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ABSTRACT: Osteopontin (OPN) is an acidic hydrophilic glycophosphoprotein
that was first identified as a major sialoprotein in bones. It functions as a cell
attachment protein displaying a RGD cell adhesion sequence and as a cytokine that
signals through integrin and CD44 cell adhesion molecules. OPN is also .
implicated in human tumor progression and cell invasion. OPN has intrinsic ~ * I IR
transforming activity, and elevated OPN levels promote metastasis. OPN gene
expression is also strongly activated in avian fibroblasts simultaneously trans- %
formed by the v-myc and v-mil(raf) oncogenes. Here we have investigated the
solution structure of a 220-amino acid recombinant OPN protein by an integrated
structural biology approach employing bioinformatic sequence analysis, multi-
dimensional nuclear magnetic resonance spectroscopy, synchrotron radiation ..
circular dichroism spectroscopy, and small-angle X-ray scattering. These studies L N T e
suggest that OPN is an intrinsically unstructured protein in solution. Although o

OPN does not fold into a single defined structure, its conformational flexibility significantly deviates from random coil-like behavior.
OPN comprises distinct local secondary structure elements with reduced conformational flexibility and substantially populates a
compact subspace displaying distinct tertiary contacts. These compacted regions of OPN encompass the binding sites for oy
integrin and heparin. The conformational flexibility combined with the modular architecture of OPN may represent an important
structural prerequisite for its functional diversity.
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steopontin (OPN), a secreted, sialic acid-rich, chemokine-

like protein, is a member of the SIBLING family (small
integrin-binding ligand N-linked glycoproteins).' OPN and other
members of this protein family like bone sialoprotein, dentin
matrix protein 1, dentin sialophosphoprotein, and matrix extra-
cellular phosphoglycoprotein play important roles in many stages
of cancer progression, as identified by gene transfer experiments.”
OPN and most of the other family members are strongly over-
expressed in several cancer cell lines, and their abundance directly
correlates with the tumor grade.* For example, elevated expres-
sion levels of OPN were found in avian fibroblasts cooperatively
transformed by the v-myc and v-mil(raf) oncogenes encoded by
the acute leukemia and carcinoma virus MH2.> Promoter
analysis revealed that the OPN gene is a direct transcriptional
target gene of the activator protein-1 (AP-1) complex, mediated
by a nonconsensus AP-1 binding site.” Overexpression of OPN
results in an increased level of malignancy, whereas RNA silencing
using appropriate antisense oligonucleotides leads to less malignant
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phenotypes.® A hallmark of OPN’s biological functionality is the
controlled interaction with a diverse set of receptor proteins.”
OPN exerts its regulatory effects 7predominantly by interaction
with integrin and CD44 receptors.” Additionally, OPN and other
members of the SIBLING family have the capacity to bind and to
activate matrix metalloproteases (MMPs)." The roles of OPN in
diverse biological processes like atherosclerosis, bone remodel-
ing, angiogenesis, wound healing, and tissue injuries have been
reported.””” The involvement of OPN in certain diseases such as
arterial hyperplasia, myocardial necrosis, renal fibrosis, and
autoimmune diseases is well-documented.'® Of utmost medical
importance is the fact that OPN is implicated in the pathology of
diverse physiological processes as well as in tumor progression

and metastasis in various types of cancer.””
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OPN is classified as an arginine-glycine-aspartate (RGD)-
containing glycoprotein predominantly found in kidney, brain,
macrophages, vascular smooth muscle, and epithelial cells. It is an
acidic protein, rich in aspartic and glutamic acids, and highly
glycosylated, having an average molecular mass of ~44 kDa.
The biological functionality of OPN is regulated by extensive
phosphorylation.' It has a protease cleavage site separating two
protein—protein interaction subdomains, an integrin-binding mo-
tif comprising the RGD sequence, and a C-terminal CD44 receptor
binding site. However, the in vivo relevance of OPN activation by
thrombin cleavage is still unclear. Finally, OPN also serves as a
substrate for both liver transglutaminase and plasma transglutami-
nase factor XIIla. Comprehensive overviews of OPN’s biological
functions of OPN have been published in recent years.”’

Despite the significant biological and biomedical relevance of
OPN, detailed information about its solution structural proper-
ties is still largely missing. Some preliminary insight was provided
by recent NMR studies, where local structuring of OPN was
demonstrated.">"* Here we have investigated the solution struc-
ture of a recombinant OPN protein by an integrated structural
biology approach employing multidimensional nuclear magnetic
resonance (NMR) spectroscopy, synchrotron radiation circular
dichroism (SRCD) spectroscopy, and small-angle X-ray scatter-
ing (SAXS). We show that OPN is devoid of any significant
tertiary structure, largely lacking secondary structures, and thus
represents another member of the growing family of intrinsically
disordered and conformationally flexible proteins. The confor-
mational ensemble of quail OPN was further investigated using
residual dipolar couplings (RDCs) and paramagnetic relaxation
enhancements (PREs). For the identification of suitable sites of
spin-label attachment, we employed our recently developed
meta-structure approach.14 NMR spectroscopy was also used
to investigate putative calcium ion and heparin binding sites in
the OPN protein. No evidence of calcium binding was obtained,
but the binding site of heparin was mapped to the central
integrin-binding domain of OPN comprising the RGD motif.
On the basis of multidimensional NMR spectroscopy, we
provide evidence that OPN exists as a conformationally flexible
polypeptide chain in solution devoid of stabilizing long-range
interactions. However, despite the fact that OPN does not form
an energetically well-defined three-dimensional (3D) solution
structure, it displays several local secondary structure elements
with significantly reduced conformational flexibilities. Addition-
ally, SAXS and PRE data indicate that although OPN exists in a
rather extended form, there is evidence of a transient compaction
of the polypeptide chain. This motional heterogeneity along the
protein backbone may be of relevance for the biological function
of OPN. It could allow adaptive processes for optimization and
tuning of intermolecular interactions with diverse protein bind-
ing partners across the relevant interaction interfaces of OPN.

