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§Institute of Pharmacy, Medicinal Chemistry, Freie Universität Berlin, Königin-Luise-Strasse 2�4, 14195 Berlin, Germany

The biological function of interleukin-10 (IL-10), a pleiotro-
pic cytokine with an essential role in inflammatory processes, is
known to be affected by glycosaminoglycans (GAGs). GAGs are
highly negatively charged polysaccharides and integral compo-
nents of the extracellular matrix with important functions in the
biology of many growth factors and cytokines. The molecular
mechanism of the IL-10/GAG interaction is unclear. In particu-
lar, experimental evidence about IL-10/GAG binding sites is
lacking, despite its importance for understanding the biological
role of the interaction. Here, we report the experimental deter-
mination of a GAG binding site of IL-10. Although no co-crystal
structure of the IL-10�GAG complex could be obtained, its
structural characterization was possible by NMR spectroscopy.
Chemical shift perturbations of IL-10 induced by GAG binding
were used to narrow down the location of the binding site and to
assess the affinity for different GAG molecules. Subsequent
observation of NMR pseudocontact shifts of IL-10 and its hepa-
rin ligand, as induced by a protein-attached lanthanide spin
label, provided structural restraints for the protein�ligand com-
plex. Using these restraints, pseudocontact shift-based rigid
body docking together with molecular dynamics simulations
yielded a GAG binding model. The heparin binding site is
located at the C-terminal end of helix D and the adjacent DE
loop and coincides with a patch of positively charged residues
involving arginines 102, 104, 106, and 107 and lysines 117 and
119. This study represents the first experimental characteriza-
tion of the IL-10�GAG complex structure and provides the start-
ing point for revealing the biological significance of the interac-
tion of IL-10 with GAGs.

Interleukin-10 (IL-10) is a key regulator of the cellular
immune system with both, pro- and anti-inflammatory func-
tions. It prevents overwhelming immune responses by inhibit-
ing the synthesis of inflammatory cytokines, such as IFN-�,
TNF-�, and IL-1� (1). Furthermore, it reduces the potential of
macrophages and dendritic cells to act as antigen-presenting
cells (2, 3). On the contrary, IL-10 also has stimulatory effects

on certain immune cells, among them B lymphocytes (4, 5) and
natural killer cells (6). Because of its broad range of functions in
the immune system, deregulation of IL-10 can lead to situations
of imbalanced immune reactions; IL-10-deficient mice develop
spontaneously symptoms of acute and chronic inflammation,
such as enteritis, asthma, and allergy (7–9). An overproduction
of IL-10 has been shown to be involved in cases of autoimmu-
nity (systemic lupus erythematodes) (10) and cancer (B cell
lymphoma) (11).

IL-10 is a member of the class II family of cytokines, which
show the same 6-helix bundle topology and share a common
mode of receptor complex organization and signaling (12). In
particular, IL-10 forms a special protein fold by intertwining the
�-helix bundles from two identical peptide chains, which gen-
erates a symmetric 38-kDa homodimer (13). This domain-
swapped architecture is shared with other cellular and viral
homologues of IL-10 (14). Cell signaling of IL-10 requires con-
certed binding to two different cell surface receptor chains and
formation of a ternary receptor complex to activate the intra-
cellular JAK-STAT pathway (12).

When secreted from cells, IL-10 can interact with compo-
nents of the extracellular matrix (ECM),2 and binding to glycos-
aminoglycans (GAGs) was shown experimentally (15, 16).
GAGs are unbranched, negatively charged polysaccharides,
which exist as covalent complexes with core proteins (i.e. pro-
teoglycans) and are integral components of the ECM in the
connecting tissue, in the basal membrane, and on cell surfaces
(17). Based on different sugar building blocks as well as the
extent and position of sulfate groups, GAGs are grouped into
five classes: hyaluronan, chondroitin sulfate, dermatan sulfate,
keratan sulfate, and heparan sulfate/heparin. The biological
activity of GAGs arises from their ability to interact with
numerous cytokines, chemokines, and growth factors (18 –20),
which in consequence regulates the physiological functions of
those proteins. In the case of IL-10, GAG sulfation is a prereq-
uisite for protein/ligand binding; in NMR studies, the highest
sulfated GAG, heparin, was found to be the strongest binder,
whereas the affinity gradually decreased when reducing the sul-
fation degree, with ultimately no binding being detected for
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Germany. Tel.: 49-341-9715700; Fax: 49-341-9715709; E-mail: daniel.
huster@medizin.uni-leipzig.de.

2 The abbreviations used are: ECM, extracellular matrix; CS, chondroitin sul-
fate; DS, dermatan sulfate; HA, hyaluronan; psHA, persulfated HA tetrasa-
ccharide; HSQC, heteronuclear single quantum coherence; IdoA, L-idu-
ronic acid; LBT, lanthanide binding tag; MD, molecular dynamics; PCS,
pseudocontact shift; RDC, residual dipolar coupling; SPR, surface plasmon
resonance; GAG, glycosaminoglycan; STD, saturation transfer difference;
PDB, Protein Data Bank.

crossmark
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 6, pp. 3100 –3113, February 5, 2016

© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

3100 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 6 • FEBRUARY 5, 2016

mailto:daniel.huster@medizin.uni-leipzig.de
mailto:daniel.huster@medizin.uni-leipzig.de
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M115.681759&domain=pdf&date_stamp=2015-12-16


that GAGs also influence the biological activity of IL-10. On the
one hand, soluble GAGs were observed to inhibit the IL-10-
induced expression of CD16 and CD64 on monocytes and
macrophages, whereas the strength of inhibition correlated
with the extent of GAG sulfation (15). On the other hand, the
same study revealed that sulfated cell surface-bound GAGs
were necessary to trigger the full functional activity of IL-10
toward these cells. So far, the molecular mechanisms of these
effects still remain unclear. Insights into the structural princi-
ples underlying the interaction between IL-10 and GAGs are
needed to understand the biological role of this interaction.

Recently, we have characterized the IL-10�GAG binding
properties and investigated GAG structures in complex with
IL-10 using 1H saturation transfer difference (STD) and
NOESY NMR spectroscopy along with molecular modeling
(16). Predictions about the location of a GAG-binding site on
IL-10 have been made previously using computational methods
(21, 22), but experimental results are lacking. Here, we report
the first experimental evidence of a GAG binding site of IL-10.
The protein was crystallized, and its structure was solved at 2.1
Å resolution; however, no IL-10�GAG co-crystal structure
could be obtained. To overcome the challenges of the studied
system inherent to the low GAG binding affinity in the milli-
molar to micromolar KD range and the high molecular mobility
of the GAG, a combination of protein-detected NMR experi-
ments was used. First, the location of the binding site was nar-
rowed down using chemical shift perturbation experiments,
which indicated that all GAG ligands populate the same epitope
in IL-10. Second, the lack of NOEs as structural constraints for
the IL-10�GAG system motivated the application of paramag-
netic NMR experiments because these take advantage of a
strong electron/nucleus dipolar interaction that can be quanti-
fied over long distances (up to 30 – 40 Å). Recently, pseudocon-
tact shifts (PCSs) were successfully applied to the structural
investigation of proteins interacting with small ligands (23, 24),
including carbohydrates (25, 26). PCSs, which are caused by
paramagnetic metal ions with an anisotropic magnetic suscep-
tibility (e.g. lanthanides), provide a rich source of long range
distance and orientation information and are manifested in the
NMR spectrum as large changes in chemical shifts (27). Lan-
thanide ions were attached to IL-10 using a codable peptide tag
and provided PCS restraints for the protein and its GAG ligand.
Subsequent PCS-based rigid body docking calculations and
molecular dynamics (MD) simulations yielded a structural
model of the IL-10�GAG complex showing ligand binding to a
patch of cationic amino acid residues located at the central
crevice formed by the IL-10 dimer. Knowledge about the IL-10/
GAG binding site provides the starting point for revealing the
biological role of the IL-10 interaction with GAGs.

