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ABSTRACT
Receptor tyrosine kinase-like orphan receptor 1 (ROR1) has been recently proposed as a potential tar-
get for cancer treatment. It was suggested that monoclonal antibodies (mAb) against the Kringle
(KNG) domain of ROR1 could induce apoptosis of chronic lymphocytic leukemia cells. Here, we
reported the determination of the solution structure of human ROR1-KNG (hROR1-KNG), investigation
of its dynamic properties and potential binding interface by NMR spectroscopy. The obtained NMR
structure of hROR1-KNG exhibits an open form at Asn47-His50 and shows obvious differences from
other canonical KNGs at the corresponding lysine binding site, which implies that hROR1-KNG may
interact with some non-canonical ligands. Dynamics analysis of hROR1-KNG reveal a faster local motion
around the a-turn and 310-helix, which may provide flexibility to protect the proximal hydrophobic
core in solution or facilitate the binding of other molecules. The intermediate-to-slow conformational
exchange of Cys77-Ile79 may influence the conformation determination of disulfide bond Cys53-Cys77.
Binding interface of hROR1-KNG for mAb R11 was analyzed and compared with the epitope for the
functional mAbs. Previous study implies that hROR1-KNG may be involved in mediating the heterooli-
gomerization between ROR1 and ROR2 in vivo. However, apparently, no direct interaction between
hROR1-KNG and hROR2-KNG was observed from chemical shift perturbation experiment. Our work lays
foundation to further functional study on interactions of hROR1-KNG with other biological rele-
vant partners.

Abbreviations: Apo(a): Human apolipoprotein(a); CRD domain: Cysteine-rich domain; HGF: Human
hepatocyte growth factor; hPgn: Human plasminogen; KNG: Kringle; LBS: Lysine binding site; mAb:
Monoclonal antibody; NT: Neurotrypsin; PT: Prothrombin; RMSD: Root-mean-square deviation; ROR1:
Receptor tyrosine kinase-like orphan receptor 1; RTK: Receptor tyrosine kinase; t-Pa: Human tissue-type
plasminogen activator; u-Pa: Urokinase-type plasminogen activator
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Introduction

Receptor tyrosine kinase-like orphan receptor 1 (ROR1) plays
important roles in organogenesis, tissue regeneration, ner-
vous system development (Endo & Minami, 2018; Kamizaki
et al., 2017; Lyashenko et al., 2010) and has been recently
reported to aberrantly express in various types of cancers
but not a variety of normal adult tissues (Zhang, Chen,
Wang-Rodriguez, et al., 2012b). ROR1 is considered a promis-
ing target for cancer therapy (Hojjat-Farsangi et al., 2014;
Potratz et al., 2016; Zhang et al., 2014) or a co-target for
combinatorial treatment (Karvonen, Niininen, Murumagi, &
Ungureanu, 2017), in addition to its diagnostic and prognos-
tic significance (Uhrmacher et al., 2011; Zhang et al., 2015).

ROR1 is a member of the receptor tyrosine kinase (RTK)
superfamily, composed of an extracellular portion, a single
membrane-spanning domain and an intracellular region.

Extracellular portion of human ROR1 contains immunoglobu-
lin-like (Ig), cysteine-rich (CRD or Frizzled) and kringle (KNG)
domains (Forrester, 2002; Masiakowski & Carroll, 1992). In the
general mechanism, binding of ligand to extracellular portion
of RTKs stimulates phosphorylation of receptors and then ini-
tiates signaling cascades to regulate cell behaviors (Lemmon
& Schlessinger, 2010). ROR1 is suggested to act as a cell sur-
face receptor for Wnt5a (Fukuda et al., 2008) and can medi-
ate cell proliferation, migration and survival through the
activation of non-canonical Wnt signaling pathways (Hasan
et al., 2017; Yu et al., 2015; Zhang, Chen, Cui, et al., 2012a).

