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Abstract
Intrinsically disordered proteins \(IDPs) play important roles in a multitude of biological process,
especially in the regulation of signal transduction pathways. Many IDPs are implicated in several
diseases such as cancer, diabetes, neurodegenerative diseases and others. We have developed a detailed
protocol for purifying the intrinsically disordered Unique domain of the human non-receptor tyrosine
kinase c-Src. Moreover, here we introduce two additional techniques that have been used to assess the
capability of the protein to binding lipids: a simple protein-lipid assay \(Echelon Lipid StripTM) and a NMR
approach where we have observed the unfolded Unique domain of c-Src in the presence of different types
of bicelles.

Introduction
One or more modular lipid-binding domains mediate recruitment of signalling proteins to the different
cellular sites through speci�c lipid recognition. These processes play a role in the partition of signalling
proteins between different membrane compartments and in�uence the selectivity of their response. 1,2

The modulation of the membrane a�nity provide an additional level of regulation/integration in signaling
pathways. Several examples of unfolded domains or unfolded proteins binding to membranes have been
reported, in which the protein-membrane interaction is regulated by diverse molecular mechanisms, like
acylation and/or electrostatic switch and/or CaM binding.3,4 For the intrinsically disordered N-terminal
region of Src Family Kinases \(SFKs), it was shown that myristoylation and/or palmitoylation of the SH4
domain at the N-terminus are critical for SFKs localization and tra�cking5,6,7; moreover, phosphorylation
of serines/threonines close the attachment site could contribute to its release from the membrane.8,9

Many methodologies are suitable to study protein-lipid interactions.10,11,12 Use of lipid microarrays and
strips is simple and fast.13 Membrane Lipid Strips consist in hydrophobic membranes that have been
spotted with phosphoinositides and/or other biologically relevant lipids. They allow detecting protein
binding to one or more of these lipids. Bound proteins are detected using antibodies against the protein or
a suitable a�nity tag. Bicelles are formed when bilayer forming long-chain lipids are mixed with detergent
molecules \(or short chain lipids).14,15,16 They present a disk-like structure, with a central planar bilayer
formed by the long-chain phospholipids, surrounded by a rim of short-chain phospholipids or detergent
protecting the long-chain lipid tails from water. These disk-like aggregates are formed at low
concentration of the long-chain lipid and high concentration of detergent. Importantly, bicelles prepared
as explained in this work have been proven to maintain the morphology and the bilayer organization
typical of their liquid-crystalline counterparts,17 them reliable for membrane mimics purpose.

Reagents
**USrc expression and puri�cation** Escherichi coli RosettaTM \(DE3) pLysS competent cells \(Novagen)
pET-14b vector \(Novagen) encoding for human N-terminal c-Src region \(1-85) with a Strep-Tag at the C-
terminus LB Broth in Milli-Q puri�ed water \(20g/L), autoclaved Ampicillin \(Sigma, A9518)
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Chloramphenicol \(Sigma, C1919) IPTG – Isopropyl β-D-1-thiogalactopyranoside \(Sigma, I6758) PIC –
Protease Inhibitor cocktail \(Sigma, P8465) PMSF – Phenylmethanesulfonyl �uoride \(Fluka, 78830)
DNAse I \(Roche, 10104159001) Strep-Tactin sepharose® \(IBA Göttingen, 2-1201) M9 medium
preparation \(1L): 1. Dissolve in 1L of Milli-Q puri�ed water and autoclave: ◦ 6 g Na2HPO4 \(Sigma,