Experimental Procedures

Materials—GAG oligosaccharides were purchased from Idu-
ron (Manchester, UK). The proteins equine myoglobin, human
carbonic anhydrase 1, and bovine carbonic anhydrase 2 were
ordered from Sigma-Aldrich (Taufkirchen, Germany). All
other chemicals were obtained either from Sigma-Aldrich or
from Carl Roth (Karlsruhe, Germany). A persulfated HA tet-
rasaccharide (psHA) azide was obtained by a newly developed

chemoenzymatic conversion from HA polysaccharide.3 Fol-
lowing the preparative digestion in acidic sodium acetate buffer
using commercially available bovine testis hyaluronidase, the
reducing anomeric position was fixed diastereoselectively as
the stable glycosyl azide in the � configuration. The nine
remaining hydroxyl groups were converted to sulfate esters
using highly reactive sulfur trioxide pyridine complex followed
by isolation of the nonasulfate by size exclusion chromatogra-
phy. Purity of psHA tetrasaccharide azide was determined by
1H and 13C NMR spectroscopy.

Preparation of IL-10 —Recombinant murine IL-10 was pre-
pared and isotopically labeled with 2H and 15N as described
previously (28). Briefly, IL-10 was expressed in Escherichia coli
Rosetta (DE3) (Merck, Darmstadt, Germany) and was refolded
from insoluble inclusion body material. For improved refolding
yield, a C149Y mutant was used to decrease incorrect disulfide
bond formation. Furthermore, a C-terminal histidine tag (LEH-
HHHHHHH) included in the pET41b(�) vector (Merck) was
attached to IL-10 for purification.

Preparation of IL-10 with Lanthanide Binding Tag—For
attaching lanthanide ions to IL-10, a lanthanide binding tag
(LBT) was added to the protein’s C terminus by polymerase
chain reaction (PCR). The LBT amino acid sequence was
YIDTNNDGWYEGDELLA (25, 29). No additional linker
amino acids were incorporated to prevent increasing the tag’s
flexibility. Furthermore, to avoid elongation of the protein’s C
terminus, a stop codon was inserted behind the LBT sequence
to prevent expression of the vector’s own histidine tag. In con-
trast, an N-terminal StrepII tag (WSHPQFEK) was attached to
IL-10 and used for purification. The sequences of the LBT and
StrepII tag were introduced by three subsequent PCR steps
using two forward and three reverse complementary oligonu-
cleotide primers. These included 5�-GTGGAGCCACCCGCA-
GTTCGAAAAAAGCAGGGGCCAGTACAGCCG-3� (first
forward primer), 5�-GATATACATATGTGGAGCCACCCG-
CAGTTCG-3� (second forward primer), 5�-CAGCCATCGT-
TGTTGGTATCAATATAGCTTTTCATTTTGATCATCA-
TGTATGC-3� (first reverse primer), 5�-CGCCAGCAGTTCA-
TCGCCTTCATACCAGCCATCGTTGTTGGTATCAATA-
TAGC-3� (second reverse primer), and 5�-ATATACTCG-
AGTTACGCCAGCAGTTCATCGCCTTC-3� (third reverse
primer). Forward primer 2 and reverse primer 3 contained an
NdeI or XhoI restriction site, respectively, which was used for
subsequent cloning of the PCR product into a pET41b(�) vec-
tor. Correctness of the entire coding sequence was confirmed
by DNA sequencing.

The tagged protein was expressed in E. coli Rosetta (DE3),
labeled with 2H and/or 15N, refolded, and purified from inclu-
sion bodies as described previously (28). To simplify the PCS
analysis and enable determination of the ��-tensor for one sin-
gle lanthanide site, an IL-10 dimer variant carrying only one
LBT was produced. That “mixed” variant was composed of one
monomer modified with LBT and an N-terminal StrepII tag
and a second monomer carrying only the C-terminal histidine
tag. Furthermore, because each nucleus occurs twice in the

3 S. Köhling, G. Künze, K. Lemnitzer, J. Blaszkiewicz, J. Schiller, D. Huster, and J.
Rademann, manuscript in preparation.
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IL-10 dimer, which would cause peak splitting and ambiguous
PCS assignments, the 15N labeling was applied only to the his-
tidine-tagged monomer, and the LBT-tagged monomer was left
unlabeled. Production of the mixed dimer variant was accom-
plished by mixing equal amounts of both monomers prior to
protein refolding. Separation of the mixed IL-10 dimer from
those dimers with equal monomer composition that also form
during refolding was achieved by applying a dual purification
strategy with two affinity chromatography steps. First, the pro-
tein was loaded on a nickel-nitrilotriacetic acid column (Mach-
ery-Nagel, Düren, Germany) equilibrated in 20 mM sodium
phosphate (pH 7.4), 50 mM NaCl and was eluted using the same
buffer containing 600 mM imidazole. Second, the protein was
loaded onto a StrepTactin column (GE Healthcare, Freiburg,
Germany) in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM

EDTA and eluted using the same buffer containing 2.5 mM

D-desthiobiotin. Only the mixed dimer with both the histidine
and the StrepII tag was retained. Finally, the dimeric protein
was separated from higher molecular weight aggregates, which
form during protein refolding, by size exclusion chromatogra-
phy using an S-200 HR (GE Healthcare) preparative gel filtra-
tion column.

Furthermore, also a uniformly composed IL-10 dimer with
two identical subunits, each carrying one LBT, was prepared.
This “uniform” protein was expressed unlabeled (for ligand
PCS measurements) or with 15N labeling (for protein PCS mea-
surements) and purified solely by StrepTactin affinity chroma-
tography and gel filtration.

Sample purity and attachment of the LBT were confirmed by
SDS-PAGE. To ensure that the LBT does not change the pro-
tein structure significantly, 1H-15N HSQC NMR spectroscopy
was performed to record the backbone amide chemical shifts.
Lanthanide binding affinity of IL-10-LBT was measured for
terbium as an example using fluorescence spectroscopy as
described previously (30).