But it is not common for a signaling protein to contain
the KNG domain. So far, the function of the extracellular
KNG domain of human ROR1 (hROR1-KNG) is not exactly and
clearly known. Therefore, in this study, we determined the
solution structure of hROR1-KNG in order to get a better
understanding of its biological role. KNG domains mostly
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exist in proteins of blood clotting and fibrinolytic systems,
including prothrombin (PT), human plasminogen (hPgn), human
tissue-type plasminogen activator (t-Pa), urokinase-type plas-
minogen activator (u-Pa) and human Apolipoprotein(a) [Apo(a)]
(Atkinson & Williams, 1990; Cao, Cao, & Veitonmaki, 2002).
Despite KNGs display very similar folding topology and disulfide
bond pattern, they exhibit very diverse biological functions and
interact with a variety of ligands. hPgn KNGs, whose surfaces
contain shallow grooves comprised by hydrophobic regions in
middle and electrostatic opposite polar groups at two ends,
bind to zwitterionic lysine-analogues, which can mediate pro-
tein-protein interactions via this kind of characteristic lysine
binding site (LBS) (Battistel, Grishaev, An, Castellino, & Llin�as,
2009; Marti, Schaller, & Llin�as, 1999; Rejante & Llin�as, 1994).
However, Apo(a) KNG IV10 and IV8, both retaining the LBS, were
suggested to bind plasmin-modified fibrinogen or fibrinogen
receptor via other ligand recognition sites (Chitayat, Kanelis,
Koschinsky, & Smith, 2007; Klezovitch, Edelstein, & Scanu, 1996).
The u-Pa KNG and the first KNG of human hepatocyte growth
factor (HGF) with mutations in LBS, are unlikely to bind zwitter-
ionic lysine-analogues, but rather interact with negatively
charged molecules such as heparin or glycosaminoglycans by
the positively charged residues on the surface (Stephens et al.,
1992; Ultsch, Lokker, Godowski, & de Vos, 1998).

RORs and a ROR-related RTK (Torpedo MuSK) are the only
RTK family members reported to contain the KNG domain
(Forrester, 2002; Robinson, Wu, & Lin, 2000). The presence of
a KNG domain may imply that there is some kind of unique
function of ROR family. Unlike classic KNGs, the amino acid
sequence in the vital D/EXD/E motif at LBS is mutated in
hROR1-KNG (Figure 1), implying that it may bind other kind
of ligand and function in a different way. It was reported
that the KNG domain of ROR1 was necessary for Wnt5a-
induced ROR1/ROR2 heterooligomerization and hematopoi-
etic-lineage-cell-specific protein 1 phosphorylation (Hasan
et al., 2017; Yu et al., 2015). Moreover, it has been shown
that monoclonal antibodies (mAbs) targeting ROR1-KNG can
induce apoptosis of chronic lymphocytic leukemia cells
(Daneshmanesh et al., 2012; Hojjat-Farsangi et al., 2013).

To date, the structural basis of the biological role of
hROR1-KNG has not been clearly elucidated. Here, we report
determination of the solution structure and the backbone
dynamics analysis of hROR1-KNG by NMR method. The func-
tional region and binding site of hROR1-KNG were also inves-
tigated by NMR. hROR1-KNG shows a highly similar overall
folding topology to many other KNGs, but there are also
some obvious differences in the local structural details. Our
results will be beneficial for better understanding of the
mechanism of the interactions between hROR1-KNG and
other proteins. The structure models will also be helpful to
facilitate the rational design of selective inhibitors of the
oncofetal antigen ROR1.

Materials and methods

Sample preparation and NMR spectroscopy

NMR sample of 15N-, 13C-labeled hROR1-KNG (�9.5 kDa) was
prepared at �0.8mM in 25mM Tris, 150mM NaCl, 6% D2O

and 0.02% NaN3 (w/v) at pH 8.0 and NMR experiments for
backbone and side-chain chemical shift assignments were
performed as described previously (Ma, Zhang, Liu, Yang, &
Hu, 2018). For structure calculation, 3D 15N-edited NOESY-
HSQC, aliphatic and aromatic 13C-edited NOESY-HSQC spec-
tra were all collected with a NOE mixing time of 150ms at
298 K on Bruker Avance 800MHz spectrometer, equipped
with QCI-cryoprobe. Data were processed with NMRPipe
(Delaglio et al., 1995) and analyzed with Sparky (https://
www.cgl.ucsf.edu/home/sparky/).