B MATERIALS AND METHODS

Protein Expression. The recombinant quail OPN protein
(OPN220) contains the 219 C-terminal amino acids of quail
OPN and a vector-encoded start methionine.>'? Escherichia coli
strain BL21(DE3) transformed with the pET11d-OPN220 ex-
pression vector described previously'” was grown in LB medium
overnight. The culture was diluted 1:100 in 50 mL of minimal
medium, supplemented with 0.5 g of NaCl, 1 g of SNH,C], and 2 g
of p-[*C]glucose per 1000 mL, and the bacteria were incubated at
37 °Cfor 12—16 h. The S0 mL preculture was added to 1000 mL of

minimal medium, and the bacteria were grown at 37 °C until the
culture reached an absorbance at 600 nm of 0.7. Recombinant protein
synthesis was induced by the addition of isopropyl -p-thiogalacto-
pyranoside (IPTG) to a final concentration of 1 mM, and incuba-
tion was continued for 12 h at 28 °C. The cells were collected by
centrifugation at 5000 rpm for 20 min and resuspended in 20 mL
of ice-cold PBS buffer (140 mM NaCl, 2.7 mM KCI, 10 mM
Na,HPO,, and 1.8 mM KH,PO,) per liter of the original
bacterial culture. Bacteria were lysed by sonication, and the cell
lysate was cleared by centrifugation at 18000 rpm for 30 min;
20 mL portions of the supernatant containing the soluble protein
fraction were adjusted to a (NH,),SO, concentration of 50% and
then clarified by centrifugation at 18000 rpm for 30 min. The
precipitate containing most of the OPN recombinant protein was
dialyzed against PBS buffer at 4 °C and loaded onto a Resource
Q, 6 mL ion exchange column (GE Healthcare). Protein was
eluted with a sodium chloride gradient generated by mixing PBS
and high-salt PBS buffer (1 M NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, and 1.8 mM KH,PO,). The fractions containing
most of the OPN protein were concentrated to 1.5 mL by
centrifugation through an Amicon Ultra-15 centrifugal filter
device 10K NMWL (Amicon) and loaded onto a Superdex
200 HiLoad 16/60 prep grade (GE Healthcare) gel filtration
column equilibrated in phosphate buffer [SO mM NaCl and
50 mM sodium phosphate (pH 6.5)]. The final yield of homo-
geneous OPN was approximately 4 mg/L of bacterial culture. For
NMR analysis, protein samples were concentrated to 0.5 mM.

Synchrotron Radiation Circular Dichroism (SRCD) Spectro-
scopy. Protein concentrations were determined by absorbance
measurements (NanoDrop UV/vis spectrophotometer using the
theoretical extinction coefficient calculated using the ProtParam
tool at http://www.expasy.org). Samples containing 0.5 mM of
the human form of the protein dissolved in phosphate buffer
[S0 mM NaCl and 50 mM sodium phosphate (pH 6.5)] were
loaded into a demountable Suprasil quartz cell (Hellma UK Ltd.)
with a path length of 0.0015 c¢m. The spectrum was measured at
25 °C over the wavelength range from 170 to 280 nm with a step size
of 1 nm and a dwell time of 2 s. Data were processed using
CDTool."> Three sample scans were averaged, and three baseline
scans (consisting of buffer) were averaged and subtracted from the
sample scans. The resulting spectrum was smoothed using a Savitsky-
Golay filter, calibrated against a spectrum of camphorsulfonic acid,'®
and then converted to A€ units using a mean residue weight of 113.7.
Secondary structure content was analyzed using the DichroWeb
analysis server,'” using reference data set 6,'® which contains the
spectra of five denatured proteins and hence produces a more
accurate prediction when the protein contains disordered structure.
The results from three different algorithms, CONTINLL,"**
SELCON3,*" and CDSSTR,*! were averaged.

NMR Spectroscopy. NMR spectra were recorded at 25 °C
using Varian Inova 500 and 800 MHz and Varian Direct Drive
600 MHz spectrometers. Spectra were recorded in the States-
TPPI/PEG sensitivity-enhanced mode®” for clluadrature detec-
tion with carrier frequencies for 'H" and "N of 4.73 and
120.0 ppm, respectively. The sample contained 0.5 mM recom-
binant quail OPN, 50 mM NaCl, and 50 mM sodium phosphate
(pH 6.5) in 2 90% H,0/10% D,O mixture. The suite of standard
triple-resonance experiments performed for extraction of “Ca,
3CB, and *C’ chemical shifts included 3D HNCA, 3D HN-
(CO)CA, 3D HNCACB, 3D CBCA(CO)NH, 3D HNCO, and
3D HN(CA)CO.** In addition, 3D HNN and 3D HN(C)N
experiments”* were conducted to establish sequential connectivities
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Figure 1. Purity of the 220-amino acid recombinant OPN (OPN220)
monitored by sodium dodecyl sulfate—polyacrylamide (17%, w/v) gel
electrophoresis and 2D "H—"°N heteronuclear single-quantum coher-
ence (HSQC) spectroscopy. (a) Amino acid sequence of wild-type quail
OPN. OPN220 contains the 219 carboxyl-terminal amino acids of OPN
and an initiating methionine specified by the vector construct and lacks
the 45 N-terminal residues (gray) of OPN. (b) OPN expressed and
purified from the E. coli strain BL21(DE3) transformed with the
pET11d-OPN220 expression vector after final gel filtration chromatog-
raphy. Proteins were visualized after being stained with Coomassie
brilliant blue. M, molecular weight markers. The OPN220 protein (M, =
24311; pI = 3.94) displays an apparent molecular weight of 35000 (p35).
The large deviation from the true M, is due to the anomalous electro-
phoretic mobility in SDS—PAGE typically observed for many proteins
with low plI values.’ (¢) 2D "H—"*N HSQC spectroscopy of recombi-
nant OPN. The narrow dispersion of cross-peaks indicates the lack of a
defined tertiary structure.

and to obtain alarge extent of unambiguous backbone assignments.
NMR spectra were processed and analyzed with NMRPipe* and
SPARKY.*® High-quality NMR data for OPN were obtained as
shown by the PFG sensitivity-enhanced two-dimensional (2D)
"H—"*N HSQC spectrum recorded at 800 MHz (cf. Figure Ic).
A squared and 60° phase-shifted sine bell window function was
applied in all dimensions for apodization. Time domain data were
zero-filled to twice the data set size, prior to Fourier transformation.
The applied pulse sequences are sensitivity-enhanced and use
gradients for coherence selection and water suppression. 'H chem-
ical shifts were referenced as reported previously.'> Heparin was
purchased from Sigma Aldrich and used without further treatment.

