0, 100, 400, 500, 800, 1000, 1500, and 2500 ms 

relaxation delays. T2 values were acquired with 10, 30, 50, 70, 90, 110, 130, 150, 170, 190, and 

210 ms delays. Recycle delay was set to 4 s for both T1 and T2 measurements. The relaxation 

rates were calculated in SPARKY by least-squares fitting of peak intensities versus relaxation 

delay times to an equation for single-order exponential decay. Steady-state {1H}-15N-NOE 

values were determined from the ratio of peak intensities for spectra collected with and without 5 

s proton pre-saturation. 
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Surface Plasmon Resonance (SPR). Surface plasmon resonance measurements were 

performed on a BIAcore T200 instrument at 25 °C as described previously.22
 Recombinant 

SOCS5110-313 was diluted to 10 µg/mL in 10 mM sodium acetate, pH 5.0, and immobilized to a 

CM5 Biosensor chip (GE Healthcare) using amine coupling. A reference flow cell was prepared 

by a similar procedure, albeit in the absence of protein. Recombinant JAK1 and JAK2 kinase 

domains were injected over the immobilized surface at a rate of 30 µL/min for 2 min in running 

buffer (10 mM HEPES, pH 8.0, 200 mM NaCl, 3.0 mM EDTA, 0.05% v/v Tween20) at 

concentrations ranging from 31.25 nM to 1 µM. Regeneration of the surface was achieved with 

20 mM NaOH injected at a rate of 20 µL/min for 20s. The ligand flow cell responses were 

double reference subtracted for all analyses. The binding responses at the steady-state region of 

the sensorgrams were plotted as a function of the analyte concentration to obtain the binding 

curves. These curves were fitted to a steady-state model to derive the apparent equilibrium 

dissociation constant (KD). Similarly, the binding affinities of mSOCS5175-244 and Ser211 mutants 

for JAK1 kinase domain were analyzed by SPR by immobilizing JAK1 kinase domain to a CM5 

chip using amine coupling. 

Cell transfections, lysis and tryptic digest. Flag-tagged SOCS5 was transiently transfected 
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into 293T cells using FuGENE6 (Promega), and cells were lysed 48 h later for 30 min in 1% NP- 

4  buffer (1% v/v NP-4 , 50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1 

mM Na3VO4). Lysates were pre-cleared with protein-A-Sepharose prior to immunoprecipitation 

of Flag-tagged SOCS5 with anti-Flag M2 affinity gel (Sigma). Proteins were eluted from the M2 

Sepharose with 0.16% phosphoric acid (pH 1.8) on ice. Proteins were prepared for mass 

spectrometry analysis using the FASP protein digestion kit (Protein Discovery, Knoxville, TN) 

as described previously36 with the following modifications. Eluted material was neutralized with 
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urea/Tris-HCl, pH 8.5 and reduced with TCEP (5 mM final concentration). 2 µg of sequence-

grade modified trypsin (Promega) was added in 50 mM NH4HCO3 and incubated overnight at 37 

°C. Peptides were eluted by two rounds of washing with 40 µL of 50 mM NH4HCO3. 

Phosphopeptide enrichment. Tryptic peptides were subjected to phosphopeptide enrichment 

using the immobilized metal ion affinity chromatography (IMAC) Phosphopeptide Isolation Kit 

(gallium/IDA, Pierce) as per manufacturer’s instructions with the following described 

modifications: an equal amount of binding buffer (5% acetic acid) and peptide sample was added 

to the resin and incubated at room temperature for 30 min. Samples were centrifuged at 1000 x g 

for 1 min and subsequently washed with 50 µL of 0.1% acetic acid followed by 50 µL of 0.1% 

acetic acid, 20% acetonitrile, pH 3.0. Phosphopeptides were eluted with 30 µL of 0.4 M 

NH4HCO3, 20% acetonitrile, pH 8.7 by centrifugation after incubating at room temperature for 7 

min. This step was repeated twice. Phosphopeptides were acidified with formic acid (1% final 

concentration), subjected to vacuum centrifugation and resuspended in 25 µL 1% formic acid/2% 

acetonitrile. 