Structure calculations

Interproton distance restraints were derived from the NOE
spectra. Integrated NOEs were converted to strong, medium,
weak and very weak distance restraints defined to be
1.8–2.7, 1.8–3.5, 1.8–5.0 and 1.8–6.0 Å, respectively. Backbone
u and w angle restraints were obtained using the
TALOSþ program (Shen, Delaglio, Cornilescu, & Bax, 2009)
based on 1Ha, 1HN, 15N, 13Ca, 13Cb and 13C0 chemical shifts.
The solution structure of hROR1-KNG was calculated by
dynamic simulated annealing in torsion angle space using
the Xplor-NIH program (Schwieters, Kuszewski, & Clore,
2006). Initially, non-redundant distance restraints along with
124 backbone u and w dihedral angle restraints were used
to produce a primary structure model without any obvious
violation. Disulfide bond constraints were then applied and
gradually stereospecific assignments for prochiral groups
were iteratively incorporated in the calculation protocol.

Finally, the 10 out of 96 calculated conformers with low-
est target energy function comprising terms for the experi-
mental restraints (NOE and dihedral angle predicted by
TALOSþ), covalent geometry (bonds, angles and improper
dihedral angles), van der Waals and the knowledge-based
multidimensional torsion angle database energy, were
chosen for further structure analysis. Quality of the final
structure ensemble was evaluated using PROCHECK
(Laskowski, Rullmannn, MacArthur, Kaptein, & Thornton,
1996) and MolProbity (Davis et al., 2007). All figures repre-
senting structures were created with PyMOL software (ver-
sion 0.99rc6) (DeLano, 2002) or UCSF Chimera (version 1.12)
(Pettersen et al., 2004).

Backbone 15N-relaxation measurements and analysis

15N T1, T2 and steady state f1Hg-15N NOE values of the
hROR1-KNG dynamics were all measured at 298 K on Bruker
Avance 800MHz spectrometer. Sample conditions were
�1mM 15N-labeled hROR1-KNG in 25mM Tris (pH 8.0),
150mM NaCl, 0.02% NaN3 (w/v) and 6% D2O.

15N T1 were
recorded with relaxation delays of 80, 200, 400, 600, 900,
1200, 1500 and 1800ms. Carr-Purcell-Meiboom-Gill (CPMG)
delays of 16.96, 33.92, 67.84, 101.76, 135.68, 169.60 and
203.52ms were used in 15N T2 data acquisition. Steady-state
f1Hg-15N NOEs were obtained with and without 3 s of proton
saturation and a total recycle delay of 7 s. NOE values were
calculated as the ratio of peak intensities with and without
proton saturation for 67 well-resolved amide groups. The
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Bruker Dynamics Center program was used to analyze back-
bone 15N relaxation parameters and perform the model-free
analysis from relaxation rate R1, R2 and f1Hg-15N NOE.

Functional studies

Preparation of Fab R11 followed the protocols as described
(Kwong & Rader, 2009; Yang et al., 2011), except Fab R11
was produced in Escherichia coli Rosetta strain. Purified Fab
R11 was incubated with excess amount of 15N-labeled
hROR1-KNG for 1 h at 4 �C. Then the mixture was repeatedly
ultra-filtrated and diluted with the sample buffer to remove
unbound hROR1-KNG as much as possible, using Amicon
ultracentrifuge device with cutoff of 10 kDa (Millipore). The
NMR CRINEPT spectrum (Riek, Fiaux, Bertelsen, Horwich, &
Wuthrich, 2002; Scarselli et al., 2009) of about 0.15mM Fab
R11/hROR1-KNG complex was collected. 1H–15N HSQC spec-
trum of free hROR1-KNG in the same buffer was collected as
control. Spectra were acquired at pH 7.4 and 298 K in 25mM
Tris, 150mM NaCl, 0.02% NaN3 (w/v) and 6% D2O on a
Bruker Avance 800MHz spectrometer. The peak intensity (PI)
ratio of each residue was calculated as Ii ¼ Ii-CRINEPT/Ii-HSQC. As
Ala40 gave the largest peak intensity ratio, the relative PI
ratio for each residue is normalized as Ii/IA40 and the thresh-
old was set to 0.2 to define the interface residues. The chem-
ical shift perturbations (CSPs) were calculated as Dd ¼
[Dd2HN þ (0.1 � DdN)

2]0.5 and the threshold was set to 0.05
to define the interface residues.