6115

Secondary Chemical Shifts. Using the assigned *Ca,, °Cf3,
and *C’ chemical shifts, the consensus chemical shift index (CSI)
was emplo;red to detect possible preferences for secondary structure
elements.”” Random coil values were subtracted from measured
chemical shifts after correction for sequence effects as described
previously.”® For illustration, gliding averages along the amino acid
positions were calculated using a window size of five residues.

>N Relaxation. Dynamics information was obtained by
measurement of backbone '>N-T; and -T), relaxation times as
described previously.”® Relaxation parameters were measured at
25 °C employing a magnetic field strength that corresponds to a
"H Larmor frequency of 599.89 MHz. The '°N transverse
relaxations experiments for evaluating T, were performed with
Carr—Purcell—Meiboom—Gill (CPMG) delays of 0, 16, 32, 64,
128, 192, and 256 ms using a CPMG duty cycle delay of 0.5 ms.
>N longitudinal relaxation T; measurements were obtained by
employing delays of 0, 20.8, 41.6, 83.2, 208, 416, 832, 1248, and
1664 ms. The sequence of cross-peak intensities in this series of
spectra was fit (using an extension script of SPARKY *%) to a two-
parameter exponential decay of the form I(t) = A exp[—(¢/T)],
where I(t) represents the peak intensity and f the delay time.
Random errors for T; and T, values were estimated by calculat-
ing a best fit for a set of perturbed heights S000 times. The
heights were perturbed by computer-simulated noise with a
Gaussian distribution of zero mean and with variance equal to
the root-mean-square deviation of the original heights from the
original best fit. The spread in the best fit values was used as a
measure of the experimental random error.

Heteronuclear steady-state NOE "“N—{'H"} attenuation
factors were derived from the Inor/IhonnoE ratio, where Inog
and I,,,noE denote the peak intensities in the experiments with
and without proton saturation, respectively.”” In the case of
spectra with nonsaturation, a net relaxation delay of 5 s was
employed whereas a relaxation delay of 2 s prior to a 3 s proton
presaturation period was applied for the NOE spectra. Acquisition
parameters were identical to those of the PFG sensitivity-enhanced
2D 'H—"N HSQC experiment except that the number of
transients per t; value was set to 32. "N CPMG dispersion
experiments were performed as described by Kay and co-workers.*

Measurement of Hydrodynamic Radii. Pulse field gradient
(PFG) NMR diffusion measurements were performed on a
Varian Direct Drive spectrometer equipped with a z-gradient
probe operating at 600 MHz. The sample was supplemented
with 0.2% dioxane as an internal reference. The PG-SLED (pulse
gradient stimulated echo longitudinal encode-decode) sequence
was used as described by Wilkins et al,>" to which a final
WATERGATE module® was added. The applied diffusion
gradient time (0) was 4.5 ms, and the echo time (A) was
100 ms. Fifty experiments were conducted with increasing
diffusion gradient strength. The data were processed using
NMRPipe.”> The decay of the protein aliphatic proton signals
was fitted to a single Gaussian using the DOSY module of
NMRPipe to determine the diffusion constant of the protein
(dprot)- The same procedure was applied to the dioxane reso-
nance to determine the diffusion constant of dioxane (dg;ox). The
hydrodynamic radius of the protein (RE™") was deduced using
the following equation:

prot ddiox diox
Rh - d (Rh )
prot

assuming that R (hydrodynamic radius of dioxane) is 2.12 A.>'
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Residual Dipolar Couplings (RDCs). To obtain "*N—"HY
couplings, a "H—""N HSQC spectrum without proton decou-
pling during nitrogen evolution was recorded. The resulting
signal splitting leads to a doubling of peaks, which might result in
a crowded spectrum with signal overlap. To circumvent this
problem, we recorded two separate spectra. One contains the
inphase component of the coupled magnetization and the other
the antiphase component (IPAP). Both spectra were added and
subtracted from each other to separately yield the upfield and
downfield components of the doublet. Splittings were measured
under isotropic (Jyn) and ali§ned (Jux + Dun) conditions to
isolate the RDC contribution.”

Paramagnetic Relaxation Enhancements (PREs). Paramag-
netic relaxation enhancements by nitroxide spin-labels [4-(2-
iodoacetamido)-TEMPO] in single-cysteine-mutant OPN var-
iants were measured as intensity ratios of cross-peaks in 2D
"H—"*N HSQC NMR spectra in the presence and absence of the
nitroxide radical. The individual cross-peak intensities were
normalized using the most intense peaks in the two data sets.
The mutant OPN proteins were expressed and purified from
plasmids that have been mutagenized using the original pET11d-
OPN220 construct as a template and the QuickChange II site-
directed mutagenesis kit (Stratagene). The following complemen-
tary (f, forward; r, reverse) primers were used: Opn220-c108-f,
5'-GATGATGACAATGATTGCAATGACACCGATGAG-3/;
Opn220-c108-r, S'-CTCATCGGTGTCATTGCAATCATTGT-
CATCATC-3'; Opn220-c188-f, S"TGGTGGCCCAAGGAGT-
GCCGCGAACAGAACAGC3'; Opn220-c188-r, S'-GCTGTTC-
TGTTCGCGGCACTCCTTGGGCCACCA-3'.

All mutant constructs were verified by DNA sequencing,
Cysteine-containing OPN mutant proteins were expressed and
purified as described for wild-type OPN except that dithiothreitol
(DTT) was present at a final concentration of 1 mM in all buffers
used in the purification procedure.

