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Introduction

Intrinsically disordered proteins (IDPs) lack well-defined 3D 
structures under native conditions, yet they fulfill important func-
tions primarily linked with signaling and regulation in cell physi-
ology.2-5 Structural disorder abounds in all organisms, particularly 
in higher eukaryotes,6,7 and is thought to function either directly 
due to the lack of a stable structure (entropic chains) or via molecu-
lar recognition accompanied by induced folding.8 In certain cases, 
specific recognition of partner molecule(s) has been described 
without a transition to a fully-folded state, termed fuzziness.9,10 
Structural disorder appears to impart many functional advantages 
in protein-protein interactions, such as increased speed of inter-
action, specificity without excessive binding strength, and struc-
tural adaptability to different binding partners. A key functional 
manifestation of this latter is moonlighting, when the protein car-
ries out many, apparently unrelated functions.11 As appears in a 

few concrete cases, such as p53,12 binding to alternative partners 
is thought to occur via the acquisition of alternative structures, 
attesting to the extreme structural adaptability of IDPs. The func-
tional complexity of the proteome may critically depend on this 
ability and ensuing moonlighting, because such proteins can func-
tion as molecular switches that effectively regulate the direction of 
information flow in the interactome.

Thymosine β4 (Tβ4) is a small IDP (43 residues), with diverse 
experimental evidence attesting to its moonlighting functions.13 
Being functionally, but not structurally well-characterized, it is an 
excellent candidate for studying the conformational underpinning 
of moonlighting functions. Tβ4 was first identified as an actin-
sequestring molecule,14 playing a key role in regulating the forma-
tion and modulation of the actin cytoskeleton.15 As actin-binding 
is considered its main function, this interaction is well-studied and 
well characterized,16 and the structure of Tβ4 in complex with 
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Thymosine β4 (Tβ4) is a 43 amino acid long intrinsically disordered protein (IDP), which was initially identified as an 
actin-binding and sequestering molecule. Later it was described to have multiple other functions, such as regulation of 
endothelial cell differentiation, blood vessel formation, wound repair, cardiac cell migration, and survival.1 The various func-
tions of Tβ4 are mediated by interactions with distinct and structurally unrelated partners, such as PINCH, ILK, and stabilin-2, 
besides the originally identified G-actin. Although the cellular readout of these interactions and the formation of these 
complexes have been thoroughly described, no attempt was made to study these interactions in detail, and to elucidate the 
thermodynamic, kinetic, and structural underpinning of this range of moonlighting functions. Because Tβ4 is mostly disor-
dered, and its 4 described partners are structurally unrelated (the CTD of stabilin-2 is actually fully disordered), it occurred 
to us that this system might be ideal to characterize the structural adaptability and ensuing moonlighting functions of IDPs. 
Unexpectedly, we found that Tβ4 engages in multiple weak, transient, and fuzzy interactions, i.e., it is capable of mediating 
distinct yet specific interactions without adapting stable folded structures.
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G-actin was published in 2004.17 During the following years many 
different functions were linked to this small protein, such as endo-
thelial cell differentiation,18 angiogenesis,19 and wound repair.13 
Tβ4 increases the concentration of metalloproteinases, which is 
important in cell migration in many different cell types.20 The 
precise mechanism underlying this effect is unclear, but multiple 
related and in some cases independent mechanisms have been envi-
sioned.21 Tβ4 emerged as a potentially useful therapeutic agent in 
epidermolysis bullosa, an inherited disease characterized by the 
presence of recurrent blisters, mechanical fragility of the skin and 
other epithelial structures, and scar formation.22

Tβ4 can also promote cardiac repair through increasing cardiac 
cell migration and survival,1 probably via interacting with 2 pro-
teins, PINCH (Particularly Interesting New Cys His containing 
protein) and ILK (Integrin Linked Kinase).1 These partners also 
interact directly with each other and indirectly with the actin cyto-
skeleton as part of a larger complex known as the focal adhesion 
complex. Both proteins are required for cell survival and motility.23 
The interaction with Tβ4 has been mapped to the fourth and fifth 
LIM domains of PINCH, and to the N-terminal ankyrin domain 
of ILK.1 These interactions were later confirmed in other works24,25 
and it was also shown that Tβ4 plays an active role in NF-κB sig-
naling by inhibiting TNF-α-induced NF-κB activation.26 This 
effect was independent of PINCH and ILK and it was suggested 
that there might be a binding competition between Tβ4/PINCH/
ILK and the newly identified Tβ4-RelA/p65 complex. This raises 
the possibility that Tβ4 targets the proinflammatory signaling 
mediated by PINCH/ILK, but not PINCH/ILK molecules them-
selves, to suppress inflammation.

Another Tβ4-interacting protein was found by Lee and 
coworkers.27 Using GST-pull down, co-immunoprecipitation 
assays and immunofluorescence imaging they confirmed that the 
cytoplasmic domain (CTD) of stabilin-2 (an endocytic receptor 
for hyaluronic acid) binds Tβ4. This interaction renders Tβ4 a role 

in the stabilin-2 mediated phagocytosis of apoptotic cells, but its 
exact mechanism remains to be elucidated. Although the cellular 
function of these interactions and the formation of these complexes 
have been thoroughly characterized, no attempt was made to study 
them in vitro to elucidate the thermodynamic, kinetic, and struc-
tural underpinning of their formation. Whereas the different 
functional terms of Tβ4 are not orthogonal (that is, they refer to 
function at different levels), the molecule fits with the moonlight-
ing concept, because its binding to different partners does entail 
different types of molecular effects. Upon binding to actin, it 
directly sequesters this protein from polymerization, whereas by 
binding to PINCH and ILK it affects upstream cytoskeletal sig-
naling. With regards to stabilin, it may have a completely differ-
ent function in endycytotic signaling. In addition, because Tβ4 
is mostly disordered, and its 4 described partners are structurally 
unrelated (the CTD of stabilin-2 is in fact disordered itself), this 
system might be ideal to characterize the structural adaptability 
and ensuing moonlighting functions of IDPs. Unexpectedly, and 
without precedence in the literature, we found that Tβ4 engages 
in multiple fuzzy interactions, i.e., it is capable of mediating its 
distinct yet specific interactions without adapting distinct folded 
structures in the different complexes.

Results

Weak interaction of Tβ4 with PINCH LIM4–5 and 
ILK-Ank-GST

PINCH LIM4–5 was expressed as His-tagged protein, while 
the Ankyrin repeat region of ILK was stable only while conju-
gated to GST. Enzymatic cleavage of the GST tag was unsuc-
cessful, leading to immediate aggregation of the cleaved protein.

Both protein constructs associated with Tβ4 very weakly, 
with a high K

D
, 0.6 mM for PINCH LIM4–5 and 0.4 mM for 

ILK-Ank-GST as confirmed by biolayer interferometry (BLI) 

Figure 1. Biolayer interferometry (BLI). Corrected binding curves of Tβ4 and its different partners: PINCH LIM4-5 (A), ILK-Ank-GST (B) and stabilin CTD 
(C). The concentration of Tβ4 was 3 mM in each case. Red line represents the fitted curve used to calculate kinetic parameters.
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(Fig.  1A and 
B; Table  1). 
An interest-
ing feature of 
the reaction 
between Tβ4 
and PINCH 
LIM4–5 is that 
the dissociation 

is a much slower process (k
d
 = 1.18x10−5 s-1) than the association (k

a
 

= 7.25 M-1s-1). The interaction with ILK-Ank-GST was somewhat 
stronger, but also in the millimolar range (Table 1). The negative 
control p27Kip1 did not bind to any of the partners. Due to the 
nature of the experiment there was no possibility to measure Tβ4 
binding to both of the partners together.