The 15N-labeled hROR1-KNG, hROR2-KNG and their var-
iants (deriving from UniProtKB entry of Q01973 and Q01974,
respectively, see construction details in Table S1) were pre-
pared following the previous protocols (Ma et al., 2018).
1H-15N HSQC spectra of approximately 0.5mM 15N-labeled
hROR1-KNG without and with 1.0mM hROR2-KNG were col-
lected and compared. Besides, 1H-15N HSQC spectra of about
0.1mM extended 15N-labeled hROR1-KNG without and with
extended hROR2-KNG at the ratio of 1:10 and 1:18, respect-
ively, were also recorded. The NMR experiments were carried
out at 298 K on a Bruker Avance 800MHz spectrometer.

Accession codes

The backbone and side-chain chemical shift assignments of
hROR1-KNG have been previously submitted to the BMRB
with accession number 27240. The atomic coordinates for

hROR1-KNG have been deposited in the Protein Data Bank
with accession code 5Z55.

Results and discussion

Solution structure of hROR1-KNG

Residues Cys4-Cys82 of hROR1-KNG in this report correspond
to Cys313-Cys391 of the original full-length hROR1 protein
(UniProtKB entry： Q01973). Chemical shift assignments of
the backbone and side-chain, including aromatic ring, have
been previously reported (Ma et al., 2018). Above 90% of the
cross-peaks were assigned in the 15N-edited NOESY-HSQC,
aliphatic and aromatic 13C-edited NOESY-HSQC spectra. The
structure of hROR1-KNG was calculated by simulated anneal-
ing in torsion angle space using Xplor-NIH with total 2466
unique NOE-derived interproton distance restraints and 124
backbone u and w dihedral angle restraints. The 10 struc-
tures with lowest target function energy that had no dis-
tance restraint violations greater than 0.5 Å and no dihedral
angle restraint (u and w) violations greater than 5� were
selected from the total 96 generated structures. The back-
bone superposition of the 10 structures (Figure 2A) indicates
that hROR1-KNG is overall well-defined by the NMR data. The
root-mean-square deviation (RMSD) from mean structure of
residues Cys4-Cys82 (the identified KNG core), is
0.235 ± 0.063Å for the backbone atoms and 0.601 ± 0.097 Å
for all heavy atoms. Ramachandran analysis by PROCHECK
and MolProbity indicate that 99.7% and 99.8% residues of
hROR1-KNG fall within the allowed regions, respectively. A
summary of structural statistics is shown in Table 1.

The 10 ensemble solution structures of hROR1-KNG reveal
that the overall folding topology is highly similar to most
previously published KNG structures. The pairwise overall
RMSD of Ca atoms of hROR1-KNG and hPgn KNG4 (1.21 Å),
Apo(a) KNG IV10 (1.38 Å) and HGF KNG2 (1.42 Å) were signifi-
cantly smaller than that of hROR1-KNG and other KNGs
(Figure S1 and Table S2). The central hydrophobic core of
hROR1-KNG is composed of Trp28, Phe38, Phe43, Leu46,
Pro56, Trp64 and Phe66 with bulky hydrophobic side-chains
and aromatic rings. His36 and His50 may also participate in
the hydrophobic interactions. A terminal hydrophobic cluster
is formed by side-chains of residues Tyr5, Tyr12, Pro63 and
Ile79 (Figure S2A) (Mulichak, Tulinsky, & Ravichandran, 1991).
Moreover, a cis Tyr32-Pro33 peptide bond is identified,