Mass spectrometry. Tryptic peptides were separated by nanoflow reversed-phase LC on a 

Waters nanoAcquity C18 150 mm x 75 µm I.D. column with a 60 min gradient set at a flow rate 

of 400 nL/min from 100% buffer A (0.1% formic acid, 3% acetonitrile, 97% water) to 55% B 

(80% acetonitrile, 0.1% formic acid, 20% water). The nano HPLC was coupled on-line to a Q-

Exactive mass spectrometer equipped with a nanoelectrospray ion source (Thermo Fisher 

Scientific™) for automated MS/MS. The Q-Exactive was run in a data-dependent acquisition 

mode with resolution set at 70K and the 10 most abundant precursor ions were dynamically 

chosen from the survey scan (350–1850 Th) for HCD fragmentation with the resolution set at 

17.5K. Dynamic exclusion was enabled for 90 s. 
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Database search and identification of SOCS5 post-translational modifications. Mass 

spectra were processed using the MaxQuant software (version 1.4.1.2) 37 and  searched against a 

concatenated database consisting of the Ludwig Institute non-redundant database (NR, 

September 2013) supplemented with common contaminants (including keratins, trypsin, BSA) 

and the reversed-sequence version of the same database.38 The search parameters were: 

minimum peptide length 7, peptide tolerance 4.5 ppm, mass tolerance 0.5 Da, cleavage enzyme 

trypsin/P, and a total of 3 missed cleavages were allowed. Carbamidomethyl (C) was set as a 

fixed modification and oxidation (M), acetylation (Protein N-term), pyro-Glu/Gln (N-term) 

Phospho (ST), and Phospho (Y) were set as variable modifications. The peptide and protein false 

discovery rates (FDR) were set to 0.01. The maximal posterior error probability (PEP), which is 

the probability of each peptide to be a false hit considering identification score and peptide 

length, was set to 0.01. The ProteinProspector MS-Product program (http://prospector.ucsf.edu/) 

was used to calculate the theoretical masses of fragments of identified peptides for manual 

validation including a phosphopeptide corresponding to Ser211 of mouse SOCS5. 

RESULTS 

N-terminus of SOCS5. The N-terminal region of SOCS5 accounts for a large proportion of
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the protein and is 368 amino acid residues in length (Figure 1A). This region is enriched in polar 

and charged amino acids and relatively depleted in hydrophobic amino acids, a feature typical of 

intrinsically disordered proteins (IDPs).39 The disorder prediction for SOCS5 N-terminus was 

made using the metaPrDOS web server, which integrates the results of eight different disorder 

prediction methods.40 The prediction output is consistent with the SOCS5 N-terminus being 

largely unstructured, with the exception of a few short regions with ordered structure, one of 
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which encompasses the conserved JIR (Figure S1 of the Supporting Information). Prediction of 

protein binding regions within the N-terminus of SOCS5 using the web server ANCHOR41 

identified several segments that have the propensity to undergo disorder-to-order transition on 

binding a globular partner, including residues 183–192 and 210–220 in the JIR ( Figure S1 of the 

Supporting Information). 

NMR assignments of mSOCS5 175-244. Given that the JIR of SOCS5 may contain some 

ordered structure, we expressed this region of mouse SOCS5 (residues 175–244) in E.coli in 

order to characterize its solution structure by NMR spectroscopy. The 1H-15N HSQC spectrum of 

mSOCS5175-244 is characteristic of a largely disordered protein, with the amide proton shifts 

confined to 6.9–8.9 ppm (Figure 1B). While IDPs usually have uniformly sharp resonances, the 

mSOCS5175-244 spectra displayed a diversity of peak intensities and peak shapes, indicating 

conformational heterogeneity of the molecular ensemble. Unambiguous sequence-specific 

backbone assignments were obtained for all residues at 30 °C. Side chain assignments were 

obtained for most residues using 3D HBHA(CO)NH and 3D NOESY experiments. A 

representative strip plot from the 3D 15N- resolved [1H, 1H] NOESY spectrum for residues 

Leu215-Phe220 is shown in Figure S2A of the Supporting Information. The 13Cβ chemical shifts 

of the two cysteine residues, Cys188 and Cys218, at 28.2 and 28.0 ppm respectively, suggested 

that these residues existed in the reduced state. All of the assigned proline residues were found to 

be in the trans conformation based on the presence of strong NOEs between Hδ and the 

preceding Hα (Figure S2B of the Supporting Information). A few minor peaks with intensities < 

10% of the major peaks were observed in the 1H-15N HSQC, which might arise from minor 

conformers of the protein as a result of cis–trans isomerization of the prolines, but none of these 

resonances were assigned owing to their low intensity and the absence of cross peaks in the 3D 
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spectra. The NMR assignments for mSOCS5175-244 have been deposited in the BioMagResBank 

database (accession no.19966). 