Isothermal titration calorimetry measurements were unsuccess-
ful due to the extremely low heat capacity changes and low K

D
 of 

the binding. Even though the interaction was confirmed by the 
results, data were not consistent enough to fit a binding curve and 
calculate thermodynamic constants with either of the partners.

Steady-state fluorescence measurements confirmed the weak 
interactions with both partners (Fig. 2A and B). A concentration-
dependent decrease in the intensity of the tryptophan fluorescence 
could be observed upon titration with Tβ4. Since Tβ4 has no 
tryptophanes or tyrosines in its sequence, in this experiment the 
fluorescence of the partners were detected and Tβ4 was titrated to 
the solution of the partners. An important feature and a signal of 
weak binding is the fact that even at 1:8 (partner:Tβ4) molar ratio 
there was no saturation of the complex as could be seen from the 
constant decrease of the fluorescence intensity measured at 330 nm 
(insets of Fig. 2A and B). In order to exclude the unspecific effects 
of the changing composition of the solution control titrations were 
performed by adding 2 different tripeptides (GGG and GHG) 

to the partner molecules (PINCH LIM4-5 and ILK-Ank-GST). 
Since we could not detect any change in fluorescence throughout a 
broad concentration range, we concluded that the measured fluo-
rescence intensity change originated from the specific interaction 
of Tβ4 and its partners. The higher fluorescence intensity and 
relative smaller changes with ILK-Ank-GST result from the high 
background fluorescence of GST. We performed control experi-
ments with Tβ4 titrated to GST and there was no apparent change 
in the fluorescence signal (data not shown).

The near UV CD spectra of the complexes show that the bind-
ing involves 1 or several tryptophans of PINCH and ILK (Fig. 3.) 
As Tβ4 has no tryptophan or tyrosine residues, the signal in the 
near UV CD spectrum arises mainly from the partner molecules. 
Although from these experiments no structural information can 
be subtracted, the fact of binding is clearly shown by the marked 
change of the spectra upon addition of Tβ4. The measured spec-
tra differ both from the spectra of the separated partners and the 
algebraic sum of their spectra. The spectrum of the 1:1 mixture of 
PINCH LIM4–5 and ILK-Ank-GST is a mixture of the separate 
molecules, which is reasonable, since these constructs lack the sites 
needed for their interaction. When Tβ4 was added, the resulting 
spectrum was similar, but not identical to that of the ILK/Tβ4 
complex, suggesting that when both partners are present, the inter-
action of Tβ4 with ILK-Ank-GST is preferable over the interac-
tion with PINCH LIM4-5.

Fuzziness in Tβ4/PINCH LIM4-5 and Tß4/ILK-Ank-GST 
interactions

The results so far support the conclusion that Tβ4 forms 
weak, but relatively stable complexes with PINCH LIM4-5 and 
ILK-Ank-GST. Surprisingly, formation of these complexes is not 
accompanied by significant changes in the far UV CD spec-
tra of the proteins when mixed together (Fig.  4). As expected, 
Tβ4 has a far UV CD spectrum typical of a disordered protein, 

Table 1. Kinetic parameters determined in the BLI 
measurements

ka (M
−1s−1) kd (s−1) KD (M)

PINCH LIM4–5 7.5 1.2 x 10−5 6.3 x 10−4

ILK-Ank-GST 2.65 x 10−4 9.2 x 10−4 3.8 x 10−4

Stabilin 22.1 9.8 x 10−4 2.8 x 10−3

Figure 2. Steady-state fluorescence. (A) Fluorescence spectrum of PINCH LIM4-5 titrated with different concentrations of Tβ4. : PINCH LIM-4-5, +: 1:4 
molar ratio of PINCH LIM4-5:Tβ4; : 1:8 molar ratio of PINCH LIM4-5:Tβ4. Inset: decrease of the maximum fluorescence measured at 330 nm at different 
molar ratios of PINCH LIM4-5 and Tβ4. (B) Fluorescence spectrum of ILK-Ank-GST titrated with different concentrations of Tβ4. : ILK-Ank-GST, +: 1:4 
molar ratio of ILK-Ank-GST:Tß4; : 1:8 molar ratio of ILK-Ank-GST:Tβ4. Inset: decrease of the maximum fluorescence measured at 330 nm at different 
molar ratios of ILK-Ank-GST and Tβ4.
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characterized by a large negative peak around 200 nm. PINCH 
LIM4-5 and ILK-Ank-GST have CD spectra of globular proteins. 
PINCH LIM4–5 has a spectrum which is comprised from β sheet 
and α helix components (sheet and helix content 0.44 and 0.068 
respectively), but there is a considerable amount of flexible regions 
present in the molecule (β turns: 0.19; unordered content: 0.3). 
ILK-Ank-GST had mostly α-helical spectrum which corresponds 
well to the structure of the ANK repeat region and the fusion part-
ner GST (sheet and helix content 0.174 and 0.56, respectively). 
When Tβ4 was added to PINCH LIM4–5 the observable shift of 
the negative peak from 200 to 205 nm was slightly larger than in 
the algebraic sum of the spectra of the partners (Fig. 4A), but no 
significant differences could be observed when Tβ4 was added to 
ILK-GST (Fig. 4B) or to the mixture of the 2 partners (Fig. 4C). 
Ellipticity at 222 nm is proportional to the α-helix content of a 
protein and based on our far UV CD measurements there was 
no elevation in the helical content of the proteins when Tβ4 is 
added. In fact the measured ellipticity at 222 nm was lower than 

the sum of the ellipticity read of the 2 separate partners in each 
case, with the exception of PINCH LIM4–5, but the difference 
was only marginal and was not statistically significant. The results 
were quite similar when the titrations were performed in excess of 
the partners relative to Tβ4 (data not shown). If the interaction 
involved the folding of Tβ4 into a well-defined structure, the far 
UV CD spectrum of the protein should have changed significantly 
under these circumstances. This signifies that no stable secondary 
structure is formed upon the interaction with any of the partners, 
even when both are present in the reaction mixture. This notion 
was further strengthened by the results of the NMR experiments. 
1H-15N HSQC spectra of Tβ4 titrated with unlabeled partners 
confirm that the proteins interact but Tβ4 undergoes very small 
structural changes (Fig.  5A–C). The amide proton resonances 
keep their narrow dispersion in all cases, indicating that the envi-
ronment of the residues of Tβ4 does not change dramatically (and 
remain characteristic of a disordered protein). The small pertur-
bations of the indicated resonances outline the interaction sites 