Figure 1. Multiple sequence alignments of hROR1-KNG with other KNGs by COBALT (https://www.ncbi.nlm.nih.gov/tools/cobalt/). The numbering in the top row
refers to the sequential numbering of hROR1-KNG (this work). NT KNG means the Kringle domain of Neurotrypsin. The D/EXD/E motif, indicated by red box, is
highly conserved in the reported KNGs that bind lysine analogs (hPgn KNG1, hPgn KNG2, hPgn KNG4, hPgn KNG5, Apo (a) KNG IV6, 8 & 10, t-Pa KNG2).
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supported by the strong NOE between Ha atoms of the two
residues. Similar X-Pro peptide bonds in cis conformation were
also reported within other KNG domains (Christen, Frank,
Schaller, & Llin�as, 2010; Marti et al., 1999; Rejante & Llin�as,
1994). Nevertheless, a few different features in hROR1-KNG
were observed at the segment of His36-His50 and so-called
LBS. Backbone conformation of His36-His50 of hROR1-KNG is
obviously divergent from those of other KNGs (Figure S1 and
Table S2). Figure S2B shows the classic LBS on the surface of
the crystal structure of hPgn KNG 4 in complex with E-amino-
caproic acid (PDB ID: 2PK4), which is comprised of a hydropho-
bic groove in middle (Trp62, Phe64 and Trp72), anionic (Asp55/
Asp57) and cationic (Lys35/Arg71) charge pairs at two ends
(Wu, Padmanabhan, Tulinsky, & Mulichak, 1991). The binding
surface of hROR1-KNG appears to be flatter and shorten due to
the occupation of the long extended side-chain of Lys60 in
NMR structure of hROR1-KNG. In addition, the hypothetic bind-
ing groove of hROR1-KNG is less negatively charged (Figure
S2C). Thus, hROR1-KNG is predictable to be unfavorable to
bind the free lysine or lysine analog, considering both the
shortened binding groove and the deficiency of the corre-
sponding Asp or Glu residues in the crucial anionic center,
which was demonstrated by the result of L-Lysine titration
assay (Figure S3). Therefore, the ligand and its binding site of
hROR1-KNG remain obscure.

The representative, closest to mean structure (for all heavy
atoms) is shown in Figure 2B. The secondary structural elements
of hROR1-KNG include the typical anti-parallel b-strands (Trp64-
Phe66 and Ser74-Leu76), a small piece of 310-helix (Pro44-Leu46),
one a- and six b-turn motifs (Figure 2B). Segments Trp64-Phe66
and Ser74-Leu76 form the conserved anti-parallel b-strands, stabi-
lized by backbone H-bonds of Cys65-HN���OC-Asp75, Asp75-
HN���OC-Cys65, Thr67-HN���OC-Lys73 and Cys77-HN���OC-Pro63.
The 310-helix turn spanning residues Pro44-Leu46 was deduced
from the two H-bonds of Phe43-CO���HN-Leu46 and Pro44-
CO���HN-Asn47, together with the dihedral angle data. The a-turn
of Thr39-Phe43 and six b-turns of Asn6-Gly9, Gly9-Tyr12, Thr19-
Gly22, Pro27-Ser30, Asn55-Asn58 and Asp69-Phe72 are defined
on the basis of the backbone H-bonds of Thr39-CO���HN-Phe43,