The JIR of SOCS5 contains secondary structural elements. The resonance assignments of 

mSOCS5175-244 were used to investigate the presence of secondary structure by evaluating the 

chemical shift deviations from random coil.42, 43 The 13Cα and 13Cβ secondary chemical shifts of 

mSOCS5175-244 (Figure 2A and B) show that the C-terminal region of the polypeptide, 

encompassing residues Asp225–Ile233, is helical, while most of the residues in the N-terminal 

region show essentially random coil 13Cα chemical shifts. The mean helix percentage for the 

residues Asp225–Ile233, calculated on the basis of 13Cα and 13Cβ chemical shifts is 37%.44 

Secondary 1Hα chemical shifts (Figure 2C) are consistent with helical structure in the C-terminal 

segment Asp225–Ile233. A chemical shift deviation of ~ -2 ppm is observed for Hα of Cys218, 

which could be attributed to the ring current effects induced by the indole ring of Trp230 and the 

aromatic ring of Phe220. 13Cα chemical shift deviations ranging from 0.2 to 1.4 ppm were 

observed in the region Leu210–Leu213 (Figure 2A), indicating the presence of transient 

structure in this region. 

Backbone Dynamics of mSOCS5175-244. Backbone {1H}-15N-NOEs and 15N -T1 and T2 

relaxation times for mSOCS5175-244 are shown in Figure 2 (D-F). The observation of positive 

heteronuclear NOE values ranging from 0.2 to 0.6 for residues Ile208–His236 is consistent with 

limited mobility and restrained conformation in this region (Figure 2F). Other segments, 

including residues Ser176–Ser203 in the N-terminal region and Ala238–Ser244 at the C- 

terminus, show negative heteronuclear NOE values, consistent with a high degree of flexibility 

and disorder (Figure 2F). Consistent with the heteronuclear NOE values, the T2 values for 

residues His209–His236 are significantly lower than those for the rest of mSOCS5175-244 (Figure 
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2E). It is evident from the average heteronuclear NOE, T1 and T2 values (Table S1 of the 

Supporting Information) that mSOCS5175-244 is largely disordered. Nevertheless, the most 

structured region of mSOCS5175-244 encompassing residues Cys218–Ile233 exhibits restricted 

backbone mobility, with heteronuclear NOE values well above the average (Table S1 of the 

Supporting Information). 

Solution structure of mSOCS5175-244. The C-terminal region of mSOCS5175-244 displayed 

several NOEs indicative of helix and turn-like structures (Figure S3 of the Supporting 

Information). Residues Ser224–Ile233 show dαN(i,i+3),dαβ(i,i+3) and dαN(i,i+4) NOEs typical for 

regular α-helices, indicating the presence of a fully formed α-helix in this region.45 Furthermore, 

weak dαN(i,i+2) NOEs indicative of turn-like structures were observed for Ile208–Ser211 and 

Pro221–Gly223, although the local structure could not be classified as any specific type of 

turn.45, 46 A continuous stretch of sequential NOEs supports an extended structure in the region 

Cys218–Phe220 preceding the turn at Pro221–Gly223. Residues Arg175–Lys207 and Lys234–

Ser244 were disordered as assessed by both NOE and chemical shift analysis. Chemical shift 

deviations from random coil values of the Cα and Hα resonances, as well as the backbone 

relaxation parameters (Figure 2), are in agreement with the NOE data in identifying the most 

prominent secondary structure element in mSOCS5175-244 as an α-helix located at the C-terminus 

in the region Ser224–Ile233. Although there are a few long-range NOE connectivities among 

Cys218, Pro219, Phe220, Leu226, Ala227 and Trp230, mSOCS5175-244 lacks a stable tertiary 

structure. This is also supported by hydrogen-deuterium exchange NMR experiments, in which 

all backbone amide resonances underwent rapid exchange (data not shown), indicating high 

solvent accessibility. 
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 Table 1 summarizes the long-range, medium-range, sequential, and intra-residual NOEs from 

the final cycle of UNIO-ATNOS/CANDID and CYANA 3.0.30 The solution structure of 

mSOCS5175-244 is best described as a conformational ensemble of inter-converting states. The 

global structure of the polypeptide was not well defined, with the average root-mean-square 

deviation (RMSD) over the backbone heavy atoms (N, Cα, Cʹ) of the entire peptide being 11.2 Å. 