Figure 3. Near UV CD spectra of Tβ4 and its partners. Tβ4 is labeled with open squares and the algebraic sum of the spectra of the separated partners 
is labeled with dashed line on every panel. (A) interaction with PINCH LIM4-5. : PINCH LIM4-5 in the absence of Tβ4; : complex of PINCH LIM4-5 and 
Tβ4. (B) interaction with ILK-Ank-GST. : ILK-Ank-GST in the absence of Tβ4; : complex of ILK-Ank-GST and Tβ4. (C) interaction with PINCH LIM4-5 and 
ILK-Ank-GST. : 1:1 mixture of PINCH LIM4-5 and ILK-Ank-GST; : complex of PINCH LIM4-5, ILK-Ank-GST and Tβ4. (D) interaction with Stabilin CTD.  : 
stabilin CTD in the absence of Tβ4;  : complex of stabilin CTD and Tβ4.
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of the protein, but the lack of a stable 3 dimensional structure is 
clear. It is interesting to note that the observed perturbations only 
appeared when Tβ4 was present in excess in the solution. From the 
1H-15N HSQC spectra it is evident that the 2 stable α helices that 
are formed in Tβ4 upon binding to G-actin17 do not arise in these 
complexes. The perturbations are more expressed when Tβ4 is 
added to the 1:1 mixture of PINCH LIM4-5 and ILK-Ank-GST, 
but the signs of stable structures are still clearly missing. The major 
changes involve the N-terminal and central part of Tβ4, including 
residues 17–23, the G-actin binding site.28 The peaks of residues 
19–22 cannot be observed at all on the 1H-15N HSQC spectrum 
of Tβ4 titrated with the mixture of PINCH LIM4-5 and ILK-
Ank-GST, suggesting that these constitute the main binding site 
of Tβ4. From the combined chemical shift perturbations (Fig. 6A) 
it is evident that the behavior of Tβ4 is different when PINCH 
LIM4-5 and ILK-Ank-GST are present separately or together. By 
the analysis of the intensity changes and line broadening (Fig. 6B 
and C) 2 regions of Tβ4 seem to be involved in the interaction 

with PINCH LIM4–5 and ILK together. One region ranges from 
residues 6–11 and the other the above mentioned region between 
residues 17–23. Even though these stronger perturbations are still 
very small compared with those observed during Tβ4 binding to 
G-actin,17 they are clear and evident based on our measurements.

Hydrodynamic and hydration properties of Tß4 in complexes 
with PINCH LIM4–5 and ILK-Ank-GST

NMR experiments on residue-level disturbance suggest only 
limited local structural changes. To assess the overall hydrody-
namic effects of the interactions, we performed small angle X-ray 
scattering (SAXS) measurements. SAXS gives low resolution pic-
ture of the shape and size of macromolecules and their complexes. 
The recorded scattering curves for the complexes of Tß4/PINCH 
LIM4-5 and Tß4/ILK-Ank-GST (Fig.  7A and B) differed only 
slightly from those of the globular partners, indicating that the 
overall shape of the partners does not change upon binding of Tß4. 
Unfortunately ILK-Ank-GST showed significant amount of aggre-
gation due to the elongated storage, making the interpretation of 

Figure 4. Far UV CD spectra of Tβ4 and its partners. Tβ4 is labeled with open squares and the algebraic sum of the spectra of the separated partners is 
labeled with dashed line on every panel. (A) interaction with PINCH LIM4-5. : PINCH LIM4-5 in the absence of Tβ4; : complex of PINCH LIM4-5 and 
Tβ4. (B) interaction with ILK-Ank-GST. : ILK-Ank-GST in the absence of Tβ4; : complex of ILK-Ank-GST and Tβ4. (C) interaction with PINCH LIM4-5 and 
ILK-Ank-GST. : 1:1 mixture of PINCH LIM4–5 and ILK-Ank-GST; : complex of PINCH LIM4-5, ILK-Ank-GST and Tβ4. (D) interaction with Stabilin CTD. : 
stabilin CTD in the absence of Tβ4; : complex of stabilin CTD and Tβ4.
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the data unreliable. Kratky plots calculated from SAXS data 
give an indication of the structure of the studied macromol-
ecule; disordered proteins lack a distinct peak on a Kratky plot, 
as demonstrated for Tβ4 in the insets of Figure 7. The aggrega-
tion of ILK-Ank-GST is apparent on the Kratky plot and for 

this reason we concluded these results unreliable and they are 
not discussed in detail. It is evident from the curves of the com-
plexes that there are no major structural changes and transi-
tion to a compact state upon complex formation with either of 
the partners. Unfortunately there was no possibility to record the 

Figure 5. 1H-15N HSQC spectra of Tβ4 titrated with its partners. (A) 1H-15N HSQC overlaps of free (blue) 15N-Tβ4 and with PINCH LIM4–5 (3:1 Tß4 excess, 
red). (B) 1H-15N HSQC overlaps of free (blue) 15N-tβ4 and with ILK-Ank-GST (3:1 Tß4 excess, blue). (C) 1H-15N HSQC overlaps of free (blue) 15N-Tβ4 and with 
1:1 mixture of PINCH LIM4–5 and ILK-Ank-GST (3:1 Tβ4 excess, red). (D) 1H-15N HSQC overlaps of free (blue) 15N-Tβ4 and stabilin CTD (2:1 Tβ4 excess, red) 
in 50 mM sodium acetate and 50 mM NaCl pH 6.5 at 283 K.
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Figure 6. Residue mapped perturbation based on amide combined chemical shift changes during interaction between tβ4 and its partners screened 
by 1H-15N-HSQC spectra seen on Figure 5 (A). (Note: D13/K18 and K14/K31 overlays.) (B) Relative intensity changes observed during the interaction 
between tβ4 and its partners. (C) Line broadening of the signals on the 1H-15N-HSQC spectra during the interaction between tβ4 and its partners. Black: 
interaction with PINCH LIM4-5; red: interaction with ILK-Ank-GST; blue: interaction with PINCH LIM4-5 and ILK-Ank-GST together; green: interaction with 
stabilin CTD. Horizontal bars represent the regions that primarily take part in the interaction with the specific partner. Black: PINCH LIM4-5; red: ILK-Ank-
GST; blue: PINCH LIM4-5/ILK-Ank-GST; green: stabilin CTD; light gray: the 2 α helices that are formed upon G-actin binding; gray: the region important 
for matrix metalloproteinase activation.
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SAXS curves of Tß4 with PINCH LIM4-5 and ILK-Ank-GST 
together.