Asn6-CO���HN-Gly9, Gly9-CO���HN-Tyr12, Thr19-CO���HN-Gly22,
Pro27-CO���HN-Ser30, Asn55-CO���HN-Asn58 and Asp69-CO���HN-
Phe72, respectively, together with the characteristic short dis-
tance between the Ca carbons of the two residues at both ends
and the backbone dihedral angles (Chou, 2000). Though Asn55-
Gln59 is defined as helix in the header of pdb file of the crystal
structure of hROR1-KNG (PDB ID: 6BA5), in fact, the backbone
dihedral angles (u and w) of Asn55-Asn58 of the representative
solution NMR and crystal structures are found to be quite similar,
which match the type II b-turn (uiþ1 ¼ –60, wiþ1 ¼ 120; uiþ2 ¼
80, wiþ2 ¼ 0), but not the helices (u ¼ –64, w ¼ –41 for a-helix, u
¼ –74, w ¼ –4 for 310-helix). Only dihedral angles of Gln59 match
the helices, but are slightly different between the NMR (u ¼ –64,
w ¼ –40) and crystal structures (u ¼ –85, w ¼ –19). Asn55-Gln59
shows as a loop in PyMol and as a turn in VMD-XPLOR
(Schwieters & Clore, 2001) for both NMR and crystal structures, if
only the atom coordinates are loaded without pre-defined sec-
ondary structural elements. The generalized order parameter (S2)
values of this region are a little bit lower than the overall average
value (see the dynamics analysis part), suggesting a somewhat
larger amplitude of internal motion of backbone N-H bond vec-
tors in this region. In the pdb file (6BA5), it shows that the
“temperature factors” of Asn58 (42.1±3.6) and Gln59 (50.2±6.0)
are also somewhat high. All these illustrate that the helical ten-
dency of segment Asn55-Gln59 in fact is quite weak and the sec-
ondary structural element here is unstable. Isolated b-bridges are
assigned by STRIDE algorithm (Frishman & Argos, 1995), involving
the H-bonds of Tyr5-CO���HN-Cys82, Ser17-CO���HN-Cys25, Thr19-
HN���OC-Arg23, Arg54-HN���OC-Trp64 and Arg54-CO���HN-Trp64.
Main-chain H-bonds of Val16-CO���HN-Cys53, Lys20-HN���OC-
Leu76, Gln24-CO���HN-Leu68, Gln26-HN���OC-Phe66 and Cys77-
CO���HN-Ile79 that neighbor or associate the core disulfide bonds
(Cys25-Cys65 and Cys53-Cys77) are also observed, in addition to

Figure 2. NMR structure of the core hROR1-KNG (Cys4-Cys82). (A) Backbone
superposition of the mean (red) and the final 10 structures with lowest target
function energy (blue). (B) Representative structure with disulfide bonds (yel-
low), secondary structures of b-strands (green) and 310-helix (red) displayed by
PyMol. Additional secondary structural elements of the a- and b-turns, inferred
from relevant H-bonds and dihedral angles (Chou, 2000), are manually indi-
cated in blue.

Table 1. Structural statistics for the ensemble of 10 hROR1-KNG structures.a

Total NOE restraints 2466

Intraresidue 695
Sequential (|i – j| ¼ 1) 532
Medium range (1 < |i – j| < 5) 351
Long range (|i – j| � 5) 888

Dihedral restraints 124
Mean values of restraint violations

NOE violations > 0.5 (Å) 0.0
Dihedral angle violations > 5 (deg) 0.0

Ramachandran plot by PROCHECK
Residues in most favored region (%) 86.6
Residues in allowed region (%) 11.9
Generously allowed regions (%) 1.2
Residues in disallowed region (%) 0.3

Ramachandran plot by MolProbity
Residues in allowed region (%) 99.8

RMSD (dev.) from experimental restraints
Distance (Å) 0.022 (0.002)
Dihedral (deg) 0.621 (0.050)

RMSD (dev.) from idealized geometry
Bonds (Å) 0.003 (0.000)
Angles (Å) 0.566 (0.010)
Improper (Å) 0.405 (0.010)

RMSD (st dev.) from mean structureb

Backbone [residues 4–82 (Å)] 0.235 (0.063)
All heavy atoms [residues 4–82 (Å)] 0.601 (0.097)