X-ray Structure Determination—Because crystallization of
the full-length murine IL-10 protein was not successful, a
shorter S1_E8del variant with deletion of the first eight N-ter-
minal residues was produced. Secondary structure prediction
on the basis of backbone chemical shifts (28) as well as relax-
ation rate measurements suggested that the N terminus is
unstructured and exhibits a high flexibility, which is unfavor-
able for crystallization. The length of the truncation was con-
fined to eight amino acids because one of the two disulfide
bonds in IL-10 involves C12, and a short overhang of three
residues was left. The S1_E8del deletion was introduced by PCR
using the following forward and reverse primers: 5�-GATAT-
ACATATGGACAATAACTGCACCCACTTCC-3� and 5�-GTG-
GTGCTCGAGGCTTTTCATTTTGATCATCATG-3�.

Crystals were grown under 30% (v/v) glycerolethoxylate, 0.2
M ammonium acetate, 0.1 M MES (pH 6.5) at 19 °C with the
hanging drop method. The protein concentration inside the
drop was 5–10 mg/ml. As cryoprotecting agent, 10% (v/v) glyc-
erol was used. Diffraction data were collected with synchrotron
radiation at a wavelength of 0.91841 Å at beamline BL14.1 of
the Berlin Electron Storage Ring Society for Synchrotron Radi-
ation (BESSY). A total of 180 diffraction images with an oscil-
lation angle of 1° were recorded at cryogenic temperature (100

K) using a MarMosaic225 phosphor image plate/CCD detector
(Rayonix, Evanston, IL). Data integration, intensity scaling, and
conversion to structure factor amplitudes were performed with
iMOSFLM (31, 32) and SCALA (33). The structure was solved
by molecular replacement using MOLREP (34) and the struc-
ture of an engineered IL-10 monomer (PDB entry 1LK3) (35) as
a search model. Refinement and model building were done with
REFMAC5 (36) and COOT (37), respectively. Atomic coordi-
nates of murine IL-10, S1_E8del, C149Y were deposited in the
Protein Database under accession number 4X51.

NMR Experiments—NMR experiments were recorded on a
Bruker Avance III 600-MHz spectrometer (Bruker Biospin
GmbH, Rheinstetten, Germany) equipped with a 5-mm inverse
triple resonance probe with z-gradient. The Bruker software
TopspinTM version 2.1 was used for data acquisition and spec-
trum processing.

For chemical shift perturbation experiments, NMR samples
contained 500 – 800 �M partially deuterated and fully 15N-la-
beled IL-10 in 20 mM potassium phosphate (pH 6.2), 50 mM

NaCl, 90% H2O, 10% D2O to which increasing amounts of GAG
oligosaccharides were titrated. For each titration point, a
1H-15N fast HSQC experiment (38) with improved sensitivity
by preventing water saturation was performed. Each spectrum
was collected with 32 scans/increment with spectral widths of
9.6 kHz for 1H and 1.6 kHz for 15N as well as 128 data points in
the indirect dimension. Typical 1H and 15N 90° pulse lengths
were 10 and 37 �s, respectively. The experiment utilized the
3-9-19 watergate sequence (39) for water suppression and
GARP (40) for heteronuclear decoupling during acquisition.
The weighted chemical shift change of each NH signal was cal-
culated according to Equation 1,

���1H,15N� � ���H�2 	 ��N/5�2 (Eq. 1)

where �H and �N are the changes of the chemical shift in the 1H
and 15N dimension, respectively.

STD control experiments were performed using a pseudo-
two-dimensional NMR experiment with interleaved acquisi-
tion of on- and off-resonance spectra and selective pulses for
protein saturation as described earlier (16). The binding affinity
of heparin tetrasaccharide under physiological salt concentra-
tions (10 mM sodium phosphate (pD 7.4), 150 mM NaCl in
99.8% D2O) was determined using the initial growth rate
approach of the STD amplification factor as described previ-
ously (41).

For PCS measurements, lanthanide ions were added stepwise
to the LBT-labeled protein while stirring the sample until an
equimolar ratio was reached. Terbium, thulium, and dyspro-
sium chloride were used to prepare paramagnetic samples, and
lutetium chloride was used as a diamagnetic reference. PCSs of
the protein were measured from 1H-15N spectra that were
recorded in 10 mM HEPES (pH 7.2), 50 mM NaCl, 90% H2O, 10%
D2O at 30 °C using a fast HSQC experiment (38). For the mea-
surement of ligand PCSs, samples contained 380 �M IL-10-LBT
and 1500 �M heparin tetrasaccharide (�UA-�(1– 4)-GlcNS,6S-
�(1– 4)-IdoA,2S-�(1– 4)-GlcNS,6S) in 10 mM [U-2H]HEPES
(pD 7.2), 50 mM NaCl, 99.9% D2O. Because no labeled heparin
ligand was available, it was used in excess (protein/ligand ratio
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of 1:4) to distinguish it from protein signals. That is why PCSs
were the average over the free and bound state. Due to its mod-
erate KD of 0.30 � 0.04 mM, the heparin ligand undergoes
exchange between both states, also causing PCS averaging.
Thus, the PCS value was corrected for the amount of bound
heparin on the basis of a known 1:1 binding stoichiometry (16)
using the total protein ([P]) and ligand ([L]) concentrations as
well as the KD value.

PCSbound � ��PCS 
 � 2�L	

�P	 	 �L	 	 KD

�
2�L	

���P	 	 �L	 	 KD�2 � 4�P	�L	� (Eq. 2)

Heparin spectra were recorded using a 1H-13C HSQC exper-
iment with sensitivity enhancement due to a double back
INEPT transfer (42), with field gradients for coherence selec-
tion (43, 44) and GARP decoupling (40) during acquisition.
Typical 1H and 13C 90° pulse lengths were 9 and 12.3 �s, respec-
tively. Spectra were acquired with 1 k scans at spectral widths of
9.6 kHz for 1H and of 4.5 kHz for 13C as well as with 128 incre-
ments in the 13C dimension.

Magnetic Susceptibility (��)-Tensor Determination—The
��-tensor values and lanthanide ion positions for one single
LBT site were determined from experimental PCS values and
from the structure of murine IL-10 (PDB entry 4X51) using the
Numbat program (45). The magnitude of the PCS (��PCS) is
given by Equation 3,

��PCS �
1

12� � r3 
 ���ax�3cos2 � 1� 	
3

2
��rhsin2cos2��

(Eq. 3)

where r, , and � are the polar coordinates of the nucleus with
respect to the principal axes of the magnetic susceptibility ten-
sor, and ��ax and ��rh are its axial and rhombic component,
respectively. In the case of mixed IL-10-LBT with only one 15N-
labeled subunit, the structure of the IL-10 monomer was used
for the ��-tensor fit. However, for uniform IL-10-LBT, ��-ten-
sor values were determined by applying ensemble averaging in
Numbat and by treating the IL-10 dimer as an ensemble of two
structures.