Wide-line 1H-NMR measurements can give information 
about the hydration of a protein or a protein complex which can 
be related to the level of order—or ordering upon complex for-
mation—of a disordered protein. The wide-line 1H-NMR sig-
nal intensity is the measure of the number of mobile protons or 
equivalently, the number of mobile water molecules, which is 
expressed as hydration (h, gram water/gram protein). The slopes 
of hydration vs. temperature curves give a quantitative param-
eter characteristic of the heterogeneity of protein–water interac-
tions.29,30 In our experience, the interactions of the IDPs with 
water molecules are characterized with broad energy distribu-
tions in contrast with the globular proteins for which these ener-
gies fall in a much narrower range.30 As a conclusive example, 
the hydration curves of the globular protein BSA and the IDP 

Tβ4 are showed in Figure 8D. The low-temperature step in the 
hydration curve (i.e., the h vs. T data) appears when detectable 
molecular motion becomes active. The lower this ‘melting’ tem-
perature, the weaker the interaction is between the water mol-
ecules and the protein compared with the water-water interaction 
in the bulk solvent. In this sense, PINCH LIM4-5 binds water 
less strongly than Tβ4 (Fig. 8A). This is a consequence of the 
structure of the 2 proteins, since disordered proteins bind water 
molecules more strongly than structured molecules.30 The hydra-
tion curve of Tβ4 dissolved in water shows an almost constant 
region below – 20°C and a strongly changing part between – 20 
and 0°C (Fig. 8), which indicates that part of Tβ4 has a tendency 
to gain structure known from previous studies.17

The hydration curve of PINCH LIM4-5 (Fig. 8A) dissolved 
in water increases continuously with increasing temperature. 
PINCH LIM4-5 has unusually higher hydration values than 

Figure 7. SAXS scattering curves and Kratky plots of Tβ4 and its partners. (A) scattering curves of PINCH LIM4–5 in the absence of Tβ4 (red), Tβ4 in the 
absence of PINCH LIM4-5 (black) and PINCH LIM4-5 in the presence of Tβ4 (blue). Inset: Kratky plot of PINCH LIM4-5, Tβ4 and their complexes. Labeling 
is the same as in (A). (B) scattering curves of ILK-Ank-GST in the absence of Tβ4 (red), Tβ4 in the absence of ILK-Ank-GST (black) and ILK-Ank-GST in the 
presence of Tβ4 (blue). Inset: Kratky plot of ILK-Ank-GST, Tβ4 and their complex. Labeling is the same as in (B). (C) scattering curves of stabilin CTD in the 
absence of Tβ4 (red), Tβ4 in the absence of stabilin CTD (black) and stabilin CTD in the presence of Tβ4 (blue). Inset: Kratky plot of stabilin CTD, Tβ4 and 
their complex. Labeling is the same as in (C).
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Tβ4 in the whole subzero temperature range. This rise of the 
hydration curve indicates that the mobile water molecules are 
involved in interactions which are energetically heterogeneous. 
This latter feature resembles the hydration curves of the IDPs.30,31 
The hydration curves of globular proteins investigated earlier 
(ubiquitin29 and bovine serum albumin30,31) show a temperature 
independent, constant value below – 10°C. The slope of a hydra-
tion curve does not depend on the precise concentration of the 
protein solution, and so it is a more error-proof parameter than 
the hydration values. The complex formed by Tβ4 with PINCH 
LIM4-5 is hydrated similarly to the stand-alone Tβ4 (Fig. 8A). 
The hydration vs. temperature curve measured for the Tβ4/
PINCH LIM4-5 solution cannot be reproduced as the sum of 
the independently hydrated Tβ4 and PINCH LIM4-5 proteins. 
The Tβ4/PINCH complex has somewhat lower hydration values 
below – 10°C than Tβ4 alone. Raising the temperature above 
– 10°C causes the rapid melting of further amounts of water 
interacting with the complex. This part of the curve resembles 
more to that of PINCH LIM4-5 alone. The fact that the hydra-
tion values of the complex stay below the separate partners at 

all temperatures shows that certain surfaces of the partners get 
buried upon interaction, although Tβ4 does not approach the 
state of folded proteins.

ILK-Ank-GST alone binds water less strongly (lower ‘melt-
ing’ temperature) than Tβ4 but stronger than the Tβ4/
ILK-Ank-GST complex does (Fig.  8B). The hydration curve 
measured for the isolated ILK-Ank-GST dissolved in water 
(Fig.  8B) shows a lower ‘melting’ temperature than Tβ4, 
increases very steeply with increasing temperature, and shows 
that the protein has the highest hydration values. These features 
suggest that ILK-Ank-GST is relatively unstable and binds 
water weaker than Tβ4. The water molecules hydrating the 
Tβ4/ILK-Ank-GST complex become mobile at a temperature 
even lower than for the isolated ILK-Ank-GST (Fig. 8B). The 
hydration values measured for the Tβ4/ILK-Ank-GST solution 
are lower than the hydration values of ILK-Ank-GST (Fig. 8B), 
indicating the formation of the complex with a considerable loss 
of solvent accessible surface of ILK-Ank-GST. The h vs. tem-
perature values for the complex show a thermal trend, which is 
characteristic to IDPs.

Figure 8. Hydration of Tβ4 and its partners measured with wide-line 1H NMR. (A) Hydration of the proteins Tβ4 (, left ordinate), PINCH LIM4-5 (, right 
ordinate), and Tβ4/PINCH LIM4-5 complex ( , left ordinate) measured for frozen solutions as a function of temperature. (B) Hydration of the proteins 
Tβ4 (, left ordinate), ILK-ANG-GST (, right ordinate), and Tβ4/ILK-Ank-GST complex ( , left ordinate) measured for frozen solutions as a function of 
temperature. (C) Hydration of the proteins Tβ4 (), stabilin CTD (), and Tβ4/stabilin CTD complex () measured for frozen solutions as a function of 
temperature. (D) Hydration of the proteins Tβ4 (-) and bovine serum albumin (7) measured for frozen solutions as a function of temperature. The hydra-
tion values were calculated from the wide-line 1H-NMR signal intensity of the mobile water component. Lines are guides for the eye.
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Tß4 binding to stabilin CTD
Due to disorder of both partners, we treated Tβ4-stabilin CTD 

interaction separately. Whereas induced folding upon binding to a 
structured partner is now a common theme in the IDP literature,8 
binding of 2 IDPs together is an exception rather than the rule.32,33

Stabilin CTD was expressed as a His-tagged protein and Tβ4 
was untagged, just like in the former experiments. The interaction 
of the 2 protein constructs was first confirmed by BLI measure-
ments (Fig. 1C). The K

D
 of Tβ4 binding to stabilin CTD (2.8 

mM) is even higher than the K
D
 measured with the other 2 part-

ners (Table 1). Although the binding is extremely weak, it is not 
unspecific, since Tβ4 did not interact with the intrinsically disor-
dered p27Kip1 in the same experiment. Isothermal titration calo-
rimetry measurements gave similar results of weak binding. The 
binding was accompanied by a small, favorable enthalpy change 
(ΔH = – 1752 cal/mol) and a very small positive change in entropy 
(ΔS = 19.9 cal/mol/deg). This latter suggests that the interaction 
of these 2 proteins is not accompanied by the formation of stable 
structures, in fact, the protein(s) become slightly more disordered 
in the complex.

The near UV CD measurements also confirmed the interaction 
of the 2 proteins, since the spectrum of the complex is clearly dif-
ferent from that of the sum of the 2 separated partners (Fig. 3D). 
Stabilin CTD contains 2 tyrosines and 1 phenylalanine residue, 
making the interpretation of the near UV CD spectrum more 
straightforward. The 2 tyrosines seem to be more buried than the 
phenylalanine in stabilin CTD when measured alone. Upon addi-
tion of Tβ4 the local environment of the tyrosine residues seems 
to be affected most strongly while the phenylalanine in Tβ4 or in 
stabilin CTD does not change dramatically. Far UV CD measure-
ments confirmed the conjecture that there is no major structural 
reorganization upon binding of these 2 proteins. As shown on 
Figure 4D, both proteins are of disordered nature and this does 
not change after complex formation.