aStatistical analysis performed over bundle of the 10 lowest energy structures
from 96 calculated conformers.
bObtained by averaging coordinates of the 10 ensemble structures, super-
posed using backbone N, CA and C0 atoms of residues Cys4-Cys82.
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Figure 3. Comparison of the NMR structure and crystal structures of hROR1-KNG (Cys4-Cys82). (A) Strips indicate NOEs between Ha atoms (Ha and Ha’) of Gly49
and Hb/Hd atoms of Asn29. (B) Superposition of the closest to mean NMR structure (blue) and the four crystal hROR1-KNG structure models, chain O (magenta)
and chains of M, N and P (pink, orange and light yellow, respectively). The region with large backbone RMSD (�Gly48-His50) is marked by a red circle. The two
core disulfide bonds of Cys25-Cys65 and Cys53-Cys77 are shown as sticks in NMR structure (light blue), crystal structure model chain O (light magenta) and chains
of M, N and P (pink, olive and lime, respectively). (C) Residue-specific backbone RMSD (N, CA and C0) for the four crystal hROR1-KNG structures (rhombuses in
magenta for chain O, averaged RMSD for chains M, N and P is shown as triangles in pink) with respect to the representative NMR structure. (D) Sequence profile of
the averaged backbone RMSD (N, CA and C0) of the 10 NMR ensemble structures from the mean coordinates, aligned with the schematic representation of the sec-
ondary structural elements of hROR1-KNG. b-strands (b1–2), 310-helix (h310), the a- and six b-turns (a-T and b-T1–6) are shown in green, red, dark blue and light
blue, respectively. The grey horizontal line stands for the average value.
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H-bond between the peptidyl NH of Trp28 and the carbonyl of
His50. These backbone H-bonds can significantly stabilize the
structure of hROR1-KNG in solution.

The representative NMR structure model of hROR1-KNG
agrees well with the four crystal structures (Qi et al., 2018)
with the average backbone (C0, CA and N) RMSD of
0.700 ± 0.024Å (Cys4-Cys82 excluding residues Gly48-Gly49).
But the short 310-helix (Pro44-Leu46) and flanked residues,
especially Gly48-Gly49 exhibit a more open and loose con-
formation in the calculated solution structure of hROR1-KNG,
which is supported by the long range NOEs between Ha
atoms of Gly49 and Hb/Hd atoms of Asn29 (Figure 3A). For
Gly48-His50, overall, the representative NMR structure in
solution is rather different from the crystal structure with a
backbone RMSD of 4.302 ± 0.061 Å for three chains (chain M,

N and P) in the crystal asymmetric unit, though the other
one (chain O) adopts a similar folding to the solution struc-
ture with a pairwise backbone RMSD of 1.670Å (Figure 3B
and C). Main-chain of Asn47-His50 in the dominant hROR1-
KNG crystal structures (chain M, N and P) and many known
KNGs (PDB ID: 1PK4, 2KNF, 2l0S and so on) runs approxi-
mately parallel to Asp11-Thr15 and antiparallel to Tyr52-
Pro56 at about 9 Å and 7Å separation, respectively (Tulinsky,
Park, & Skrzypczak-Jankun, 1988). However, the separations
between Asn47-His50 and these two segments (Asp11-Thr15
and Tyr52-Pro56) become much larger in the NMR structure
of hROR1-KNG, in which Gly49 is dragged close to Asn29,
which is evidenced by the observed NOEs between Gly49
and Asn29 (Figure 3A). The difference of the solution struc-
ture from the crystal structures could be due to possible

Figure 4. MS analysis of the disulfide bonds pairing in hROR1-KNG. (A) Amino acid sequence of hROR1-KNG with the predicted cleavages for trypsin (indicated by
arrows) and location of disulfide bonds. (B-D) MS spectra of peptides simultaneously linked by disulfide bonds of Cys4-Cys82 and Cys53-Cys77 in double charge
(m/z 1909.30) and triple charge states (m/z 1273.20). (E-G) MS spectra of peptides linked by disulfide bond of Cys25-Cys65 in double charge (m/z 1956.39) and tri-
ple charge states (m/z 1304.6).
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dynamic fluctuation of the protein in solution, so that it is
less constrained in the NMR structure calculation. Backbone
RMSDs of the 310-helix and the adjacent residues (L41-R42
and Pro44-H50) are relatively higher than those of b-strands
(Trp64-Phe66 and Ser74-Leu76) (Figure 3D). It implies the
helical region is more flexible in the protein frame, which
may explain the disappearance of the signals of amide pro-
tons of Ala40, Gly48 and Gly49 and also the lack of medium-
and long-range NOE signals for Gly48 and Gly49. Taken
together, the segment of Ala40-His50 in the solution struc-
ture is expected to be dynamic, and residues around 310-
helix might exist with multiple conformations. Regarding to
Asn47-His50, in the crystal only minor population of the pro-
tein is in an obvious open form (Chain O), dominantly the
structure of this segment is in close state (chain M, N and P),
whereas in solution state the open form seems more repre-
sentative or significant.