S9390) ◦ 3 g KH2PO4 \(Sigma, P5655) ◦ 0.5 g NaCl \(Sigma, S3014) ◦ 1g 15NH4Cl \(Sigma, 299251) 2.
Add after autoclaving under sterile conditions: ◦ 1 mL MgSO4 \[1M], �ltered \(0.22 μm �lter) \(Sigma,
M2643) ◦ 1 mL thiamine \[1 mg/mL], �ltered \(0.22 μm �lter) \(Sigma, T4625) ◦ 300 μL CaCl2 \[1M],
�ltered \(0.22 μm �lter) \(Sigma, C7902) ◦ 20 mL glucose 10%, �ltered \(0.22 μm �lter) \(Sigma, G7021)
making _Buffers_: 1. Lysis Buffer \(Buffer L) ◦ Tris-HCl 100mM \(Sigma, T5941) ◦ NaCl 150 mM \(Sigma,
P5655) ◦ EDTA 1 mM \(Sigma, E7889) ◦ NaN3 0.01% \(Sigma, S8032) ◦ Dissolve in 1L of Milli-Q puri�ed
water and adjust pH at 7.5 2. Washing buffer \(Buffer W) ◦ Same as buffer L but adjust pH to 8 3. Elution
buffer \(Buffer E) ◦ Same as buffer W with D-desthiobiotin \[2.5 mM] \(Sigma, D1411) 4. FPLC buffer \
(buffer F) ◦ NaH2PO4 97.5 mL \(from 0.2 M stock solution) \(Sigma, S8282) ◦ Na2HPO4 152.5 mL \(from
0.2 M stock solution) \(Sigma, S9390) ◦ EDTA 0.2 mM \(Sigma, E7889) ◦ NaN3 0.01% \(Sigma, S8032) ◦
Dissolve in 1L of Milli-Q puri�ed water, �lter and degas **Lipid StripTM assay** Membrane lipids stripTM \
(Echelon Bioscience, P-6001, P-6002) BSA – Bovine Serum Albumin Fatty acid free \(Sigma, A7030) TBS
– Tris buffered solution 10x \(Sigma, T5912) Tween 20® \(Sigma, P1379) Primary antibody anti-
StrepTag II® \(IBA Göttingen, 2-1507-001) Secondary antibody anti-mouse IgG HRP \(GE Healthcare,
NXA931) Amersham ECL Prime Western Blotting Detection Reagent \(GE Healthcare, RPN2232) **Lipid
bicelles for NMR experiments** DHPC \(Avanti Polar Lipids, 850305) 6:0 PC 1,2-Dihexanoyl-sn-glycero-3-
phosphocholine DMPG \(Avanti Polar Lipids, 840445) 14:0 PG 1,2-Dimyristoyl-sn-glycero-3-\[phospho-
rac-\(1-glycerol)] \(Sodium Salt) DMPC \(Avanti Polar Lipids, 850345) 14:0 PC 1,2-dimyristoyl-sn-glycero-
3-phosphocholine

Equipment
**Instruments** HT Infors AG CH-1403 Bacterial Shaker Avanti J-HC centrifuge \(Beckman Coulter) with
JLA 8.1000 rotor Allegra 25R centrifuge \(Beckman Coulter) with TS-5.1-500 rotor Ultrasound
homogenizer U200S \(IKA Labortechnick) Avanti J-25 centrifuge \(Beckman Coulter) with JA 25-50 rotor
GE Äktapuri�er 10 or equivalent Amersham Biosciences SRX-101A Hyper Processor or equivalent
Eppendorf concentrator 5301 Bruker Avance 600 MHz spectrometer equipped with TCI cryo-probe Bruker
Avance 800 MHz spectrometer equipped with TCI cryo-probe NMR shiguemi tube 5 mm for Bruker
spectrometer **Chromatography Columns** Superdex 75 26/60, GE Healthcare