This type of fuzzy binding was further supported by the results 
of the NMR experiments. 1H-15N HSQC spectrum of Tβ4 titrated 
with unlabeled stabilin CTD is very much like the one with the 
earlier described partners, i.e. the disordered nature of the protein 
is retained even in the complex (Fig. 5D). Observable changes in 
the chemical environment of the backbone cluster in the region 
of the 2 α helices at the N – and C-terminus of Tβ4 which are 
formed upon binding to G-actin, but changes in chemical shifts 
fall way short of values characteristic of the formation of α-helices 
(Fig. 6A). Intensity changes and line broadening (Fig. 6B and C) 
do not show considerable change upon Tβ4 titration with stabilin 
CTD.

SAXS measurements provided yet another proof of Tβ4 bind-
ing stabilin CTD while lacking stable tertiary structure. The 
scattering curve of the complex differs evidently from that of the 
separated partners (Fig. 7C), suggesting that there is interaction of 
the 2 proteins. The sharp increase of the scattering curve of Tβ4 
at small angles might be a result of a certain amount of protein 
association. It would be misleading to call it aggregation, since no 
aggregation of Tβ4 could be detected with gel filtration or native 
PAGE and this could not be eliminated either with centrifugation 
or flitration. This upturn of the scattering curve is not present in 

the scattering curve of the complex, so it is reasonable to surmise 
that interaction with stabilin CTD disrupts these Tβ4 associates. 
Kratky plots of the proteins reveal that stabilin CTD is less disor-
dered than Tβ4, even though there was no sign of stable secondary 
structures present in the far UV CD spectrum of the protein. This 
can be reconciled by a higher helical propensity in stabilin CTD 
which cannot be detected by CD, but is observable with SAXS. 
Interestingly, Kratky plot of the Tβ4/stabilin CTD complex bears 
the characteristics of a more disordered protein, suggesting that 
instead of gaining structure, stabilin CTD loses some of its already 
present structural elements.

The wide-line 1H-NMR measurements also confirm that there 
is more order in stabilin CTD than in Tβ4. As it can be deduced 
from the temperatures where detectable molecular motions become 
active, stabilin CTD alone binds water less strongly (lower ‘melt-
ing’ temperature) than Tβ4 and the Tβ4/stabilin CTD complex 
does (Fig.  8C). The temperature-trends of the hydration curves 
measured for the proteins (Fig. 8C) suggest that isolated Tβ4 and 
stabilin CTD, as well as their complex, are IDPs. The hydration 
curves of Tβ4 and the complex are indistinguishable between – 35 
and – 20°C. The hydration of the complex approaches the hydra-
tion of stabilin CTD with increasing temperatures and these 2 
hydration curves become equal above – 10°C. At this temperature 
several molecular layers of water become mobile and therefore the 
amount of the mobile water content cannot be considered as indic-
ative of the size of the solvent accessible surface of the protein. The 
mobility and the amount of the unfrozen water are high enough 
even for translational diffusion of water in this temperature range. 
The formation of the complex results in a considerable loss of sol-
vent accessible surface of stabilin CTD, again pointing to interac-
tion with no structure.

Discussion

With increasingly deeper understanding of the structural and 
functional characteristics of IDPs, the notion of functional pro-
teins not having a stable three dimensional structure becomes ever 
more accepted. Key observations published in the last few years 
outline a new feature of disordered proteins: binding without 
disorder-to-order transition (binding without induced folding).34 
This type of binding is best characterized for the cytoplasmic 
domains of immune receptors,33,35-37 but there are other interac-
tions that have been reported to form without clear disorder-to-
order transition38,39 and “fuzziness,” i.e. structural disorder in the 
bound state of proteins might be a rather general phenomenon.9,10 
Such fuzzy complexes may have major importance in moonlight-
ing, when a protein fulfills more than one, often unrelated func-
tions. IDPs are capable of structurally adapt to their partners, as 
shown for p21cip1 and p53, that can bind in many different confor-
mations to many different partners.40,12 It has not been explored, 
however, if moonlighting can also be combined with fuzzy interac-
tions, which would challenge our notion of specificity of interac-
tions even further.

Tβ4 is a typical moonlighting protein with many different 
functions.13 We chose 2 distinct functions and the related partners 
to study the structural background of the moonlighting ability of 
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Tβ4. Its involvement in cardiac cell repair is manifested through 
interactions with 2 focal adhesion proteins, ILK and PINCH. In 
the first relevant report,1 the ankyrin repeat region of ILK and the 
4th and 5th LIM domains of PINCH were found to be involved 
in interaction with Tβ4. We cloned and expressed these protein 
domains to characterize their interaction with Tβ4 both from 
a kinetic and a structural point of view and we found that the 
recombinant proteins formed very weak complexes. The several 
independent methods we used to investigate these interactions and 
their brief results are listed in Table 2. All the methods that are 
capable of detecting the interaction itself gave indication of weak 
complexes, but no changes could be observed with methods that 
give information about the structure of the macromolecules. These 
weak interactions are extremely difficult to study from a structural 
point of view, but can be crucial, as shown for example for the 
Nck2/PINCH interaction.41 The quickly forming, transient com-
plexes may play a key role in the rapid responses of the cells to the 
environmental changes.42 Tβ4 is known to interact with the 4th 
and 5th LIM domains of PINCH and the ankyrin repeat region of 
ILK while the latter also forms a complex with the 1st LIM domain 
of PINCH. Taken into consideration that Tβ4 is only 43 residues 
in length, its making contacts at so many different sites involves 
that the interacting surfaces should be small and the molecule 
should be mostly extended even in its bound state. Our results sug-
gest that most of Tβ4 remains in a disordered state when binding 
to PINCH or ILK separately and even upon binding to both part-
ners only a few amino acids get completely buried. The structural 
changes that this type of binding induces in its partners remain to 
be elucidated in order to fully understand how the Tβ4-induced 
upregulation of ILK occurs.24

Tβ4 binding to G-actin is accompanied by the formation of 2 α 
helices at the N and C termini of the protein.17 Based on the results 
of our NMR experiments, the region 10EKFDKSKLKK TET takes 
part in the binding to PINCH LIM4-5, which overlaps with the 
N-terminal helix, but without stabilizing it. In G-actin binding, 
Asn26 plays a direct role,17 but it does not seem to take part in the 
interaction with PINCH LIM4–5. Binding to ILK-Ank-GST 
induced changes in the chemical environments of amino acids in 
the 9IEKFDKSKL region, suggesting that the binding regions of 

the 2 partners overlap significantly. This result is in accord with 
the predictions of the ANCHOR server43,44 that predicts a long 
binding region between residues 1–18 in Tβ4. When both part-
ners are present, the whole N-terminal part of Tβ4 is affected, 
with the most pronounced changes of amino acids 6MAEIEK 
and 17LKKTETQLK (Fig. 6), the latter of which is the recogni-
tion site for G-actin.28 It is important to note that according to the 
observations of Domanski and coworkers,17 this region does not 
gain structure upon binding to G-actin and stays in and extended 
conformation. The fuzzy type of interaction was also confirmed 
by far UV CD and SAXS experiments. The fact that no signifi-
cant change of the far UV CD spectra or of Kratky plots could be 
observed upon binding supports the hypothesis that a large popu-
lation of Tβ4 remains in an unfolded state when binding PINCH 
LIM4-5 or ILK-ANK. Another important observation is that the 
only measurable changes in Tβ4 structure occurred when Tβ4 
was present in excess in the reaction mixture. One possible expla-
nation is that Tβ4 has to localize to the partners in large quanti-
ties for the association rate to overcome the dissociation rate. In 
these assemblies only a few Tβ4 molecules make direct contact 
with the partners at a given time point, making the detection of 
the bound structure difficult. An interesting study45 describes the 
capability of multivalent proteins of going through sol-gel phase 
transitions upon complex formation. One of the studied systems 
is the nephrin-Nck2-WASP complex which also takes part in the 
regulation of actin assembly. Since Tβ4 is the prototypical WH2 
(WASP homology domain 2) protein, it would be intriguing to see 
whether such phase transition is involved in the interactions stud-
ied above. The presence of large Tβ4 associates measured by SAXS 
could be an indication that Tβ4 is capable of such transition.