Small-Angle X-ray Scattering. The SAXS equipment con-
sisted of a slit-geometry camera with high flux and low back-
ground (SAXSess, Anton-Paar, Austria) connected to an X-ray
generator (Philips, PW1730/10) operating at 40 kV and 50 mA
with a sealed-tube Cu anode (A4 = 0.154 nm). A CCD camera
(Princeton Instruments/Roper Scientifics, Trenton, NJ) was
used to record the 2D scattering pattern. The temperature of
the capillary in the metallic sample holder was controlled by a
Peltier element. Measurements were taken at 25 °C. The
measuring times were 3 X 10 min for all samples. This allowed
for the proper subtraction of cosmic rays that appear when using
a CCD camera. The images were then integrated into the one-
dimensional scattering function I(g). This one-dimensional
scattering curve is a function of the magnitude of the scattering
vector q = (47t/A) sin(6/2), where 0 is the total scattering angle.
All the intensities were transmission-calibrated by normalizing
the attenuated primary intensity at ¢ = 0 to unity and were
corrected for the background scattering from the capillary and
the buffer solution. The absolute scale calibration was achieved
by using water as a secondary standard.>*

The obtained SAXS spectra were further analyzed with
indirect Fourier transformation (IFT).*® IFT is a model-free
method used for dilute particle systems with negligible particle
interactions. In dilute solutions, interparticle interactions can be
neglected. The scattering intensity from the scattering particles
I(g) can be written as the Fourier transformation of the so-called
pair-distance distribution function (PDDF) p(r) describing the

geometry of the scattering particles in real space:>

ILi(q) = 47‘[/000}7(1’) qu(—fr) dr

where r is the distance between two scattering centers within the
particle.

The p(r) function represents a histogram of the distance inside
the scattering particle,”® which means that the function adopts a
value of zero at a distance r greater than the maximum dimension
of the particle. Particle size and shape are two important
parameters that can be obtained from the p(r) function.

B RESULTS

NMR Spectroscopic Analysis of OPN and Resonance
Assignments. Because of inefficient bacterial expression of the
full-length quail OPN protein, a 220-amino acid recombinant
OPN derivative lacking amino acid residues 2—45 of the 264-
amino acid quail OPN was expressed and purified as described
previously.'* It should be noted that all amino acid positions
addressed in this report refer to the numbering of the full-length
264-amino acid protein. The purity of the protein sample was
verified by SDS—PAGE and NMR spectroscopy (Figure 1). The
acidic OPN220 (M, = 24311; pl = 3.94) migrates with an
apparent molecular weight of 35000 (Figure 1b). This anom-
alous electrophoretic behavior in SDS—PAGE is typical for
highly acidic proteins.” Electrospray ionization (ESI) mass
spectrometry was performed to confirm the identity of the
purified recombinant protein (data not shown). The 'H—""N
HSQC spectrum shows a distinct separation of the cross-peaks
into regions typical of residue random coil positions (Figure 1c).
There are resonance clusters for glycines, serines/threonines,
and all other backbone amides. One underlying problem in the
assignment of an intrinsically unfolded protein like OPN is the
rather poor extent of backbone amide '"HN, BCa, and 13C,8
chemical shift dispersion compared to that of a protein molecule
in the folded state. Ring current and other dipolar interactions in
unfolded states are averaged out by conformational fluctuations
leading to chemical shifts close to random coil values. Conse-
quently, the '"HY, Caq, and BCﬁ chemical shifts for the same
residue type tend to degenerate. Furthermore, considering the
relatively large molecular size of the 220-amino acid OPN
protein, the difficulty of assignment becomes unfavorable when
employing only a set of standard experiments such as 3D HNCA,
3D HN(CO)CA, 3D HNCO, 3D HN(CA)CO, 3D HNCACB,
and 3D CBCA(CO)NH, which are routinelzf used for backbone
assignment of folded biological molecules.” Problems of spin
system overlap and degeneracy can be partly overcome by the
incorporation of sequence-dependent amide nitrogen '°N chemi-
cal shifts. This was exploited by applying HNN and HN(C)N
triple-resonance experiments that sequentially correlate "H™ and
"SN resonance chemical shifts.”* In total, 181 of 207 non-proline
"H™ and "N backbone chemical shifts were assigned (87.4%).
BCa, *CB, and *C’ chemical shifts were allocated for 195
residues (89.0%). For the N-terminal stretch containing residues
His46—His49, no signal could be found presumably because of
conformational dynamics as indicated by the very low signal
intensity of residue ValS0 in the HSQC spectra. Only the two
initial residues of a polyaspartic stretch from Asp99 to Asp105
could be unambiguously assigned. The 17 remaining unassigned
residues included GIn53—His57, Asn63, Asp64, Glu77, Asp89,
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Figure 2. Synchrotron radiation circular dichroism (SRCD) spectra of
OPN in 50 mM NaCl and 50 mM sodium phosphate (pH 6.5).
Deconvolution analyses indicate the following secondary structure
components are present: 5% O-helix, 13% [3-sheet, and 82% other or
unordered.

Val90, Glul16 GIn178, His199, Arg207, Arg213, Asn260, and
Glu261, which could not be allocated unambiguously because of
intense spin system overlap in both "H" and "*N dimensions.
The assignments have been deposited in the BioMa§ResBank
(http://www.bmrb.wisc.edu) as BMRB entry 15519."

Synchrotron Radiation Circular Dichroism Analysis and
Secondary Structure Content of OPN. Synchrotron radiation
CD (SRCD) spectroscopy was used to investigate the local sec-
ondary structure content of human OPN in solution. Because of the
high intensity of the synchrotron ring light flux, SRCD spectros-
copy allows in addition the acquisition of data in the vacuum
ultraviolet wavelength region below 190 nm. Therefore, secondary
structures (especially unordered structures) can be better distin-
guished using SRCD, as compared to conventional CD spectro-
scopy. In addition, the greater light intensity of the synchrotron
ring gives an improved signal-to-noise ratio, thereby considerably
reducing the amount of protein required and allowing measure-
ments in buffers with higher salt contents.>’

The SRCD spectrum of human OPN is shown in Figure 2. The
spectrum is typical for a polypeptide lacking substantial amounts
of regular secondary structures (i.e., helix and sheet) and has the
appearance of a spectrum arising from a mostly disordered
protein. Indeed, deconvolution analyses based on the SRCD
data indicate the protein has a secondary structure content of 5%
O-helices, 13% [3-sheet, and 82% “other” or “unordered” struc-
ture (which encompasses all nonregular secondary structure
types). These findings are consistent with RDC and secondary
chemical shift data suggesting O-helical propensities in the region
of residues 58—68 (which would also correspond to 5% ot-helix)
and [3-sheet propensities for regions surrounding Asp80 and
Alal2S (see below). The large “other” component supports the
idea that OPN has a largely unstructured protein conformation.