However, ordered local structure was apparent in the C-terminal region of the molecule (Figure 

S4 of the Supporting Information). The ensemble of 20 energy-minimized conformers that 

represent the most-populated state of mSOCS5175-244 is shown in Figure 3A. The ensemble of 20 

structures showed excellent agreement with the experimental data, with RMSD values to the 

mean coordinates of 0.49 Å for the backbone and 1.12 Å for all heavy atoms in the structured 

region of residues Ser224–Ile233 (Figure 3B). Angular order parameters (S) were used to 

determine the precision of dihedral angles within the ensemble; the φ and ψ angles were 

generally well ordered (S ≥ 0.8) for residues Ile208–Ser211 and Ser224–Ile233 (Figure S5 of the 

Supporting Information). The final conformers had no distance violations > 0.2 Å or dihedral 

violations > 5 °. The NMR ensemble for mSOCS5175-244 has been deposited in the Protein Data 

Bank (PDB ID 2N34). 

 The transient local structure in mSOCS5175-244 could be stabilized by hydrophobic interactions 

involving Cys218, Pro219, Phe220, Leu226 and Trp230 (Figure 3C). The exceptional upfield 

shift of the Phe220 backbone amide resonance observed in the 1H-15N HSQC NMR spectrum 

could be due to the flanking proline residues, Pro219 and Pro221. As a consequence of the 

spatial proximity of Cys218, Pro219 and L226 to the aromatic rings of Phe220 and Trp230 

(Figure 3C), some of their side chain resonances are perturbed by ring current effects. The 

differences between the observed and calculated average ring current shifts (Table S2 of the 
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Supporting Information) for these resonances arise from the variability in the calculated shifts 

across the ensemble owing to sparse NOE restraints and less well-defined side chains of Phe220 

and Trp230 (Figure S4D of the Supporting Information). 

Interaction of SOCS5 N-terminal region with the kinase domain of JAK. In an earlier 

study, we showed that mSOCS5175-244 binds specifically to the kinase domain of the JAKs with 

an equilibrium dissociation constant of 0.5 µM.22 Although mSOCS5175-244 was sufficient for 

binding to the JAK kinase domain, additional residues of the N-terminus were required for 

inhibition of JAK activity. Deletion analysis of the SOCS5 N-terminus identified a larger 

segment (residues 110-313) as being critical for inhibition of JAK activity.22 To determine 

whether this larger segment made additional contacts with the JAK kinase domain we generated 

recombinant protein corresponding to mSOCS5110-313 and measured its binding affinity for JAK1 

and JAK2 kinase domains by SPR. mSOCS5110-313 bound the JAK1 and JAK2 kinase domains 

with equilibrium dissociation constants of 0.23 and 1.5 µM, respectively (Figure 4), 

demonstrating that high affinity binding of mSOCS5175-244 to the JAK kinase domain is 

recapitulated by mSOCS5110-313 and further validating mSOCS5175-244 as the primary JAK 

interaction region in the SOCS5 N-terminus. 

Identification of a phosphorylation site in SOCS5 JIR and its role in JAK binding. Post-
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translational modifications such as phosphorylation often regulate interactions between proteins 

and are known to modulate the function of intrinsically disordered proteins.47, 48 Using mass 

spectrometry, we identified Ser211 within the JAK interaction region (JIR) of SOCS5, as a 

candidate phosphorylation site (Figure 5A). 293T cells were transiently transfected with full- 

length, Flag-tagged SOCS5 and the protein was enriched from cell lysates, digested with trypsin 

and analysed for the presence of phosphorylation modifications by mass spectrometry. A high 
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confidence peptide corresponding to phosphorylated Ser211 was identified with a MaxQuant 

Page 17 of 40

score of 143.25. Ser211 is located within a turn-like structure adjacent to the structured region 

(Figure 5B) in the JIR of SOCS5 and had the potential to impact on JAK binding to this region. 

 In order to investigate the effect of Ser211 phosphorylation on the structure and function of 

mSOCS5175-244, Ser211 was mutated either to the phosphomimetic glutamic acid or to alanine. 