The CTD of stabilin-2 also interacts with Tβ4, and this inter-
action has a regulatory role in stabilin-mediated phagocytosis of 
apoptotic cells.46 This process has been characterized only in cel-
lular systems and no structural or kinetic data are available on the 
complex of the two molecules. This domain of stabilin is predicted 
to be disordered throughout its whole sequence, thus we expected 
mutual induced folding (or co-folding) of the 2 IDPs to occur 
upon the interaction, in which both of the partners would become 
more structured in a functional, stable complex as observed in 

Table 2. Summary of the methods used for the characterization of Tß4 binding to its partners

BLI
Steady-

state fluo-
rescence

Near UV 
CD

Far UV CD ITC NMR SAXS Wide-line NMR

Tβ4/PINCH 
LIM4–5

KD = 630 
µM

Weak 
interaction

Interaction 
with local 
changes

No structural 
changes

Too low heat 
of reaction

Interaction without 
gaining structure

No major 
structural 
changes

Interaction with 
some buried 

surfaces

Tβ4/
ILK-Ank-GST

KD = 380 
µM

Weak 
interaction

Interaction 
with local 
changes

No structural 
changes

Too low heat 
of reaction

Interaction without 
gaining structure

No major 
structural 
changes

 Interaction with 
some buried 

surfaces

Tβ4/PINCH 
LIM4–5-ILK-

Ank-GST

No 
information

No 
information

Interaction 
with local 
changes

No structural 
changes

Too low heat 
of reaction

Interaction without 
gaining structure

No 
information

No information

Tβ4/Stabilin 
CTD

KD = 2.8 
mM

No 
information

Interaction 
with local 
changes

No structural 
changes

Small enthalpy 
and entropy 

changes

Interaction without 
gaining structure

Interaction 
without gain-
ing structure

Interaction with 
some buried 

surfaces
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other cases.47 Instead, we observed that although the molecules 
interact with each-other (confirmed by several independent meth-
ods listed in Table 2) they do it without significant ordering of 
either partner. Titration of 15N labeled Tβ4 with stabilin CTD or 
15N labeled stabilin CTD with Tβ4 (data not shown) resulted in 
very little shifts of the peaks of the 1H-15N HSQC spectra, with no 
sign of major structural reorganization in any of the experiments. 
The perturbations of the combined chemical shifts suggest that 
only a couple of amino acids of Tβ4 make direct contact with sta-
bilin CTD. Far UV CD and SAXS measurements confirmed the 
results of the NMR experiments as shown by the unchanged far 
UV CD spectra of the complex and Kratky plots of the complex 
and the free partners.

It is striking how different the modes of binding of Tβ4 to 
G-actin and to the other proteins studied here, are: it seems we 
have encountered a new paradigm of multiple fuzzy interactions 
of a protein in its distinct functions. The first important differ-
ence is the strength of the binding. While the K

D
 of the binding 

with G-actin is in the micromolar range,48 the K
D
 of the binding 

with all 3 other partners is a couple of hundred micromolars. Since 
intracellular Tβ4 concentrations can be as high as 600 µM,16 the 
conditions of the formation of these weak complexes may exist in 
cells that respond rapidly to external signals. Because actin is one 
of the most abundant proteins in the cell, the polymerization sta-
tus of actin might be the primary factor regulating the availability 
of Tβ4 for these other, weaker interactions. The structural differ-
ences of the binding most probably stem from the fundamental 
differences between the functions of Tβ4 upon binding to G-actin 
and to the other partners. The aim of Tβ4 binding to G-actin is 
to sequester it and keep it in monomeric form until it is necessary. 
For this, the complex must be more stable than a complex where 
Tβ4 acts only as a transient activator, such as for ILK. This view 
is supported by the model of cell movement presented by Fan and 
coworkers in 200949 where they found that local regulated disso-
ciation of Tβ4/G-actin occurred during cell migration. G-actin 
availability promotes actin polymerization and Tβ4 binding to 
ILK enhances Akt2-dependent matrix metalloproteinase 2 expres-
sion and extracellular matrix degradation. The authors reasoned 
that the sequestration of Tβ4 prevents interaction with ILK in qui-
escent cells, until the stimulus mediated release of Tβ4 at the cell 
front during migration. The fact that the region of Tβ4 that binds 
PINCH and ILK together is the same region that is important for 
matrix metalloproteinase activation21 underlines significance of 
our findings.

Tβ4 binding to stabilin CTD might be stabilized by poly-
electrostatic interactions that make the interaction to form 
without stable structures possible. Both proteins are abundant 
of charged amino acids (20 in Tβ4 and 14 in stabilin CTD) and 
the charges are distributed more-or-less evenly throughout their 
sequence. Our results suggest a model where the interaction is 
formed through multiple specific contacts which contribute to 
the binding equally instead of a specific contact region between 
the 2 partners. This model was created to explain the inter-
action of the IDP Sic1 with Cdc450 but the generalization of 
the model is suggested. Mutational analysis could be useful to 
strengthen this hypothesis.

In all, the highly variable and adaptable nature of the func-
tioning of IDPs is nicely demonstrated by the diverse modes 
Tβ4 can form complexes with its partners. Depending on the 
role it has to fulfill, Tβ4 is capable of binding tightly through a 
disorder-to-order transition but it can act as part of very weak, 
transient complex(es) at the same time. It will be a challenge to 
find out if more such IDPs exist and, even more, to understand 
the fine structural details of this unique behavior of multiple 
fuzzy, yet specific interactions.