Procedure
**USrc expression and puri�cation** _Transformation_: 1.Thaw an aliquot of competent cells \(Rosetta)
on ice 2.Add 1 μL \(100 ng) of plasmidic DNA to the cells, mix gently and leave on ice for 20 min 3.Put
the cells 1 min at 42ºC and leave them on ice again for 2 min 4.Add 500 μL of LB medium and incubate
for 60 min at 37ºC and 160 rpm 5.Spread about 100 μL of the mini-culture on LB plates with appropriate
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antibiotic added \(Ampicillin and Chloramphenicol) 6.Grow overnight at 37ºC _Expression of non labeled
proteins_ 1.Pick a colony from the plate and inoculate it in 50 mL of LB medium 2.Grow overnight at
37ºC, 160 rpm 3.Add the pre-culture to 1L of LB in a 3L Erlemeyer �at-based �ask 4.Incubate at 37ºC and
160 rpm, until OD reaches 0.5 - 0.8 5.Induce the expression of the protein with 1 mM IPTG 6.Leave the
culture for 4-5 hours at 30ºC or alternatively overnight at 25ºC \(O/N growing at low temperatures is
advisable for avoiding possible aggregation of unfolded proteins) 7.Harvest cells 30 min at 4,500 rpm,
4ºC 8.Discard �ow-through and resuspend the pellet in buffer L \(always add Protease inhibitor cocktail
and PMSF to the buffer) _Expression of 15N labeled proteins_: 1.Prepare 1L of M9 minimal medium in a
3L Erlenmeyer ba�ed-base �ask 2.Pick a colony from the plate and inoculate it in 50 mL of LB medium
3.Grow overnight at 37ºC, 160 rpm 4.Harvest cells from 50 mL overnight pre-cultures by centrifuging for
35 min at 1,000g, 4ºC 5.Resuspend the pellet with 25 mL of M9 minimal medium. 6.Add it to the 3L
Erlenmeyer �ask with 1L of M9 medium. 7.Incubate at 37ºC until OD reaches 0.5 - 0.8 and proceed as
described from point 5 in previous section. _Puri�cation \(Cell lysis – A�nity chromatography – Size
exclusion chromatography)_: 1.Sonicate the cell suspension with 6 short burst of 30 sec separated by 30
sec \(keep the suspension always on ice to avoid sample heating) 2.Add DNAse I and leave on ice for 20-
30 min 3.Centrifuge for 45 - 60 min at 24,500 rpm and 4ºC a.During the centrifugation equilibrate the
required Strep-Tactin® sepharose resin with 2 CV \(CV = column volume) of buffer L 4.Collect
supernatant and incubate with equilibrated Strep-Tactin® sepharose resin \(about 1-2 mL / 1L of culture)
5.Leave overnight agitating at 4ºC \(Do not leave resin binding for longer than 18 hours) 6.Discard �ow-
through and wash the resin by adding 1 CV of buffer W. Repeat until Bradford test is negative \(generally
after 5-6 times). Collect the wash fractions for SDS gel 7.Add 4-6 times 0.5 CV of buffer E for eluting the
protein. Repeat until Bradford test is negative. Collect elution fractions for SDS gel 8.Centrifuge the eluate
at 2,200 rpm for 10 min \(to eliminate possible resin particles and aggregates) 9.Equilibrate the column \
(Superdex 75 26/60) with 1 CV of buffer F 10.Inject the supernatant into the ÄKTA™ system \(Size
exclusion chromatography – Superdex 75 26/60) 11.Collect the fractions where the protein elutes at �ow
rate 0.5 ml/min and analyze by SDS gel \(Run another step of puri�cation whether the protein looks not
completely pure) 12.Concentrate the protein until the desired concentration \(0.1 – 0.5 mM typically)
using a Vivaspin centrifugal concentrator \(cut-off 3-5 kDa) **Lipid StripTM assay** _Note: The following
procedure is a modi�ed version of the original manufacturer's protocol._ 1.Block the membrane with 3%
of fatty acid-free BSA in TBS-Tween 0,1% and gently agitate for 1 hr at RT \(or O/N at 4ºC) 2.Discard
blocking solution and incubate the membrane with 10 µg/ml of USrc Protein \(20 µl of stock 1 mM in
buffer NaP pH 7.0). 3.Discard the protein solution and wash the membrane for about 8 min with TBS-
Tween 0,1% \(repeat this step 4-5 times) 4.Incubate the membrane with a 1 : 20,000 dilution of primary
antibody \(anti- StrepTag) in 3% of fatty acid-free BSA TBS-Tween 0,1%. Gently agitate for 1 hr at RT
5.Discard the solution and wash the membrane for about 8 min with TBS-Tween 0,1% \(repeat this step
4-5 times) 6.Incubate the membrane with a 1 : 75,000 dilution of secondary antibody \(anti-mouse HRP)
in 3% of fatty acid-free BSA TBS-Tween 0,1%. Gently agitate for 1 hr at RT 7.Discard the solution and
wash the membrane for about 8 min with TBS-Tween 0,1% \(repeat this step 4-5 times) 8.Detect the
bound protein by Chemiluminescent or ECL detection **Preparation of lipid bicelles for NMR
experiments** 1.After weighting the desired amount, of synthetic or natural lipids must be dissolved in
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chloroform or a chloroform/methanol/water mix. In particular: 12.5% \(w/w) bicellar dispersions were
prepared by mixing long-chain \(DMPC or DMPG) and short-chain \(DHPC) phospholipids \(Avanti Polar
Lipids, Alabaster, AL) in chloroform or chloroform/methanol) 2.Evaporate in a SpeedVac system \
(generally for 3-4 hr) 3.Rehydrate the dried lipids �lms by adding 50 mM sodium phosphate \(pH = 7.0)
4.Leave the solution for 1-3 hr at 40ºC \(fast hydration) or O/N at RT 5.When solutions are homogeneous,
mix them to obtain the desired ratio for bicelle preparation. 6.Vortex thoroughly until the �nal solution is
homogeneous \(after mixing, small, white pieces may form). 7.After vortexing, subject the mixture to
freeze-thaw cycles \(45'' in liquid nitrogen and 3-5' at 42ºC) with pipetting and quick vortexing. 8.Repeat
this step until solution is clear and transparent **_Note_**: The molar ratio of lipids in bicelle samples
was 1.0 DHPC:0.4 DMPC:0.1 DMPG \(q = 0.5, 13.3% DMPG molar ratio), 1.0 DHPC:0.4 DMPC:0.4 DMPG \
(q = 0.8, 22.2% DMPG molar ratio), 1.0 DHPC:0.8 DMPG \(q = 0.8, 44.4% DMPG molar ratio) and 1.0
DHPC:0.8 DMPC \(q = 0.8, 44.4% DMPC molar ratio). DMPC+DMPG/DHPC \(q ratios) of 0.5–0.8 provide
isotropic fast tumbling bicelles. 9.Bicelles quality controls: 31P NMR17,18. 31P NMR spectra exhibit two
distinct peaks, presumably due to segregation of the two kinds of phospholipids into bilayer and rim
regions of the bicelle disk. 10. Add the protein solution to the �nal lipid mixture \(e.g. 0.2 mM of protein
and 8% \(w/v) of lipids). 11. Add 10% D2O and transfer it in a NMR or shigemi tube: the sample is now
ready for NMR experiments