PCS-based Heparin�IL-10 Docking—Rigid body docking cal-
culations of the heparin tetrasaccharide and IL-10 based on
PCS restraints were carried out using Xplor-NIH (version 2.34)
(46). The positions of the individual lanthanide ions were
obtained from the ��-tensor fit of the mixed IL-10-LBT pro-
tein. Their shared center of mass was used as the lanthanide ion
binding site and fixed during the calculation. PCS restraints of
the ligand were obtained with uniform IL-10-LBT; therefore, a
second lanthanide ion was introduced into the calculation. Its
position was symmetrical relative to the first ion and with
respect to the 2-fold dimer rotation axis. The coordinates of the
protein were also fixed, whereas the heparin ligand was allowed
to rotate and translate. Each sugar ring was treated as a rigid
body, and rotation around the glycosidic linkages was allowed.
Starting structures of heparin were built from the NMR and
MD structure of a heparin dodecasaccharide (PDB entry

1HPN) (47), and Xplor-NIH topology and parameter files were
generated with the help of the HIC-Up-Server (48). Two hepa-
rin structures, the first having the iduronic acid ring in 1C4 chair
conformation and the second in 2SO skew-boat conformation,
were built. Because no appropriate parameterization of the
unsaturated uronic acid ring, which arises from preparation of
the heparin tetrasaccharide by lyase digestion, was available,
the ring was left in a 1C4 or 2SO conformation, respectively. The
error in the overall ligand position arising from the incorrect
ring structure was expected to be negligible based on the 1/r3

distance dependence of the PCS and the long distance between
the lanthanide ion and the ligand. That is why PCS data of the
first iduronic acid ring were also included into the calculations.
Those comprised a high temperature dynamics step at 3500 K
for 1 ns, a simulated annealing to 25 K in 12.5-K steps, each with
a 2-ps length, and a final Powell minimization with internal and
Cartesian coordinates. Weighting factors for PCS restraints
and other Xplor-NIH potentials (e.g. for molecule geometry)
were linearly scaled up during the simulated annealing.

PCSs were calculated using the RDC module of Xplor-NIH,
because both share the same tensor form, and this allowed
treatment of both lanthanide ions at once. Calculations were
tried with two types of protein PCS data sets, one obtained from
mixed IL-10-LBT with one single lanthanide site and another
one measured on uniform IL-10-LBT. Ligand PCSs were also
measured in the presence of two lanthanide binding sites, and
PCS sum averaging had to be considered. Highly similar solu-
tions were obtained in both calculations, whereas the PCS
data set obtained with the mixed IL-10-LBT showed fewer
violations.

Because the symmetry of the PCS isosurfaces caused two
degenerated solutions, including one model in which the ligand
was placed away from the protein, a binding restraint was added
to the calculation. This was set up as a loose distance restraint
between both molecules with an upper border of 20 Å using the
NOE potential of Xplor-NIH. Compliance of experimental PCS
values with those calculated from the generated structure
model was evaluated by calculating Cornilescu’s quality factor
(49) and by the number of violations outside a tolerance interval
of 0.1 Å.

Molecular Dynamics Simulations—The five lowest energy
docking structures were used as starting configuration for five
105-ns all-atom MD simulations at 30 °C. Each simulation con-
sisted of one IL-10 molecule with the docked heparin structure
in a hexagonal water box consisting of 
9430 TIP3 water mol-
ecules and 12 sodium as well as 4 chloride ions to reach a salt
concentration of 50 mM and neutralize the system. To avoid
protein reorientation, backbone atoms in the subunit to which
heparin was not bound were subjected to very weak harmonic
constraints of 0.01 kcal mol�1 Å�2. The program NAMD (50)
was employed for the simulation under conditions of normal
pressure (1.013 bar), using the most recent CHARMM36 pro-
tein force field (51–53). The heparin force field values were
taken from Refs. 54 and 55 with oxygen-linked sulfate groups
parameterized according to Ref. 56 and nitrogen linked sulfate
groups parameterized according to Ref. 57. The smooth parti-
cle mesh Ewald algorithm was used to compute the electro-
static forces (58), and the SHAKE (59) and SETTLE (60) algo-
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rithms were used to keep rigid all bonds involving hydrogen
atoms, allowing a 2-fs time step.

Results

X-ray Structure Determination of Mouse IL-10 —Initially, we
attempted to solve the structure of the IL-10�GAG complex
using x-ray crystallography. This led to the determination of the
crystal structure of mouse IL-10 at a resolution of 2.1 Å, which
was deposited in the PDB under accession number 4X51. Table
1 summarizes the statistics of the x-ray data collection and the
refined structural model. Protein crystals were obtained only
after truncation of the first nine N-terminal amino acids of
IL-10, whereas the wild type protein did not form crystals. The
lack of an ordered secondary structure of the IL-10 N terminus,
which can be concluded from secondary chemical shifts (28),
potentially prohibits crystallization in this case. Furthermore,
also the subsequent protein residues up to Val-17 were not
observed in the crystal structure, indicating indeed a high
degree of structural disorder of this part of the protein.

Overall, mouse IL-10 shares a high structural similarity with
human (PDB entry 2ILK) and viral (PDB entry 1VLK) IL-10
with C� root mean square deviation values of 0.66 and 0.80 Å
when comparing one 6-helix bundle domain. Interestingly, the
mouse IL-10 dimer shows a smaller interdomain angle of 
70°
compared with 
90° for human and viral IL-10. This effect is
most likely caused by the different crystal packing, as described
previously for different crystal forms of human IL-10 (13, 61),
and indicates that some degree of domain movement is
possible.

Despite extensive efforts to obtain an IL-10�GAG co-crystal,
including excessive crystal soaking and the addition of GAGs to
the crystallization buffer from the outset, the ligand could not
be localized in the IL-10 crystal. As is known from the literature,
obtaining protein�GAG co-crystals represents a very formida-
ble challenge (62). In fact, only a few co-crystal structures of
protein�GAG systems have been deposited in the PDB (62),
although nearly 200 GAG-binding proteins are known as of
today (63). The low GAG binding affinity and high conforma-

tional flexibility render them a difficult target for crystalliza-
tion, and these are probably also the most limiting factors in the
case of IL-10. Therefore, we used NMR spectroscopy, for which
the extensive molecular dynamics is not problematic, to inves-
tigate the GAG-binding site of IL-10.

NMR Chemical Shift Perturbation Experiments—Detecting
chemical shift changes of protein NMR signals and mapping
them onto the protein structure represents a powerful and tar-
get-oriented approach extensively used to identify ligand bind-
ing sites by NMR. The detection of the amide group chemical
shifts requires minimal isotopic labeling of the protein and can
provide residue-specific resolution. Here, 1H and 15N chemical
shift perturbations of the backbone amide groups of IL-10 were
followed upon the addition of GAGs. Fig. 1 shows the chemical
structure of GAGs used in this study.

During the course of titration with GAGs, protein reso-
nances were gradually shifted (Fig. 2), indicating a fast exchange
of the ligand on the NMR time scale between the free and the
bound state. This observation is in agreement with the low
affinity of GAG ligands for IL-10 with KD values in the millimo-
lar to micromolar range as measured by STD NMR spectros-
copy (16). For the heparin tetrasaccharide (Figs. 2 and 3a), pro-
nounced chemical shift changes (i.e. �0.07 ppm at a protein/
ligand ratio of 1:2) were observed for residues Gln-54, Gly-59,
Leu-60, and Gly-61, which are part of the BC-loop, and for
Cys-114 and Glu-115, which are found in the loop that connects
helix D and E and bridges both dimer subunits (Fig. 4). Addi-
tionally, high �� values were observed for residues of the N
terminus (Tyr-5, Ser-6, Arg-7, Glu-8, Asp-9, Asn-10, and Gly-
18) and C terminus (Lys-159, Lys-161, Glu-162, and His-163).
Unfortunately, no chemical shift assignment was available for
residues 12–16 and 107–113 (28), because their signals could
not be detected in the HSQC spectrum under the chosen exper-
imental conditions. Thus, no chemical shift mapping could be
performed for those regions of the protein.