These mutations had no deleterious effects on either the protein expression or yield. The effect of 

these mutations on the structure of mSOCS5175-244 was analyzed by NMR spectroscopy (Figure 

S6 of the Supporting Information). Chemical shift changes in the 1D NMR spectra of the 

Ser211Glu and Ser211Ala mutants appear to be limited to the mutated residue and its adjacent 

residues. No significant change in chemical shift dispersion was observed in the 1D NMR 

spectra of the mutants, suggesting that phosphorylation of Ser211 does not induce folding or 

disrupt the structured region of mSOCS5175-244. 

Surface plasmon resonance was used to probe the role of Ser211 phosphorylation on JAK 

binding (Figure 6). The phosphomimetic mutant (Ser211Glu) of mSOCS5175-244 bound the JAK1 

kinase domain with an equilibrium dissociation constant of 0.3 µM (Figure 6B). The kinetics of 

Ser211Glu mutant binding to JAK1 show fast association and slow dissociation phases similar to 

that of the wild-type. The kinetic data could not be fit to a 1:1 binding model, thus precluding 

accurate quantification of the association and dissociation rates. Replacement of Ser211 with 

alanine resulted in a slight decrease in affinity for the JAK1 kinase domain (KD ~ 0.85 µM) 

(Figure 6C). Thus, our SPR data show that mSOCS5175-244 and its phosphomimetic Ser211Glu 

mutant bind JAK1 with similar affinities, suggesting that phosphorylation of Ser211 only had a 

moderate effect on modulating JAK1 binding. It is also possible that phosphorylation of Ser211 

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



18 

modulates other interactions of the JIR or plays a more important role in the context of the full-

length protein. 

DISCUSSION 

Intrinsically disordered regions of proteins play specific roles in protein-protein recognition, 49, 50 

but their modes of interaction with partner proteins are distinct from those used by their folded 

counterparts. IDPs utilize a multitude of binding processes, including folding-coupled to-

binding, conformational selection and ‘fly casting’, and the increased flexibility in IDPs is 

inherent to these processes.51-53 The mechanism of interaction often depends on the structure of 

the IDP in its unbound form.54 Pre-formed structural elements in IDPs can play a crucial role in 

molecular recognition, so their identification and characterization is an area of active 

investigation.54, 55
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In this study, we define the solution structure of the conserved JAK interaction region of 

mouse SOCS5 (mSOCS5175-244) and characterize its binding to the kinase domain of JAK1. This 

is the first structural study on the apparently disordered N-terminal region of SOCS proteins and 

provides insights into the structure and dynamics of the JAK interaction region, which is unique 

to SOCS4 and SOCS5. NMR studies identified pre-formed structural elements in mSOCS5175-244, 

including a helical segment spanning residues Ser224–Ile233. NMR relaxation measurements 

support the presence of a transient population of secondary structural elements with restricted 

mobility for residues Ile208–His236. The presence of such motionally restricted structured 

regions in the SOCS5 N-terminus may provide a thermodynamic advantage by reducing the 

entropic penalty associated with coupled folding and binding.56
 Pre-formed structural elements, 

such as those present in mSOCS5175-244, are likely to mediate interactions that play important 

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19 

roles in regulation of signaling pathways.54 The plasticity of the disordered SOCS5 N-terminus 

would enable it to function as a scaffold that can bind multiple components of the signalling 

pathway. The pre-formed hairpin structure in the SOCS5 JIR is likely to contribute to the 

scaffolding functionality of the N-terminus by spatially constraining the flanking disordered 

regions and the proteins bound to them, thus bringing together various signalling components in 

close proximity to JAK, facilitating efficient interactions. 

Phosphorylation is often overrepresented in disordered regions of proteins and is implicated in 

modulating the activity of these regions.47, 48, 57 The identification of Ser211 as a candidate 

phosphorylation site on SOCS5 adds weight to the argument that the JIR is important for SOCS5 

function, particularly given its conservation across species for SOCS5.6 As the primary JAK1 

binding site on SOCS5 includes Ser211 and the surrounding residues, it is conceivable that 

phosphorylation of this residue in cells would modulate JAK1 binding. However, our SPR data 

on the phosphomimetic Ser211Glu mutant of SOCS5 showed only a moderate increase in 

affinity for the JAK1 kinase domain. It is possible that the Ser-Glu mutation has a weaker effect 

than phosphorylation or that the phosphate group is crucial for the functional effects of 

phosphorylation at Ser211. It appears that the interaction of SOCS5 with the kinase domain of 

JAK1 is not critically regulated by a Ser211 phosphorylation switch; rather phosphorylation of 

this residue may facilitate interaction with additional proteins or facilitate binding to another 

region of JAK outside its kinase domain. 