Secondary Chemical Shifts. The differences between the
observed chemical shifts of nucleus spin types and their random
coil values assigned in unfolded conformations serve as a valuable
tool for evaluating the residual preferences for protein secondary
structure. Figure 3 shows the sequence-corrected secondary "*Cat
and "*Cp chemical shifts for OPN. In a--helices, the "*Cot values
appear to be shifted downward relative to their random coil
values, whereas the "*Cf3 values are shifted upward, leading to
opposite signed effects of both nuclear spins. In [5-strands, the

50 " 100 150 200 250

50 "0 150 200 " 250

44— — T
50 100

150 200 250
Residue Position

Figure 3. Residue plots of secondary (*Co—"*Cf), *Ca, and *Cp
chemical shifts. Shown are ACo — ACS (a), A®Ca (b), and
ACP (c) chemical shift deviations from random coil values in OPN.
Random coil values were derived from ref 63. Significant O-helical
propensities were found for residues 60—70 and 130—150, whereas
residues 120—130 display extended (f-strand-like) conformations.
Additionally, small residue stretches in the C-terminus of OPN also
display non-zero O-helical probabilities.

reverse applies. Overall, the majority of the residues display
chemical shift values that are typical for random coils. However,
for some residues, small secondary shifts indicating a slight
tendency toward a Q-helical conformation are apparent, like
Leu58 to Leu68, or the regions around Alal50 and His253. Slight
residual preferences for a f-strand could be inferred from the
chemical shifts for regions around residues Asp80 and Alal2S5.
Additionally, we also used the TALOS database system to probe the
existence of local secondary structure elements.*® Overall, only a
small number of residues converged to unique solutions in Rama-
chandran space, thus underscoring the finding that OPN displays
significant conformational flexibility. Pronounced tendencies to
adopt (non-random coil) B-strand conformations were found for
only a small number of residues: Thr71, Thr97, Thr119, Ser141, the
fragment of residues Val152—Lys154, Lys157, and Ile158.

NMR Relaxation Rates and Solution Motional Behavior of
OPN. Measurement of NMR relaxation rates provides a window
on protein dynamics over a broad range of time scales.”> The
longitudinal SN-T, values, transverse '*N-T), values, and hetero-
nuclear steady-state NOE '“N—{'H} attenuation factors are
sensitive to dynamics on the picosecond to nanosecond time
scale, whereas '*N-T, can also be affected by conformational or
chemical exchange processes on the millisecond to microsecond
time scale. Despite the rather small chemical shift dispersion of
OPN in the "H—""N HQSC spectrum, "*N relaxation data could
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Figure 4. "N relaxation data of OPN measured at 600 MHz. "*N-T,

(a), "*N-T; (b), and steady-state "*N—{'H} heteronuclear NOE (c)

plotted as a function of residue position.

be obtained for 122 of 183 assigned non-proline residues at 298 K
and 600 MHz. As indicated in Figure 4a, SN-T, values exhibit a
strictly monotonous and featureless distribution along the amino
acid sequence except at the C-terminal end, with an average value
of 619 ms. The residue plot of the experimental '*N-T, values
(Figure 4b) shows several sequential variations ranging from 114
to 747 ms. This is in strong contrast to an expected parabolic
form with a '*N-T, minimum in the middle of the sequence
arising from a complete random structure without any structural
preferences. Overall, there is good agreement between secondary
chemical shifts indicating secondary structure formation and
motional restrictions probed by 1*N-T;, relaxation. Interestingly,
the Leul82-Trp183-Trpl184 stretch also appears to be con-
strained presumably because of the bulky and sterically demand-
ing indole side chains. These findings are in good agreement with
the obtained steady-state NOE "N—{'H} attenuation factors
(Figure 4c) that are found to be generally higher and strictly
positive in these ranges. The highest values (0.2—0.37) were
observed in the middle of the sequence and for residue Trp184
(0.35). Extensive patches of negative attenuation factors were
apparent from residue Alal70 to Gly175 and more pronounced
along a nine-residue stretch comprising residues Gly217—Gly225,
a motif consisting of residues of small side chains (three glycines,
two alanines, and two serines). In addition, these parts display
higher SN-T, values of 350—450 ms. The total average of N-T,
is 280 ms. The intramolecular dynamics of OPN on a micro-
second to millisecond time scale was investigated by state-of-the-
art >N CPMG dispersion experiments. However, analysis of the
effective relaxation rate R, versus the CPMG frequency (Vcpuma)
profile revealed flat dispersion profiles for all residues resolved in
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Figure S. Heparin binding site of OPN. (a) Mapping of the heparin
binding site was carried out by monitoring *N—"H chemical shift
changes of OPN via 2D "H—"°N HSQC spectroscopy. (b) Chemical
shift differences between the heparin-free and -bound form of OPN220
plotted as a function of residue position. Measurements were performed
at 600 MHz with a final heparin concentration of 1 mM.

the 2D "H—""N HSQC spectra indicating a lack of microsecond
to millisecond time scale motions in OPN.