A highly similar profile of �� values along the IL-10 primary
sequence was observed when different GAG types (CS, DS, and
heparin hexasaccharides and a persulfated HA tetrasaccharide)
(Fig. 3b) were tested. This indicates that all GAGs bind to the
same site in IL-10. Furthermore, the same observation was
made for heparin fragments with varying chain length (Fig. 3a),
suggesting that IL-10/GAG binding does not require a minimal
ligand size. The magnitude of ��, obtained at the same protein/
ligand ratio of 1:2, increases with the number of disaccharide
repeating units (��di  ��tetra  ��hexa) and with the degree of
sulfation (��CS � ��DS  ��heparin), which can reflect an
increase in the bound protein content in the same order and
agrees qualitatively with the previously determined binding
affinities (16). In contrast, no significant chemical shift changes
(�0.04 ppm) were observed for a HA hexasaccharide, indicat-
ing that HA up to that molecular size does not bind IL-10.

STD NMR Measurements of IL-10-Heparin Binding—For
improved detection of amide signals in HSQC spectra of IL-10,
chemical shift perturbation experiments were performed under
slightly acidic conditions (pH 6.2) and low ionic strength (50
mM NaCl). To confirm that IL-10/GAG interaction can also
occur under physiological salt concentration, we performed
binding measurements of heparin tetrasaccharide using STD

TABLE 1
Summary of the x-ray data collection and structure refinement statis-
tics of IL-10

Parameter Value

Space group P212121
Resolution limits (Å) 42.15–2.05 (2.16–2.05)a

Unit cell parameters
a, b, c (Å) 39.77, 80.82, 84.32
� � � � � (degrees) 90
No. of unique reflections 17,734
Multiplicity 4.8
Completeness (%) 100 (99.9)
Mean I/�(I) 12.3 (2.9)
Rsym (Rmerge) (%) 8.3 (55.6)
Rwork (%) 18.9
Rfree (%) 24.6
No. of protein residues 283
No. of water molecules 57
Mean protein B factor (Å2) 30.8
Mean solvent B factor (Å2) 64.8
Root mean square deviation bond lengths (Å) 0.014
Root mean square deviation bond angles (degrees) 1.548

Ramachandran plot statistics (%)
Residues in most favored regions 97.2
Residues in additional allowed regions 2.8

a Values in parentheses refer to the highest resolution shell.
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NMR spectroscopy. This ligand-detected NMR method is tol-
erable to a wide range of buffer conditions and particularly well
suited for the detection of weak protein/ligand interactions. Fig.
5a shows the STD spectrum of heparin tetrasaccharide
obtained at a protein/ligand molar ratio of 1:75 in buffer with
150 mM NaCl by accumulating only 32 scans. Considerable
STD effects were observed for several ligand protons, indicating
an interaction between heparin and IL-10. Furthermore, the
binding affinity of heparin tetrasaccharide was measured using
the initial growth rate approach of the STD amplification factor

(Fig. 5b). A KD value of 0.41 � 0.06 mM was determined, which
is only slightly higher than the value obtained at 50 mM salt
(0.30 � 0.04 mM).

To further confirm that this weak interaction is outside the
realm of random and thus functionally unimportant binding
events, we further performed STD control experiments with
non-heparin-binding proteins. Because interaction with hepa-
rin is mainly of an electrostatic nature, proteins with different
pI values and consequently net charge were tested: equine myo-
globin (pI 7.2, 17 kDa), human carbonic anhydrase 1 (pI 6.6, 29
kDa), and bovine carbonic anhydrase 2 (pI 5.4, 29 kDa). Because
their molecular weights were only slightly lower compared with
IL-10 (38 kDa), a similar magnitude of spin diffusion and thus of
the final STD effect was expected. Furthermore, STD measure-
ments of the individual control proteins and heparin tetrasac-
charide were performed under nearly the same experimental
conditions as for IL-10. The selective radio frequency pulse for
protein saturation was applied to a protein signal that was
located near the frequency chosen for IL-10 saturation (around
0.2 ppm). No significant STD effects of heparin were observed
for any control protein (Fig. 5c). For myoglobin and carbonic
anhydrase 2, a STD signal at around 3.25 ppm was detected,
which very likely represents an additive of glycine found in high
abundance in the commercially sold protein preparations. This
finding indicates that, although both proteins have a lower
molecular mass than IL-10, they are large enough to induce a
STD effect. However, the fact that significant STD signals of
heparin were only observed in the presence of IL-10 indicates
that its interaction with heparin stands out clearly from a ran-
dom, nonspecific binding contact.

Introduction of a Lanthanide Ion Spin Label into IL-10 —In
a second NMR approach, structural information on the
IL-10�GAG complex was obtained from measurement of PCSs
using a protein-attached paramagnetic spin label. To this end, a
17-amino acid-long peptide tag (LBT), originally developed
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FIGURE 1. GAGs used for NMR chemical shift perturbation experiments. The structures of HA hexasaccharide (a), CS hexasaccharide (b), DS hexasaccharide
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from the consensus sequence of EF-hand motifs (29) and capa-
ble of binding lanthanide ions, was attached to the C terminus
of IL-10. No additional linker residues were used in order to
minimize the internal motion between the tag and the protein,
because this would lead to a reduction of the observed para-
magnetic effects. The fact that high PCS and RDC values (�14
Hz at a magnetic field strength of 14.1 T) (data not shown) were
observed indicates that the protein was oriented in the mag-
netic field by the paramagnetic ion and suggests that the tag was
rather rigid.

To ensure that the tag did not significantly disturb the pro-
tein structure, 1H-15N HSQC spectra of IL-10-LBT were
recorded and compared with the spectrum of the unmodified

protein (data not shown). Only minor chemical shift changes
were observed for mixed IL-10-LBT, which could be attributed
to some residual tag mobility or differences in the buffer com-
position (e.g. the pH), because LBT-tagged and untagged pro-
tein samples were derived from different expressions and prep-
arations. Furthermore, some additional peaks were observed in
the spectrum of uniform IL-10-LBT (e.g. two tryptophan indole
signals), which must belong to the LBT and StrepII tag,
respectively.

The binding affinity of the LBT spin label for Tb3� was stud-
ied using fluorescence spectroscopy (see Ref. 30 for method-
ological details). To this end, the fluorescence intensity of Tb3�

at 543 nm, which was caused by FRET from a nearby trypto-
phan residue in LBT, was measured. Alternatively, also the blue
shift of the tryptophan fluorescence during titration with Tb3�

could be followed and used for quantification of the binding
process. A high binding strength of Tb3� was observed in both
experiments, and low nanomolar KD values were obtained with
both methods: 35 � 2 nM (Tb3� intensity) and 45 � 2 nM (blue
shift of tryptophan fluorescence). Remarkably, the lanthanide
ion induced a very large wavelength shift for tryptophan of
more than 5 nm. Furthermore, association between LBT and
Tb3� followed a clear 1:1 stoichiometry, as apparent from the
position of the transition point in the binding curve (data not
shown), which corresponds to identical concentrations of pro-
tein and Tb3�.