In conclusion, we have confirmed the presence of pre-formed structural elements in the 

largely disordered N-terminus of SOCS5. We propose that the pre-formed helix in the SOCS5 

JIR has mostly a structural role and serves as a “staple” that connects and spatially restricts the 

flanking flexible ligand binding regions in the unstructured N-terminus of SOCS5, thus favoring 
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the binding process. We predict that the other SOCS family members with extended and 

disordered N-terminal regions, such as SOCS4, may exhibit similar modes of interaction. Further 

experiments will be required to validate this hypothesis and define the binding mechanism. 

Given the role of SOCS5 in the inhibition of JAK1 activity and tumor suppression, molecular 

insights into the specific interactions that mediate inhibition of JAK are expected to lay the 

groundwork for the design of novel JAK inhibitors. 
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 Table 1.  Structure Statistics for mSOCS5175-244 

Number of Distance Constraints 
Intra-residue (i = j)  
Sequential (|i – j| = 1)  
Medium-range (1<|i – j|<5)  
Long-range (|i – j| ≥ 5)  
Dihedral constraints (Φ, Ψ)  

Final CYANA target function value (Å2) 

AMBER energies (kcal/mol) 
Total energy 
Vander Waals energy 
Electrostatic energy 

Deviations from ideal geometrya

 Bond (Å )  
 Angles ( ° ) 

Average RMSD to mean coordinates (Å ) 
Residues 218-233 

 Backbone heavy atoms (N, Cα, Cʹ) 
   All heavy atoms 
Residues 224-233 

 Backbone heavy atoms (N, Cα, Cʹ) 
 All heavy atoms  

Ramachandran plotb

Residues 175-244 
 Most favored (%)  
 Additionally allowed (%) 
 Generously allowed (%)  
 Disallowed (%)  

Residues 224-233 
 Most favored (%)  
 Additionally allowed (%) 
 Generously allowed (%)  
 Disallowed (%)  

450 
189 
198 
45 
18 
18 

0.70 + 0.24 

-1835 + 115.5
-42 + 13.2

-2426 +109.3

0.007 + 0.0002 
1.88 + 0.061 

0.83 + 0.27 
1.46 + 0.28 

0.49 + 0.17 
1.12 + 0.23 

50.5 
41.6 
4.6 
3.3 

100 
0 
0 
0 

aThe values for the bond and angle show the deviations from ideal values based on perfect 
stereochemistry. 
bAs determined by PROCHECK-NMR for all residues except Gly and Pro. 
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Figure legends 

Figure 1. NMR assignments of mSOCS5175-244. (A) Schematic showing domain organization in 

SOCS5. (B) 1H-15N HSQC NMR spectrum of mSOCS5175-244 with backbone resonance 

assignments labelled. The spectrum was recorded in 20 mM citrate buffer, pH 4.5, containing 5 
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mM TCEP at 30 °C on a 600 MHz spectrometer. 

Figure 2. Secondary structure and backbone amide relaxation parameters measured for 

mSOCS5175-244. Chemical shift deviations of (A) Cα
 (B) Cα-Cβ (average over three residues) and 

(C) Hα chemical shifts of mSOCS5175-244 from random-coil values are plotted vs residue number.

(D-F) 15N T1, T2 relaxation parameters were measured at 800 MHz and steady-state {1H}-15N- 

NOE was measured at 600 MHz at 30 °C. Missing histogram bars correspond to overlapped 

residues and prolines. 