Mapping of the Heparin Interaction Site. It has been
reported that OPN binds to he&)arin, although no clear experi-
mental evidence was given.*”*’ To provide more specific in-
formation about the binding site and the mode of binding, we
applied "H—""N HSQC spectroscopy. Figure Sa shows an
overlay of HSQC spectra of unligated OPN and after binding
to heparin. The chemical shift differences between the heparin-
free and -bound forms of OPN220 plotted as a function of
residue position are shown in Figure Sb. There is evidence of a
specific interaction between OPN and heparin. Although the
majority of peaks were unchanged, several residues experienced
significant chemical shift changes upon heparin binding. Overall,
the magnitudes of chemical shift changes are small, presumably
because heparin lacks aromatic ring systems and because
"H—"N HSQC spectra report on the protein backbone and
not on side chains, which are in direct contact with the ligand.
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Mapping of the residues displaying frequency changes upon binding
of heparin on the protein backbone clearly reveals a distinct binding
side near the central integrin-binding domain (residues 117—130
and 142—167). Furthermore, OPN is an inhibitor of hydroxyapatite
(HA)*~* and calcium oxalate (CaOx) crystallization.** To eluci-
date the effects of Ca”" on OPN, we performed "H—""N HSQC
spectroscopy. The "H—""N HSQC spectra remained nearly un-
changed even at a 40:1 molar excess of calcium ions over OPN (data
not shown), thus further corroborating the previous results showing
that post-translational modification (phosphorylation) is an impor-
tant prerequisite for effective Ca*" binding of OPN.****
Meta-Structure Analysis. The meta-structure concept was
recently introduced as a novel theoretical framework for protein
sequence analysis.'* The protein meta-structure information
provides two quantitative parameters, compactness and local
secondary structure, describing the topology of a protein. The
local residue-specific compactness value (C;) is a quantitative
parameter describing the structural complexity of an individual
residue in the context of the 3D protein fold."**® Residues that
are on average deeply buried in the interior of a structure exhibit
large C; values, whereas small C; values are characteristic of
flexible loop regions and/or intrinsically unfolded segments of
the polypeptide chain. The predicted local secondary structure
parameter S; referring to the local secondary structure is defined
in analogy to the well-established "*Cat secondary shifts. Positive
S; values are indicative of Ot-helix and negative S; values the
presence of an extended conformation. For the sequence-based
prediction of protein disorder, several bioinformatic approaches
that are primarily based on neural networks have been
developed.*”~** Meta-structure analysis differs from these bioin-
formatics approaches by providing quantitative information
defined on a per residue basis, which can be used to analyze
details of protein folds on a residue resolution level. To evaluate
the performance and usefulness of the meta-structure approach
for the characterization of IDPs, we compared our data to
disorder prediction results obtained with DISOPRED2.>* The
sequence-derived compactness data for OPN and the compa-
rison with DISOPRED2 results as well as steady-state ""N—{"H}
heteronuclear NOE are shown in Figure 6. For the calculation of
compactness values, the 264-amino acid full-length quail OPN
was used. For OPN, the average residue compactness (ARC)
value of ~182 was observed, which is significantly lower than the
average protein database (PDB) value of 300, suggesting that
OPN does not form a stable tertiary fold in solution. Figure 6
shows a comparison of DISOPRED2 results (a) with predicted
local compactness values (Figure 6b) and steady-state '“N—
{'H} heteronuclear NOEs (Figure 6c). The predicted local
secondary structural features determined by meta-structure
analysis (Figure 7) correlate reasonably well with the NMR-
based identification of secondary structures. The locations of the
N-terminal O-helix (GInS9—Ser74) and of the two extended
regions (Glu77—Phe87 and Vall17—Argl32) were correctly
reproduced by the meta-structure parameters. For comparison,
the primary sequence of OPN was also subjected to the well-
established disorder prediction server DISOPRED2.>* The ob-
tained prediction results indicate that OPN exists as an intrinsi-
cally unstructured protein in solution. Specifically, in the C-terminal
region of OPN beyond residue position 190, disorder probability
values larger than 0.6 were obtained, whereas in the N-terminus,
disorder probabilities were consistently smaller, ranging from 0.005
atresidue 125 to 0.42 at residue 28. For the most compact segment
of residues 115—190, the program consistently provides minimum
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Figure 6. Meta-structure analysis and comparison with DISOPRED2
and NMR relaxation data. DISOPRED2-derived disorder propensities
(a) and meta-structural parameter compactness (b) and steady-state
N—{'H} heteronuclear NOE (c) plotted as a function of residue
position. Large compactness values indicate residue positions with a
tendency to form stabilizing residue—residue contacts, whereas small
values are found for residues exposed to the solvent and devoid of
stabilizing inter-residue interactions. Note that for the calculation full-
length OPN (264 amino acids) was used, whereas the recombinant
OPN applied for NMR analysis consists of 220 amino acids. The
compactness values of the truncated version were nearly unchanged.
DISOPRED2 was used to calculate the disorder propensities for both
full-length OPN (—) and the truncated version (---).

disorder probabilities of <0.1. The DISOPRED2 secondary
structure prediction expressed in psipred values also provides
evidence of the presence of small local secondary structure
elements in OPN. While the at-helical psipred values identified
for residues 165—170 are in good agreement with both our meta-
structure prediction and NMR secondary shift data, the helical
segment of residues 55—70 both predicted by meta-structure
analysis and experimentally observed by NMR was not identified
by DISOPRED2. 3-Sheets were predicted by DISOPRED?2 for
residues 119—121 and 143—148. For residues 119—127, the
existence of a 3-sheet was also indicated by meta-structure analysis
and NMR spectroscopy. In contrast, the stretch of residues
143—148 did not display significantly extended conformations.
Overall, meta-structure analysis provided reliable information
about the structural preferences of OPN in solution and about
the presence and location of secondary structure elements that
nicely correlate with experimental NMR data. Interestingly, re-
sidues displaying larger compactness values (centered around
residues 125, 150, and 180) consistently exhibited reduced local
backbone mobility as evidenced by "N relaxation data. This
observation underscores the reliability of the predicted
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compactness values and suggests fruitful applications to experi-
mental NMR spectroscopy of IUPs (identification of spin-label
attachment sites) (see below).