Materials and Methods

Cloning and purification of the protein constructs
DNA coding for human Tβ4 (UniProt: P62328) was syn-

thesized by MWG Biotech AG and cloned into pET22b clon-
ing vector. A stop codon was added to ensure that the protein 
is expressed without a His-tag. After overnight induction 
(28°C; 1 mM IPTG [Duchefa, I1401.0005]), cells were pel-
leted and lysed by sonication in lysis buffer (10 mM Na

2
HPO

4
 

[Sigma, S0876], 150 mM NaCl [Sigma, S9888], pH7.0) with 
Complete Inhibitor Cocktail (Roche, 4693132001). Cell debris 
were removed by centrifugation (24 000 x g, 20 min, 4°C), the 
supernatant was boiled in a water bath for 5 min and centri-
fuged (24 000 x g, 20 min, 4°C). 3% perchloric acid (Sigma, 
77230) was added to the supernatant and precipitated proteins 
were removed by centrifugation (24 000 x g, 20 min, 4°C). 
The pH of the supernatant was adjusted to 7.0 by adding 5 M 
KOH (Sigma, P1767). The final protein solution was filtered 
through a 0.2 µm nitrocellulose filter and purified on a reversed 
phase (RPC) column (GE Healthcare, 17-1182-01), on an Akta 
Explorer system (GE Healthcare). Eluted Tß4 was dialysed 
against distilled water and lyophylized. Lyophylized protein was 
dissolved in the appropriate buffer used in the different experi-
ments: PBS (Sigma, P3813) for the BLI measurements, water 
for the wide-line NMR experiments and 10 mM Na

2
HPO

4
, 150 

mM NaCl, pH 6.0 for all the other measurements.
The DNA sequence coding for the 4th and 5th LIM 

domains (amino acids 189–325) of human PINCH-1 (PINCH 
LIM4-5, UniProt: P48059) was amplified from Human 
Embryonic Kidney cell cDNA, using the following primers: 
forward: 5′ GTCCCCATCT GTGGTGCTTG, reverse: 5′ 
CGGAAATTTT TCATAGCATT TTTTGC. The resulting 
fragment was cloned into pET22b expression vector using NdeI/
XhoI restriction sites. The protein expression was induced with 
0.5 mM IPTG at 30°C for 3 h. After sonication in lysis buffer 
(50 mM Na

2
HPO

4
, 200 mM NaCl, 20 mM Imidazole [Sigma, 

56750], pH7.4) with Complete Inhibitor Cocktail, the cell extract 
was centrifuged at 24 000 x g for 50 min at 4°C. The supernatant 
was filtered through a 0.2 µm nitrocellulose filter and loaded onto 
a HisTrap HP column (GE Healthcare, 17-5247-01). Proteins were 
eluted by step elution using different concentrations of imidazole. 
Imidazole was removed on a desalting column (GE Healthcare, 
17-5087-01), using the buffer needed for further experiments: PBS 
(Sigma, P3813) for the BLI measurements, water for the wide-line 
NMR experiments and 10 mM Na

2
HPO

4
, 150 mM NaCl, pH 

6.0 for all the other measurements.
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The DNA coding for the N-terminal Ankyrin repeat region 
(amino acids 1–160) of human integrin linked kinase (ILK-
Ank-GST, UniProt: Q13418) was generously provided by 
Professor Shoukat Dedhar (BCCRC). The DNA region coding 
the amino acids was amplified using the forward and reverse 
primers: 5′ CGGGATCCAT ATGGACGACA TTTTCACT
CA GTGC and 5′ CCGCTCGAGT TAGAGATTCT GGCC
CATCTT CTC respectively. The amplified DNA was cloned 
into a pGEX-5X expression vector using BamHI/XhoI restric-
tion sites. The expression of the protein was induced with 0.5 
mM IPTG for 5 h at 16°C. Following induction, cells were 
pelleted and resuspended in PBS with Complete Inhibitor 
Cocktail, treated with lysozyme (Sigma, 62970) for 30 min at 
room temperature then sonicated and centrifuged (24 000 x g, 
20 min, 4°C). Triton X-100 (Sigma, T8787) was added to the 
supernatant and left on ice for 30 min then the cell extract was 
centrifuged at 50 000 x g for 40 min at 4°C. The supernatant 
was filtered through a 0.2 µm nitrocellulose filter and loaded 
onto a GSTTrap FF column (GH Healthcare, 17-5130-02). 
GST-tagged protein was eluted from the column with 10 mM 
reduced glutathione (Sigma, G4251). Reduced glutathione was 
subsequently removed on a desalting column (GE Healthcare, 
17-5087-01), using the buffer needed for further experiments.

The proper folding of the globular proteins was tested with 
far UV CD, NMR and SAXS. The far UV CD spectra and 
the secondary structure calculations (Table 2.) confirmed that 
the proteins adopted their natural folds, although they were not 
stable for more than a couple of days. 1H-15N HSQC spectra 
of 15N-labeled PINCH LIM4-5 and ILK-Ank-GST were char-
acteristic of folded proteins. When an ab-initio modeling was 
applied to the SAXS scattering curve of the separate LIM4 
domain of PINCH, the resulting model fitted acceptably to the 
crystal structure of the protein (pdb: 1NYP) so we assumed that 
PINCH LIM4-5 was probably properly folded as well. There 
is no available structure of LIM5 or the 2 domains together 
there was no chance to do the same with our full construct. 
The SAXS scattering curve of ILK-Ank-GST showed that the 
protein was aggregated which could be due to the elongated 
storage before the measurements, therefore, the SAXS experi-
ments with this partner are not discussed in detail.

The DNA coding for the truncated intracellular region 
(amino acids 2501–2551) of human stabilin-2 (UniProt: 
Q8WWQ8) was synthesized by the MWG Biotech AG company 
and then cloned into pET16b cloning vector. Protein expres-
sion was induced overnight with 0.5 mM IPTG at 28°C. After 
sonication in lysis buffer (20 mM Na

2
HPO

4
, 500 mM NaCl, 

20 mM imidazole, pH 7.4) with Complete Inhibitor Cocktail, 
the cell extract was centrifuged at 24 000 x g for 50 min at 4°C. 
The supernatant was filtered through a 0.2 µm nitrocellulose 
filter and loaded on a HisTrap HP column. Purified protein was 
dyalized against 20 mM ammonium acetate (Sigma, A7330) 
(pH 6.8) and lyophylized. Lyophylized protein was dissolved in 
the appropriate buffer used in the different experiments.

Affinity measurements by biolayer interferometry
For analyzing binding kinetics, biolayer interferometry (BLI) 

on an Octet Red384 system (ForteBio) was used. Biosensors 

(Ni-NTA for experiments with PINCH LIM4-5 and stabilin 
CTD and anti-GST for experiments with ILK-Ank-GST) were 
hydrated in sample diluent (ForteBio, 18-5028) for 30 min and 
then loaded onto the OctetRED instrument. Thirty-five micro-
grams per milliliter PINCH LIM4-5, ILK-Ank-GST or stabilin 
CTD was loaded to saturation after 60 s baseline in sample 
diluent. The baseline was re-established for 400 s. The sensors 
were moved to different concentrations of Tβ4 or p27Kip1 as 
negative control. Association and dissociation were recorded for 
350 and 600 s respectively in the case of PINCH LIM4-5, 1000 
and 1000 s in the case of ILK-Ank-GST and 525 and 300 s in 
the case of stabilin CTD. All measurements were performed 
at 25°C. Equilibrium BLI data were analyzed using the Octet 
software provided by the manufacturer.

Steady-state fluorescence
Steady-state f luorescence measurements were performed on 

a Synergy (BioTek) microplate reader. Different molar ratios 
(ranging from 1:1 to 1:8) of Tβ4 and its partners were mixed 
in a buffer of 10 mM Na

2
HPO

4
 and 50 mM NaCl, pH 6.0. 

In control experiments Tβ4 was replaced with GGG or GHG 
(molar ratios 1:1 to 1:8). Tß4. Excitation wavelength was 270 
nm and spectra were recorded between 400 and 300 nm at 
25°C.