Measurement of Protein and Ligand PCSs and ��-Tensor
Determination—NMR measurements with paramagnetic lan-
thanide ions (Tb3�, Tm3�, and Dy3�) immobilized to LBT
allowed the observation of PCSs for IL-10 and its heparin tet-
rasaccharide ligand. Those values were subsequently used as
distance and orientation restraints in the structure calculation
of the IL-10�heparin complex. Protein PCS data were first mea-
sured on mixed IL-10-LBT with one 15N-labeled subunit and
another unlabeled subunit carrying the LBT. Because dimeriza-
tion of IL-10 occurs by domain swapping and intercalation of
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FIGURE 3. Weighted NH chemical shift changes (��) along the IL-10 primary sequence. Experiments were performed with heparins of increasing chain
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FIGURE 4. Observed NH chemical shift changes mapped onto the back-
bone structure of IL-10. The protein structure is shown as a schematic dia-
gram. Residues are colored according to their NH �� value relative to that of
Leu-60 (with the highest ��). Colors correspond to 0% (cyan) and 100% (red)
�� relative to Leu-60. A possible conformation of the N-terminal region 5–17,
which was not resolved in the crystal structure, was appended to the struc-
tural model here for visualization of their chemical shift changes.
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helices E and F into the opposite 4-helix bundle, dissociation of
the dimer and demixing of both differently labeled subunits
were not expected. Furthermore, the dimer was observed to be
stable, as tested by gel filtration, and showed no dissociation for
time courses of �3 months.

PCS assignments were made following the displacement of
the individual HSQC cross-peaks along diagonal lines in the
spectrum (Fig. 6a). A total of 172, 182, and 186 PCSs (1H and
15N) could be collected with Tb3�, Tm3�, and Dy3�, respec-
tively. ��-Tensor parameters (Table 2) of each lanthanide ion
were determined using the Numbat program as described
under “Experimental Procedures” and were found to be com-
parable with those values reported in the literature (23, 64). The
effect of residual chemical shift anisotropy, which leads to addi-
tional shifts between the diamagnetic and the paramagnetic
sample, was also considered and corrected in Numbat. A good
correlation between experimental and back-calculated PCSs
was observed. The PCS Q-factor for all 1H and 15N PCSs was
0.14 (Tb3�), 0.16 (Tm3�), and 0.13 (Dy3�), respectively. The
lanthanide ion was found to be located 
13 Å away from the

protein’s C terminus, the LBT attachment point, whereas a
slightly different position was found for Tm3� than for Tb3�

and Dy3� (Fig. 7a), which could reflect some residual tag mobil-
ity. Furthermore, all three lanthanide ions had similar ��-ten-
sor orientations relative to the molecular frame except for the
z-principal axis of Dy3�, which showed a deviation of around
30° compared with the tensor orientation of Tb3� and Tm3�.
Alternatively, protein PCS data were also obtained for uniform
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(red), Tm3� (green), and Dy3� (blue), respectively, at 600 MHz and 30 °C. PCS
vectors of selected amino acid residues are indicated as black lines between
corresponding diamagnetic and paramagnetic peaks. b, 1H-13C HSQC spectra
of heparin tetrasaccharide in the presence of uniform IL-10-LBT complexed
with Lu3� (black), Tb3� (red), Tm3� (green), and Dy3� (blue), respectively. The
protein/ligand ratio was 1:4. The assignment of the heparin CH groups is
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IL-10-LBT. However, due to stronger paramagnetic relaxation
and signal broadening in the system with two lanthanide ions,
fewer PCS effects could be assigned unambiguously. The
��-tensor parameters were determined considering that the
PCSs were sum-averaged over both dimer subunits in that case.
Similar ��-tensor values with nearly the same lanthanide ion
position as compared with mixed IL-10-LBT were obtained.

Finally, PCS data for the heparin tetrasaccharide were col-
lected in the presence of uniform IL-10-LBT at a protein/ligand
ratio of 1:4. Again, the double LBT-labeled protein was used
because the magnitude of the PCS was expected to be stron-
ger. Because two heparin molecules can simultaneously bind
to IL-10, as suggested by its highly symmetric structure and
as confirmed experimentally (16), each ligand should have
one nearby lanthanide ion in its vicinity in the case of two
also symmetrical label positions. In contrast, if only one LBT
site were to be used, one of the two heparin molecules could
be too far away from the lanthanide ion and eventually expe-
rience no PCS.

For unambiguous assignment, PCSs of the ligand were mea-
sured from 1H-13C HSQC spectra (Fig. 6, b and c). Because the
material had no 13C labeling, heparin was used in excess in
order to distinguish it from the protein background. Under
these circumstances, ligand PCSs are heavily weighted by the
fraction in the free state, and measured values are much
reduced from their bound values. Thus, a correction was made
by the fraction of the bound ligand that was determined from
the KD value of the tetrasaccharide, 0.30 � 0.04 mM, along with
total protein and ligand concentrations. Overall, 23, 22, and 22
PCSs could be collected with Tb3�, Tm3�, and Dy3�, respec-

tively (Fig. 6c). A clear trend of the PCS values could be
observed (i.e. they were all positive in the case of Tb3� and Dy3�

and negative for Tm3�). From the topology of the PCS isosur-
faces (Fig. 7b), one could identify two obvious areas satisfying
the experimental PCS values: one at the dimer interface and the
other one pointing away from the protein and lacking any inter-
molecular contact.

PCS-based Docking and MD Simulation of the Heparin�IL-10
Complex—PCS-restrained rigid body docking was performed
to generate a structural model of the heparin�IL-10 complex,
which was subsequently used as the starting point for an MD
simulation of IL-10 and heparin. For docking calculations, PCSs
were computed using the internal RDC module of Xplor-NIH
because it offered the possibility to treat both lanthanide ions at
the same time. RDCs and PCSs share the same form of the
magnetic susceptibility tensor. In the case of PCSs, only intro-
duction of a 1/r3 distance dependence and definition of the
vector between the lanthanide and the nucleus had to be done.
Because order tensors had a different definition in Xplor-NIH
than in Numbat, the axial (Da) and rhombic (Dr) tensor com-
ponents were recalculated and optimized during the simula-
tion. Starting values of Da/Dr for Tb3�, Tm3�, and Dy3� were
7979.28 Hz/0.650, 6556.45 Hz/0.337, and 6870.54 Hz/0.517,
respectively. Docking calculations were performed with both
protein PCS data sets (i.e. from mixed and uniform IL-10-LBT).
Very similar solutions were obtained in both cases, whereas the
first one produced fewer violations. Furthermore, independent
docking calculations were done with heparin having the IdoA
ring either in 1C4 or in 2SO conformation, yielding solutions
that are indistinguishable with respect to the ligand position
relative to IL-10. Fig. 8a displays the five lowest energy struc-
tures of 1C4 heparin in complex with IL-10. For clarity, the
heparin binding site of only one dimer subunit is shown. A
second symmetrical and indistinguishable docking solution
was obtained for the second IL-10 subunit, which involves the
same group of binding residues and is located on the opposite
side of the central dimer crevice. In the docking model, the
heparin molecule is located within a cluster of several positively
charged amino acid residues, including Lys-99, Arg-102, Arg-
104, Arg-106, Arg-107, Lys-117, and Lys-119. A good agree-
ment between experimental and back-calculated PCSs was

FIGURE 7. Lanthanide ion position and ��-tensor determination. a, IL-10 is represented as a schematic diagram, and the position of the lanthanide ions, as
determined from the ��-tensor fit of mixed IL-10-LBT, is indicated by spheres. The lanthanide binding site is close to the protein’s C terminus to which LBT was
attached. b, representation of the ��-tensor of Tb3� as PCS isosurfaces corresponding to PCS values of �0.75 and �0.2 ppm. Positive and negative PCSs are
shown by blue and red isosurfaces, respectively.