Residual Dipolar Couplings and Paramagnetic Relaxation
Enhancements. Recently, it has been shown that residual
dipolar couplings (RDCs) and paramagnetic relaxation enhance-
ment data (PRE) are versatile spectral probes for the character-
ization of structural dynamics of intrinsically or natively unfolded
proteins.”*>® RDCs report on time- and ensemble-averaged
conformations of polypeptide chains and have been success-
fully used to study unfolded proteins in solution.*>*”*® The
partial alignment of molecules allows the detection of small
degrees of backbone compaction. Measurements of 'H—"°N
backbone RDCs in aligned pf-1 phage media (10 mg/mL)
probe all accessible vector bond orientations up to tens of
microseconds.

Figure 7 shows experimental RDC values as a function of
residue position. Overall RDC values were found to be rather
small. The RDC profile of OPN significantly deviates from a
distribution expected for an unfolded polypeptide chain repre-
sented by a random flight or Gaussian model for which non-
vanishing RDCs displaying rather uniform sequence position
dependencies can be expected. Consistently, greater-amplitude
RDCs were found for residues displaying extended conforma-
tions indicated by both negative secondary NMR chemical
shifts and secondary meta-structure values. Changes in the signs
of RDCs were observed for residues embedded in 0O-helical
segments in the N-terminal half of the 220-amino acid OPN
protein at positions 50—70 and 130—160. As a result, the RDC
data indicate that the solution structure of OPN is best char-
acterized as a flexible polypeptide chain with distinct local
structure elements.

PREs report on long-range interactions and thus provide
valuable information about transient contact formation in un-
folded proteins.’***>? Despite the ease of experimental imple-
mentation, one of the inherent problems is the choice of suitable
spin-label sites, e.g., sites of Cys mutations. Here we have used
meta-structure-derived compactness data to identify suitable
sites of spin-label attachment. Figure 8a shows the compactness
as a function of residue position. The sites of spin-label attach-
ment were selected on the basis of minimal compactness value, as
for these regions tight side chain interactions or packing can
presumably be neglected. Panels b and ¢ of Figure 8 show PRE
data obtained for OPN mutants S108C and S188C, respectively.
It can be seen that '°N paramagnetic relaxation enhancements
are not limited to only neighboring residues but also appear in
regions distant from the affected mutation sites. This indicates
some degree of compaction and transient contact formation.
Most importantly, residues with significant PREs are observed in
regions for which both positive heteronuclear NOEs were
observed and large compactness values were predicted like
residues 115—160. The pulse field gradient (PFG) NMR diffu-
sion data and the large hydrodynamic radius (see below) indicate
that OPN exists in solution as a largely extended polypeptide
chain with some local compaction in the central domain that
encompasses the integrin-binding domain. Independent NMR
evidence corroborating this collapsed state was recently pro-
vided using paramagnetic relaxation enhancement data where
transient interactions between the N- and C-terminal domains
were observed.'?

Measurement of Hydrodynamic Radii. We determined by
PFG NMR diffusion that the hydrodynamic radius R;, of OPN is
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Figure 7. Secondary structure of OPN. Comparison between "HN—
SN residual dipolar couplings (RDCs) (a), meta-structure-derived
secondary structure (b), and 3Ca—"3CS NMR secondary shifts (c).
Meta-structure-derived local secondary structure values are defined in a
similar manner compared to NMR '*Ca secondary shifts. Positive
values are indicative of @t-helical regions, whereas continuously negative
values are typical for extended or 3-strand regions. OPN was aligned in a
buffer containing S0 mM NaCl and 50 mM sodium phosphate (pH 6.5)
supplemented with a colloidal pf-1 phage suspension (10 mg/mL). Note
that the RDCs are plotted according to convention on an inverted axis
where negative values are shown as positive ones.

41.07 A. According to the empirical relationship between the
length of a polypeptide chain and its hydrodynamic radius,*' a
globular 220-residue protein should have an Ry, 0f 22.7 A, whereas
the same unfolded peptide chain should exhibit an Ry, of 47.8 A.
The R;, value of OPN is significantly larger than the expected
value for a globular protein, indicating that under these conditions
OPN is predominantly unfolded. Nevertheless, the lower R, of
OPN compared to the expected value for a completely unfolded
chain suggests that OPN retains some compact structures of
minimal enthalpy stabilized by favorable side chain interactions.
Independent experimental data for the solution behavior of
OPN were provided by a small-angle X-ray scattering analysis.
The one-dimensional scattering curves were further treated using
GIFT.** 3 Because of the low protein concentration, the con-
tribution of protein interactions is negligible. Furthermore, inter-
molecular electrostatic interactions caused by ions in the solution
buffer also do not contribute to the scattering curve. The
scattering was therefore only related to the overall shape, the
electron density, and its distribution within the protein. The pair
distance distribution function (PDDF) could be obtained by
IFT. This function can be visualized as a histogram of distances
present in the protein. The shape of the PDDF can be evaluated
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Figure 8. Residue plot of protein compactness and paramagnetic
relaxation enhancement (PRE) for OPN. (a) The protein compactness
data were used to identify possible sites for spin-label attachment.
Residues displaying small compactness values are found in exposed
and/or conformationally flexible parts of the protein and thus most likely
unperturbed by the attachment of a paramagnetic spin-label. (b and c)
PRE data obtained for Cys108 (b) and Cys188 (c). Significant PREs
with smaller intensity ratios were found for the stretch of residues
110—165. This is in good agreement with larger compactness values
predicted for this part of the polypeptide chain shown in panel a.

to gain information about the structure of the protein. For a
prototypical Gaussian coil polymer, the PDDF shows a linear
increase at short distances and a slow decay at longer distances.
Figure 9 shows the PDDF extracted from the experimental
scattering curve of OPN. While the linear increase could be
clearly observed in the PDDF of the protein, the decrease in the
PDDF function is flatter than that one would expect for a
Gaussian coil. The maximum dimension of the protein could
be estimated to ~210 A. Furthermore, a shoulder in the function
at ~15 A was observed. It is important to mention that the
scattering curve represents a sum of the scattering, which is caused
by all structures appearing in the measured volume during the
measurement time. The extracted PDDF clearly indicates that
OPN comprises a heterogeneous conformational space contain-
ing both extended coil and compact conformation with distinct
side chain interactions. For comparison, Figure 9 also shows the
PDDF curve of the stably folded lipocalin protein Q83% that
strikingly differs from that of OPN. The average gyration radius of
OPN was determined to be $1.3 A. For comparison, the average
gyration radius of Q83 was determined to be 20.7 A, which is in
very good agreement with the 3D structural data obtained by
NMR spectroscopy.®” The data obtained for OPN suggest that
the analysis of PDDFs provides valuable information about the
conformational ensembles of intrinsically disordered proteins in
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Figure 9. Distance distribution function P(r) extracted from SAXS data
using a generalized inverse Fourier transform technique (GIF).3>* The
ensemble-averaged distance distribution function of osteopontin is
shown as a solid line. For comparison, the distance distribution function
of a stably folded protein (quail Q83) with a rather compact 3D structure
is also shown (---).

solution. Experiments exploiting these features are currently
underway in our laboratories.