Troubleshooting
**USrc expression and puri�cation** Using Rosetta \(DE3) pLysS \(for translation of mammalian rare
codons for E.Coli) the protein yield increases > 10x \(10 mg/L culture) in comparison with BL21\(DE3)
pLysS. Unfolded proteins are much more sensitive than folded proteins to degradation: Less amount of
IPTG can be used \(0.25 mM – 0.5 mM) to minimize aggregation. Always add protease inhibitors \(PIC,
PMSF) and sodium azide in all buffers. Whenever is possible, handle the protein sample/work at low
temperature. It is advisable to store the protein at 4ºC \(short-term storage) or lyophilized at -80ºC. To
improve cell lysis, lysozime \(2.5 mg/mL) can be added to the solution. Incubation on ice \(1 hour) is
recommended. Avoid �nal high concentrations \(< 1.0 mM) of the protein since it may cause aggregation.
**Lipid StripTM assay** _Note_: A troubleshooting guide is also supplied by manufacturer. It is very
important to use fatty acid free BSA. Anti-HRP antibodies are incompatibles with sodium azide, which is
usually present in the buffers. Don't use it. Avoid working with lipid strips in acid/basic environments, in
which the phospholipids spotted on the strips could be hydrolyzed. Always add Tween®20 to the
secondary antibody solution. The absence could produce cross reactivity between blocking agent and the
antibody. Optimize the �nal protein concentration used in the assay for each protein of interest. The
concentration needed will be depend on the protein lipid a�nity, the expected speci�city and the level of
signal background in the membrane after antibody detection. **Preparation of lipid bicelles for NMR
experiments** At high ratios of long- to short-chain phospholipids \(q>3) and high-total phospholipid
concentration \(cL 15 -25% \(w/w)), bicelles form discoidal lipid aggregates of approximately 4080 kDa
and 500A diameter that spontaneously align in magnetic �elds of > 2T at temperatures above the
transition temperature \(Tm) of the long-chain phospholipid. For our studies, we want an isotropic system,
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so we prepared bicelles with q <1. As the amount of short-chain phospholipid is increased \(q<1 and cL
5–15%\(w/w)), bicelles form an unaligned phase that is suitable for high-resolution NMR studies. In our
studies, we have used these isotropic bicelles. To reduce material losses with intense vortexing, use
always Eppendorf Safe-Lock Tubes™ If the solution does not get homogeneous \(e.g. presence of
chunks), a further step of sonication after freeze/thaw cycles, could be done If chunks remain, place
bicelles at –80ºC for 1-2 hours then thaw and vortex Let the mixtures hydrate at room temperature \(18-
22ºC) for several hours \(also O/N) \(e.g. Lipid mixtures with a "q" of 2.8 – 3.0 need at least 2 - 3 hours
for a complete hydration). Before adding the protein solution, the lipid mixture has to be totally clear and
homogeneous.