TABLE 2
Summary of ��-tensor parameters of lanthanide ions complexed with
mixed IL-10-LBT
Error values were obtained from a Monte Carlo error analysis in which 30% of the
PCS data were randomly deleted.

Tb3� Tm3� Dy3�

��ax (10�32 m3) 24.6 � 2.0 �18.8 � 2.3 24.6 � 1.6
��rh (10�32 m3) 20.1 � 1.3 �17.6 � 1.6 21.3 � 1.5
x (Å) �26.4 � 0.5 �26.6 � 0.7 �27.5 � 0.6
y (Å) �4.0 � 0.7 �8.7 � 1.0 �3.5 � 0.7
z (Å) 57.3 � 0.4 58.7 � 0.7 58.5 � 0.5
� (degrees) 50 � 3 66 � 2 53 � 4
� (degrees) 310 � 3 305 � 3 334 � 4
� (degrees) 33 � 1 42 � 2 9 � 4
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obtained. For the five lowest energy structures, the PCS Q-fac-
tor was on average 0.19 for both 1C4 heparin and 2SO heparin,
respectively.

To account for flexibility on the protein and ligand side, such
as possible hinge movements around the central dimer crevice
and flexibility of amino acid and sugar side chains, each of the
five lowest energy docking structures was subjected to an all-
atom MD simulation. Fig. 7, b–f, shows snapshots of the
heparin�IL-10 complex after 105 ns of MD. During the simula-

tion, the ligand was observed to remain flexible and did not
adopt a single bound conformation. Comparing the individual
MD simulations, differences in the ligand orientation can be
recognized, which suggests that heparin may exist in an ensem-
ble of conformations and that one fixed structure, as predicted
by docking, is less likely. However, the heparin ligand was also
observed to remain in the vicinity of the docked starting struc-
ture and to explore the space around the described basic amino
acid cluster.

FIGURE 8. Structural model of the heparin�IL-10 complex as obtained by PCS-based rigid body docking and subsequent MD simulation. a, ensemble of
the five lowest energy structures of the 1C4 heparin ligand after PCS-based docking. The IL-10 molecule is represented with its van der Waals surface. Heparin
is drawn in sticks and colored according to the atom type: carbon (cyan), oxygen (red), nitrogen (blue), and sulfur (gold). For clarity, only one heparin binding site
is shown. For the second IL-10 dimer subunit on the opposite side of the central crevice, an identical docking pose was obtained, which involves the same
group of basic residues. The best five docking solutions were used as the starting point for independent MD simulations from which snapshots after 105 ns are
shown here (b–f). In the docking structure and during MD, the ligand position coincides with a cluster of positively charged amino acid residues of IL-10 as
shown in sticks: arginines 102, 104, 106, and 107 are colored in blue, and lysines 99, 117, and 119 are shown in yellow.
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To test whether the MD simulations were in agreement with
the experimental data, PCSs were back-calculated from the MD
structures after some equilibration period at time points of 55,
80, and 105 ns using Numbat and the Xplor-NIH calcTensor
function. PCSs were averaged along each MD trajectory and
between all MD runs. A total PCS Q-factor of 0.26 was obtained
showing that the MD structural models are in compliance
with the experiment and can provide a description of the
heparin�IL-10 complex. When only four MD simulations were
compared, except for the one in Fig. 8b, in which the ligand is
slightly outside the proposed binding region, the PCS Q-factor
further improved to 0.24, suggesting that this binding pose of
the MD solution is less likely.

Discussion

In this study, we have investigated the structure of the
IL-10�GAG complex using NMR spectroscopy. Because the
preparation of a IL-10�GAG co-crystal did not succeed, several
NMR methods had to be employed to determine a structural
model of the complex. First, in HSQC spectra of IL-10 (Fig. 2),
several backbone sites showed pronounced shifts of their NMR
signal indicative of an interaction with GAGs. For all tested
GAGs (CS, DS, persulfated HA, and heparin) and for heparin
molecules with variable chain lengths (di-, tetra-, and hexasac-
charide), the same region experiencing the strongest chemical
shift changes was found. This observation suggests the exist-
ence of one unique GAG binding site in IL-10 that is likewise
occupied by different GAG molecules. Furthermore, the chem-
ical shift perturbations were in agreement with the GAG bind-
ing affinities, which we have measured previously using STD
NMR experiments (16), and reflected the order of the interac-
tion strength between GAGs and IL-10. At comparable ligand
concentrations, chemical shift changes were higher for GAG
molecules bearing multiple sulfate groups and having a longer
chain length. These findings highlight the importance of GAG
sulfation and electrostatics in IL-10/GAG interactions.

The fast NMR chemical exchange, which we have observed
here, and our STD NMR data show that GAG oligosaccharides
have a weak binding affinity in the micromolar range. This
result compares with a nanomolar affinity of polymeric heparin
as reported by Salek-Ardakani et al. (15). These differences
could possibly be attributed to the different kinds of experi-
mental setups, because Salek-Ardakani et al. (15) performed
binding affinity measurements with high molecular weight
heparin in the absence of NaCl in the sample buffer and by
using SPR spectroscopy (15). However, although IL-10/GAG
interaction was found here to be weak, it may still become func-
tionally important. The affinity of heparin tetrasaccharide is
high enough to allow binding also under physiological salt con-
centrations, as shown by significant STD effects at 150 mM

NaCl, which were not observed for non-GAG-binding proteins.
The considerable STD effects correspond to a KD that is only
slightly higher (0.41 � 0.06 mM) than at the lower salt concen-
tration investigated here (0.30 � 0.04 mM). Thus, the studied
interaction stands out clearly from a random, nonspecific bind-
ing, and the binding model described here for the tetrasaccha-
ride is of functional relevance.