B DISCUSSION

The solution structural features and local dynamics of OPN
were investigated by a combined biophysical approach involving
meta-structure-based sequence analysis, multidimensional NMR
spectroscopy, NMR translational diffusion measurements and
"N relaxation parameters, SRCD spectroscopy, and small-angle
X-ray scattering (SAXS). All biophysical data consistently de-
monstrated that OPN exists as a largely disordered protein in
solution and thus constitutes another member of the growing
intrinsically disordered protein family. These results are in
agreement with a recent report identifying OPN as an intrinsi-
cally disordered protein.'> However, these broad-based and in-
depth structural analyses reveal that although OPN is largely
unfolded in solution, significant >C secondary shifts that differ
from random coil values indicate that the local secondary
structure elements are only transiently formed, lacking the
cooperative behavior typical for globular and stably folded
proteins. The variation of local mobility along the backbone
significantly differs from the profile expected for a random coil
protein and is similar to profiles of other intrinsically unfolded or
natively unstructured proteins undergoing preferential confor-
mational sampling. In unfolded proteins, residues in the middle
of the polypeptide chain are expected to be less mobile compared
to terminal segments, leading to a bell-shaped distribution.’"%*
The correlation between deviations from random coil chemical
shift values and backbone dynamics provides convincing evi-
dence of the existence of local structure elements involving
residues that are located in reasonably well-ordered, hydrogen-
bonded, and motionally restricted parts of the polypeptide chain.
Local motional restriction implies that residues located in these
structurally preformed segments do not populate unfolded
(coil-like) conformations but rather exist as cooperatively folded
local structural elements (f-strands and a-helices). Interest-
ingly, these preformed and motionally restricted structural
motifs comprise the biochemically established protein interac-
tion motifs of OPN.
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The structural propensities and the overall fold of OPN were
also investigated using the recently introduced meta-structure
approach for sequence-based calculation of residue-specific
compactness and local secondary structural features in proteins.'*
The predicted average residue compactness values of OPN
amount to ~182, which is clearly below values observed for
stably folded proteins and thus indicative of an intrinsically
unstructured protein. However, analyzing the compactness values
on a per residue basis provides more insight into the meta-
structure characteristics and shows that OPN consists of several
segments with some residual local structures. Overall, the
local compactness values reasonably agree with NMR-derived
local structural ordering. For example, residues located in the
central subdomain extending from residue 110 to 190 and
comprising several integrin-binding sites display larger than
average compactness values. Most importantly, relatively large
and positive NOE values were observed for the majority of
residues located in this stretch of amino acids exhibiting larger
than average compactness values.

The meta-structure approach also proved to be valuable,
allowing a rational design of PRE experiments performed in this
study. While PRE is well-established as a powerful NMR tool for
the identification of transient long-range contacts in disordered
proteins, the general applicability is somehow hindered by the
selection of residue positions for the placement of spin-labels. As
we have shown in this study, the meta-structure-derived com-
pactness values are useful for identifying suitable attachment sites
exclusively on the basis of the primary sequence. On the basis of
our findings, we propose to use minimum compactness values as
the selection criterion for the identification of spin-label sites.
The obtained PRE results confirm the heterogeneous flexibility
along the OPN backbone. Consistently, significant PRE values
are found for residues located in regions with larger than average
compactness values indicating the transient long-range contact
probabilities of these segments.

The use of SRCD, as opposed to conventional CD spectros-
copy, to study the secondary structure of the protein was
important in this study for several reasons:*” to allow the accurate
evaluation of the “other” or disordered components, which pro-
duce signals in the low-wavelength region below 200 nm, to allow
measurements under high-salt conditions, and to provide high-
quality, good signal-to-noise levels in samples while using mini-
mal amounts of material. Also, because of the agreement with the
results obtained with the other techniques in this study, this
protein now provides an excellent example of an unfolded
protein that can be used in reference data sets for subsequent
analyses of other proteins.

We also investigated the binding of OPN to the ligand heparin.
The heparin binding site was mapped by "H—""N HSQC to
residues 117—167. Interestingly, these regions display less flex-
ibility and exist in locally restrained conformations. This observa-
tion suggests that the more compact regions in OPN facilitate the
accommodation of relevant binding partners (e.g., heparin and
integrin receptor binding site) proceeding via conformational
selection mechanisms, presumably because of the reduction of the
entropic penalty in the Gibbs free energy of binding.

From the data presented here, a model in which transient
secondary structure and tertiary structure coexist and establish a
diverse and heterogeneous conformational ensemble emerges.
The individual transiently formed structures of the ensemble are
largely different, ranging from extended coils devoid of stabilizing
interactions to compact structures with accentuated electrostatic

surfaces and exposed binding sites, preformed to accommodate
authentic binding partners of OPN. The flexibility of the poly-
peptide chain partly uncouples binding events at the individual
interaction sites lined up along the OPN backbone. This modular
architecture and intrinsic flexibility may thus be a necessary
prerequisite for the biological functionality of OPN as it allows
for substantial structural plasticity, necessary to accommodate
various protein binding partners recruited to the cellular surface.

B ASSOCIATED CONTENT

Accession Codes

The SRCD spectrum and associated metadata have been depo-
sited in the Protein Circular Dichroism Data Bank (http://
pcddb.cryst.bbk.ac.uk) as accession code CD0001151000.
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