Anticipated Results
**Production of USrc protein** Figure 1 shows typical size exclusion chromatography \(SEC) elution
elution pro�le four our unfolded protein construct. USrc generally elutes around 105-120 ml. As seen in
Figure 2, SDS-Gel PAGE after Coomassie staining of USrc SEC fractions indicates that we obtain the
protein with high purity.   **Lipid StripTM assays** By following this procedure we identi�ed the lipid
binding speci�city of USrc domain \(as shown in Figure 3). Immobilized lipids to the membrane are, as
indicated in the legend: TG triglyceride, DAC diacylglyceride, PA phosphatidic acid, PS phosphatidylserine,
PE phosphatidylethanolamine, PC phosphatidylcholine, PG phosphatidylglycerol, CL cardiolipin, PtdIns
phosphatidylinositol. In particular, after detecting by immunoblotting with anti-Strep-tag HRP, black spots
revealed the binding of USrc to PA, PS, CL, PtdIns \(4)P, and PtdIns \(3,4,5)P.  **Protein-Lipid interaction
by NMR using bicelles** Figures 4 shows an overlay of 1H-15N HSQC NMR spectra of USrc \(red), of USrc
in presence of DMPC/DHPC and DMPG/DHPC bicelles \(blue and gray, respectively), acquired at a Bruker
Avance 800MHz spectrometer equipped with TCI cryo-probes.  The chemical shift perturbation induced
by binding of USrc to bicelles were calculated as in Equation 1 \(see Figure section).
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Figure 1

FPLC Chromatogram of USrc puri�cation from _E. Coli_ Chromatogram of USrc puri�cation. Shown are
the UV absorption at 280 nm (Y axis) and the elution volume (X axis).
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Figure 2

SDS-PAGE of the FPLC fractions of USrc SDS-PAGE Coomassie stain analysis of aliquots taken from
FPLC fractions.

Figure 3
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Lipid Strip assay Binding of USrc to immobilized lipids, detected by immunoblotting with anti-Strep-tag
(TG triglyceride, DAC diacylglyceride, PA phosphatidic acid, PS phosphatidylserine, PE
phosphatidylethanolamine, PC phosphatidylcholine, PG phosphatidylglycerol, CL cardiolipin, PtdIns
phosphatidylinositol)

Figure 4

USrc-bicelles interactions observed by NMR Top Panel: Overlay of 1H-15N HSQC NMR spectra of USrc
alone (red), in the presence of DMPC/DHPC bicelles (blue), and in the presence of DMPG/DHPC bicelles
(grey). Bottom panel: schematic representation of the structure and charge of the lipid bicelles used.
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