Although for many of the protein�GAG systems described in
the literature, the determination of the GAG binding site was
easily possible by measuring changes of the backbone NMR
signals (65, 66), the chemical shift perturbation data presented
here can only provide a rather unclear binding model. Most of
the affected IL-10 residues identified via chemical shift pertur-
bation analysis are not solvent-exposed and should therefore be
taken with caution as direct indicators of the primary site
of interaction. Furthermore, these amino acids are often
uncharged. Positively charged protein segments, however, are
expected to be a prerequisite for GAG binding due to the mostly
electrostatic nature of the interaction (17). Nevertheless, resi-
dues with the highest chemical shift perturbations are found
around the region identified by PCS-based docking and
observed in the heparin�IL-10 MD simulation (Figs. 4 and 8).
We therefore conclude that the IL-10/GAG interaction may
trigger minor structural changes affecting the surrounding
region within the cleft of the V shape of IL-10. Because shifts of
the HSQC NMR signal report the response of the protein back-
bone to GAG binding, they are more likely for residues in flex-
ible parts than for residues in, for example, a stable �-helix. This
could explain why residues of the basic amino acid cluster
found in the PCS-derived binding model showed only very
small chemical shift changes. Furthermore, the long side chains
of arginine and lysine residues might provide enough flexibility
to accommodate the structural changes imposed by GAG bind-
ing and not transmit them to the protein backbone.

Thus, to gain a more accurate insight into the IL-10/GAG
binding mode, PCS measurements using paramagnetic lantha-
nide ions were performed as a second NMR method. PCSs pro-
vided valuable long range distance information and at the same
time gave more explicit structural information than chemical
shift perturbation data, which were difficult to interpret due to
their complex sensitivity to environmental and structural
changes. To our knowledge, using PCSs also represents a novel
approach in the field of protein�GAG systems in general. The
low binding affinity and high flexibility of the model GAG
ligands as well as the paucity of non-exchangeable hydrogens
in close proximity to the protein surface limit the applicabil-
ity of traditional approaches for molecular structure deter-
mination like NOE-based NMR methods or x-ray crystallog-
raphy and therefore render paramagnetic NMR experiments
very attractive.

The structure generation based on PCS-restrained docking
and subsequent MD simulation yielded a binding model (Fig.
8), in which the heparin ligand is positioned in the area of a
basic amino acid cluster located at the end of helices D and E.
This finding compares closely with previous theoretical predic-
tions of the IL-10/GAG binding interface as made by ab initio
docking (21, 22). It is noteworthy that residues 101–108 (LRM-
RLRRC) within the identified cluster match a typical Cardin-
Weintraub consensus sequence for a heparin-binding motif
(67). This region of IL-10 is well conserved among species but is
unique to IL-10 and not observed for other members of the
IL-10 family of cytokines (14, 68). Already in the report of the
crystal structure of IL-10, Zdanov et al. (13) described this
region of densely packed basic residues as being a special fea-
ture of IL-10. Because of the protein’s 2-fold rotational symme-
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try, the described region occurs twice in IL-10. It is located at
both ends of the central dimer crevice within a distance of 
30
Å. A sufficiently long GAG molecule could bridge the IL-10
dimer and simultaneously occupy both binding sites. This
change in binding stoichiometry was observed for GAGs of
eight sugar rings and longer (16) and could also be the mode in
which native polymeric GAGs bind to IL-10.

Whereas the generated structural models can localize the
GAG binding site of IL-10, the ligand orientation is less clear,
and our MD simulations suggest that a GAG is flexible and can
exist in multiple bound conformations. Both the static docked
heparin structure and the multiple conformations sampled
during MD are in agreement with our experimental PCS data.
Using 3J proton scalar couplings, we have previously observed
the simultaneous occurrence of 1C4 and 2SO IdoA ring struc-
ture in IL-10-bound heparin (16), which indicates ligand flexi-
bility and does support the latter scenario. The non-directional
forces of electrostatic interactions between the IL-10 basic res-
idues and heparin could allow ligand binding in more than one
orientation. In the end, more exhaustive MD sampling could
help in exploring the ligand conformational space and identify-
ing general binding poses.

The occurrence of a binding site for GAGs in IL-10 and its
evolutionary conservation among species argue for a functional
role of IL-10/GAG interaction. Salek-Ardakani et al. (15)
observed an inhibitory effect of soluble GAGs on IL-10 func-
tion, whereas on the other hand, sulfated cell surface proteogly-
cans were also necessary for IL-10 to exert its full functional
activity. Therefore, interaction with membrane-bound GAGs
could be necessary for IL-10 binding to cells, which soluble
GAGs could antagonize. ECM GAGs could lead to an enrich-
ment and accumulation of IL-10 in the tissue, affecting its sta-
bility and function. Because of the noncovalent mode of
dimerization, dissociation of the IL-10 dimer happens at low
concentrations of a few �g/ml, generating the inactive mono-
mer. Thus, in vivo functions of IL-10 are restricted to the
microenvironment of the producing cell, and only a few endo-
crine effects over longer distances or through the blood circu-
lation were reported (69). In this context, GAGs can slow down
the diffusion of IL-10 and help to prolong its biological func-
tions, an effect that was observed for other cytokines (e.g. IL-3
and GM-CSF) (70 –72).

In a different scenario, GAGs could directly affect signal
transduction of IL-10 by influencing recognition by its recep-
tor. Our identification of a GAG binding site in IL-10 serves as
an important starting point to evaluate whether GAGs of the
ECM could possibly interfere with IL-10 receptor binding.
Because the ternary IL-10 receptor complex could not be crys-
tallized so far, only the structure of IL-10 in complex with its
receptor chain 1 (IL-10R1) is known as of today. However, the
structure of the related IL-20 receptor complex was solved
recently (73). IL-10 and IL-20 belong to the same cytokine fam-
ily and have a high structural similarity. Superimposing the
structure of the IL-10�IL-10R1 complex (PDB entry 1Y6K) onto
the IL-20�IL-20R1�IL-20R2 complex (PDB entry 4DOH) yields a
very close match with C� root mean square deviation values of
1.5 Å between IL-10 and IL-20 and of 2.2 Å between IL-10R1
and IL-20R1. That observation together with the fact that dif-

ferent IL-10 family cytokines share their receptor chains and
have the same receptor stoichiometry suggests that the IL-10
and IL-20 receptor complex might have very similar structural
arrangements of their receptor chains. According to that
model, the IL-10R2 binding site would be located at helices A,
C, and D next to the central crevice of the IL-10 dimer and
possibly overlap with the GAG binding site reported here, pro-
ducing a steric clash between GAG ligand and IL-10R2. Con-
sidering that GAGs have a binding affinity comparable with or
even higher than that of IL-10R2, both molecules could com-
pete for IL-10 binding. Such an inhibitory effect of GAGs was
also observed for RANK (receptor activator of NF-�B) interact-
ing with its ligand RANKL (74).

In conclusion, we show using a combination of NMR meth-
ods and MD simulations that binding of GAGs to IL-10 occurs
via a common binding site involving a group of positively
charged residues located at both ends of the IL-10 V-shaped
crevice. Furthermore, we demonstrate here an innovative
methodology for profound structural studies of weak protein/
GAG interactions using paramagnetic lanthanide tags for PCS
measurements. Future investigations of the IL-10�GAG system
could concentrate on the energetic contributions of single
amino acid residues within the identified binding region (e.g.
using mutational studies along with computational analysis).
The binding model presented here sheds light on a functional
role of GAGs in the biology of IL-10 and provides the starting
point for their functional characterization. Interaction with cell
surface proteoglycans can increase local concentration of IL-10
and prolong its biological functions but also affect its receptor
binding capacity.
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