Figure 3. Solution structure of mSOCS5175-244. (A) Ensemble of 20 conformers of mSOCS5175- 

244 with backbone heavy atoms superimposed over residues 218–233 (RMSD 0.83 Å) and (B) 

with all heavy atoms superimposed over residues 224–233 (RMSD 1.12 Å). (C) Closest-to- 

average conformer of mSOCS5175-244 over residues 218–233. The side chain protons of Cys218, 

Pro219 and Leu226 that display ring current shifts due to their proximity to the aromatic rings of 

Trp230 and Phe220 are highlighted in magenta. The poorly defined disordered regions of the 

polypeptide are not shown in the figure. 
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Figure 4. mSOCS5110-313 binds JAK kinase domain with high affinity. SPR analysis of 

mSOCS5110-313 binding to (A) JAK1 and (B) JAK2 JH1 domain. Serially diluted JAK JH1 

domains (31.25 nM – 1 µM) were flowed over immobilised mSOCS5110-313. Binding affinities 

were determined using steady-state analysis. 

Figure 5. SOCS5 JIR contains a serine phosphorylation site. (A) MS/MS spectrum identifying 

SOCS5 phosphorylation site at Ser211. The spectrum displayed prominent product ions at 944.5 

m/z and 831.4 m/z that corresponded to loss of H3PO4 from the y8 and y7 ions, respectively. 

Furthermore, the fragmentation pattern shows long uninterrupted b- and y-ion series that define 

the phosphopeptide sequence and site of phosphorylation. (B) Surface representation of the 

closest-to-average NMR conformer of mSOCS5175-244 with the phosphorylation site (Ser211) 

highlighted in purple. The surface is shown at 60 % transparency and the regions exhibiting 

restricted backbone mobility is shaded blue. 

Figure 6. Effect of Ser211 phosphorylation on JAK1 binding. SPR analysis of (A) mSOCS5175- 

244 (B) Ser211Glu mutant and (C) Ser211Ala mutant binding to JAK1 kinase domain. Serially 

diluted mSOCS5175-244 and mutants (31.2 – 500 nM) were flowed over immobilised JAK1 JH1 

domains. Left panels represent sensorgrams showing the kinetics of binding and right panels 

show steady-state analysis. KD values are representative of two experiments.
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Figure 1. 
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Figure 2. 
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Figure 3. 

Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 1. NMR assignments of mSOCS5175-244. (A) Schematic showing domain organization in SOCS5. (B) 
1H-15N HSQC NMR spectrum of mSOCS5175-244 with backbone resonance assignments labelled. The spectrum 
was recorded in 20 mM citrate buffer, pH 4.5, containing 5 mM TCEP at 30 °C on a 600 MHz spectrometer. 
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Figure 2. Secondary structure and backbone amide relaxation parameters measured for mSOCS5175-244. 
Chemical shift deviations of (A) Cα (B) Cα-Cβ (average over three residues) and (C) Hα chemical shifts of 

mSOCS5175-244 from random-coil values are plotted vs residue number. (D-F) 15N T1, T2 relaxation 

parameters were measured at 800 MHz and steady-state {1H}-15N-NOE was measured at 600 MHz at 30 °C. 
Missing histogram bars correspond to overlapped residues and prolines.  
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Figure 3. Solution structure of mSOCS5175-244. (A) Ensemble of 20 conformers of mSOCS5175-244 with 
backbone heavy atoms superimposed over residues 218–233 (RMSD 0.83 Å) and (B) with all heavy atoms 
superimposed over residues 224–233 (RMSD 1.12 Å). (C) Closest-to-average conformer of mSOCS5175-244 
over residues 218–233. The side chain protons of Cys218, Pro219 and Leu226 that display ring current 
shifts due to their proximity to the aromatic rings of Trp230 and Phe220 are highlighted in magenta. The 

poorly defined disordered regions of the polypeptide are not shown in the figure.  
85x94mm (300 x 300 DPI)  

Page 36 of 40Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 37 of 40 Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 5. SOCS5 JIR contains a serine phosphorylation site. (A) MS/MS spectrum identifying SOCS5 
phosphorylation site at Ser211. The spectrum displayed prominent product ions at 944.5 m/z and 831.4 m/z 
that corresponded to loss of H3PO4 from the y8 and y7 ions, respectively. Furthermore, the fragmentation 

pattern shows long uninterrupted b- and y-ion series that define the phosphopeptide sequence and site of 
phosphorylation. (B) Surface representation of the closest-to-average NMR conformer of mSOCS5175-244 with 
the phosphorylation site (Ser211) highlighted in purple. The surface is shown at 60 % transparency and the 

regions exhibiting restricted backbone mobility is shaded blue.  
160x226mm (300 x 300 DPI)  
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