Circular dichroism
Near UV CD spectra were recorded in 1 cm pathlength 

cuvette on a Jasco J-720 spectropolarimeter in continuous mode 
with 1 nm bandwidth, 8 s response time and 20 nm/min scan 
speed. The temperature was maintained at 25°C with a Neslab 
RTE-111 circulating water bath. The experimental buffer was 
10 mM Na

2
HPO

4
 and 50 mM NaCl, pH 6.0. Protein concen-

trations used were 22 µM PINCH LIM4-5, 6 µM ILK-Ank-
GST, 2.5 mM stabilin CTD and a 10-fold concentration of 
Tβ4 for each partner.

Far UV CD spectra were recorded in 10 mm pathlength 
cuvette, using the same instruments and experimental condi-
tions as in the near UV CD measurements. Protein concentra-
tions used were 5 µM PINCH LIM4-5, 3 µM ILK-Ank-GST, 
and 25 µM stabilin CTD and a 3-fold concentration of Tβ4 for 
each partner.

Molar ellipticity was calculated according to the following 
equation: [θ] = 100xθ/(Cxl) Where θ is the ellipticity, C is the 
molar concentration and l is the pathlength in cm.

Data were analyzed with the CDPro program package using 
the SDP48 reference set that contains 43 soluble and 5 dena-
tured proteins. The CDPro program package is available at the 
CDPro website: http://lamar.colostate.edu/~sreeram/CDPro/
main.html.

Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) was done on a 

Microcal ITC 200 (GE Healthcare) instrument. Five mM Tβ4 
was titrated into 25 µM stabilin CTD in 25 steps. Protein sam-
ples were degassed prior to the experiments. The experimental 
buffer was 10 mM Na

2
HPO

4
 and 50 mM NaCl, pH 6.0 and the 

cell temperature was 25°C. The observed integrated reaction 
heat of interaction was corrected to the solvation by extract-
ing the heat of titrating 5 mM Tß4 into buffer and fit to a 
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single-site model of interaction and K
D
 was determined using 

the Origin (MicroCal) software package.
Protein interaction assessed by NMR
For the NMR measurements all proteins were dissolved in a 

buffer containing 10 mM Na
2
HPO

4
 and 50 mM NaCl set to 

pH 6.0 with the exception of the stabilin CTD/15N – β4 titra-
tion where the buffer was 50 mM sodium acetate and 50 mM 
NaCl set to pH 6.5. All measurements were performed at 300 K 
(for stabilin CTD measurements were at 283 K).

To characterize the interaction between Tβ4 and and its 
partners, a series of 1H-15N HSQC spectra of 15N-labeled Tβ4 
were acquired in the absence and presence of the partners The 
partners were added to the labeled Tβ4 from stock solutions 
of 0.25 mM (PINCH LIM4–5), 60 µM (ILK-Ank-GST) and 
4.5 mM (stabilin CTD) to reach 1:3, 1:1 and 3:1 molar ratios 
(Tβ4:partner). The pH was measured and readjusted to pH 6.0 
after each titration step. Time domain (TD) was set to 1024 
in the direct dimension and incremented in 256 points and 10 
ppm/20 ppm spectral width (SW) was applied (PINCH LIM4–
5). For ILK-Ank-GST (both with and without PINCH LIM4–
5) titrations with 2048 x 256 points for TD and 14 ppm/20 
ppm for SW were used. As for stabilin CTD TD was set to 1024 
in the direct dimension and incremented in 512 points and 12 
ppm/20 ppm SW was applied. All measurements were acquired 
in 8 scans. 1H-15N HSQC spectra of free 15N-labeled Tβ4 were 
recorded in a pH range between pH 4–9 to be able to rule out 
the effect of buffer changes.

NMR spectra were acquired on 500 and 700 MHz Bruker 
instruments. The peak assignment of 15N-Tβ4 was based on 
the chemical shift data of BRMB entry number 1065. NMR 
data were processed directly at the spectrometer with TopSpin 
software (provided by the manufacturer of the instrument) and 
analyzed with Cara51 and Sparky.52 Binding was followed by 
evaluating the perturbation effect on amides by means of chem-
ical shift change of peaks on 1H-15N HSQC spectra. Residue 
specific chemical shift perturbations (CSP) were determined as 
follows:53

(Equation 1)

Small-angle X-ray scattering measurements
Synchrotron small-angle X-ray scattering (SAXS) data 

were collected at the X33 beamline of the EMBL (DESY, 
Hamburg).54 The wavelength of the incoming X-ray beam was 
0.15 nm and the two dimensional scattering patterns were col-
lected with a Pilatus 1M-W hybrid pixel detector. The sample to 
detector distance was 2.7 min, which corresponds to the range 
of momentum transfer of 0.08 < q < 5 nm-1. Prior to SAXS mea-
surements 2 mM dithiothreitol (Sigma, 43815) was added to 

the samples in order to avoid radiation damage. The scattering 
curves were obtained by radial averaging of the 2D scattering 
patterns and were normalized to the primary beam intensity 
and corrected for transmission. Finally, the calibration of the 
curves to absolute units of macroscopic cross section (cm-1) was 
performed by using water as a reference. All measurements were 
performed at 298 K.

Proteins were mixed in molar ratios ranging from 1:3 to 3:1 
Tβ4:partner protein and protein concentrations ranged from 
0.4 to 20 mg/ml.

The buffer used was 10 mM Na
2
HPO

4
, 50 mM NaCl, pH 

6.0 and buffer correction was performed by measuring the scat-
tering of the buffer in the same capillary as used for the sample 
measurements. The respective scattering curves of the sample 
and the buffer were normalized to the primary beam monitor 
counter and were subtracted.

Wide-line NMR measurements
1H NMR measurements and data acquisition were accom-

plished by a Bruker AVANCE III NMR pulse spectrometer at 
frequencies of 82.4 MHz with a stability of better than ± 10−6. 
The inhomogeneity of the magnetic field was 2 ppm. The data 
points in the figures are based on spectra recorded by averaging 
signals to reach a signal/noise ratio of 50. The extrapolation 
to zero time was done by fitting a stretched exponential. The 
principle and details of wide-line NMR spectroscopy are given 
in references 55,56 and in the references cited therein.

Proteins were dissolved in double-distilled water at a 25 mg/
ml concentration, except bovine serum albumin (BSA, A7906, 
Sigma) which was dissolved in 50 mg/ml concentration. Free 
induction decays (FIDs) were measured in the temperature 
range between – 200 and +45°C, following thermal equilib-
rium at every temperature that took typically 10 min in each 
case. The temperature was controlled by an open-cycle Janis 
cryostat with an uncertainty better than ± 1 K.

The phases of ice protons, protein protons, and mobile 
(water) protons are separated in the FID signal by virtue of 
large differences in the spin-spin relaxation rate. The portion 
of mobile proton (water) fraction is directly measured by the 
FID signal based on the comparison of the signal intensity 
extrapolated to t = 0 with the corresponding values measured 
at a temperature where the whole sample is in liquid state.56 
We converted the measured signal intensities into a measure of 
hydration as h = x·m

H2O
/m

protein
 where m

H2O
 is the mass of water, 

and m
protein

 is the mass of protein in the sample.
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