Determination of the disulfide bonds

The chemical shift of cysteine Cb atom is particularly sensi-
tive to the redox state of cysteine and is diagnostic of disul-
fide bond formation (Sharma & Rajarathnam, 2000). The 13Cb
chemical shifts for all six cysteines in hROR1-KNG are
>37 ppm, suggesting that all the six cysteines are disulfide-
bonded. The pairing of the disulfide bonds in hROR1-KNG is
determined by LC-MS, based on the m/z values of the spe-
cific disulfide-linked peptides which are produced by trypsin
digestion (Wagner, Ohnuki, Parsawar, Gleich, & Nelson, 2007),
i.e. peak at m/z 1956.39 corresponds to a doubly charged
fragment, consisting of two peptides linked by disulfide
bond of Cys25-Cys65 (Figure 4). The pairing of the disulfide
bonds in hROR1-KNG is found to follow the conserved pat-
tern of Cys1-Cys6, Cys2-Cys4 and Cys3-Cys5 in previously

reported KNGs (Chitayat et al., 2007; Marti et al., 1999;
Mochalkin, Cheng, Klezovitch, Scanu, & Tulinsky, 1999;
Ozhogina et al., 2008; Rejante & Llin�as, 1994). The conforma-
tions of the disulfide bonds in published crystal structures
are most often left-handed, with negative v3 dihedral angles.
Initially, without any additional constraint on the dihedral
angles of the disulfide bonds, a mixture of the left- and
right-handed conformations for the disulfide bonds was
observed in the NMR structures of neurotrypsin KNG domain.
Conformations of the disulfide bonds consistent with those
in the known X-ray KNG structures could be obtained when
negative v3 dihedral angles of –90� for disulfide-bonds were
enforced as an empirical energy constraint in the process of
final refinement (Ozhogina et al., 2008). Later, the v3 dihedral
angles were similarly specified as additional constraints for
the core disulfide pairs of hPgn KNG 3, it proved to be able
to lower both the total energy by �5% and the backbone
RMSD (Christen et al., 2010). Nevertheless, the v3 dihedral
angles of disulfide bonds were not artificially constrained in
our structure calculation, considering that the conformation
of disulfide bond in the NMR solution structure of hROR1-
KNG might be different from that in crystal structures. As in
many high-resolution X-ray KNG structures (Ozhogina &
Bominaar, 2009), the two core disulfide bonds (Cys25-Cys65
and Cys53-Cys77) in the NMR ensemble structures of hROR1-
KNG are mostly in the left-handed forms. However, an excep-
tional right-handed conformation of the disulfide bond
Cys53-Cys77 is observed in one of the NMR structure models.
Much weaker NOEs between Hb atoms of Cys53 and Hb
atoms of Cys77 than those expected for the characteristic
left-handed conformation of disulfide bond, may suggest
that local structure of residues forming or adjacent to this
disulfide bond is more flexible in the solution state than
in crystal.

Figure 5. Backbone dynamics analysis of hROR1-KNG. Only residues Cys4-Cys82 inclusive were displayed. The grey horizontal dash lines stand for average values.
Unavailable NMR data of non-proline residues are due to the absence of amide groups in spectra. (A) Relaxation rates R1, (B) R2 and (C) f1Hg-15N NOE data as a
function of residue number. (D) The plots of the order parameter S2 versus the residue number of hROR1-KNG. The schematic secondary structural elements of
hROR1-KNG are represented in the same way as Figure 3D.
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Dynamic properties of hROR1-KNG

To characterize the backbone dynamics of hROR1-KNG in
solution, the longitudinal and transverse relaxation rate (R1
and R2) and steady-state f1Hg-15N heteronuclear NOE were
measured (Hansen, Petros, Meadows, & Fesik, 1994; Kay,
Torchia, & Bax, 1989). Residues Gly1-Lys3 and Asp83-Lys85
are excluded for the dynamics analysis. Peak intensities were
quantified for the same 67 of the total 73 non-proline back-
bone amide groups from 15N T1, 15N T2 and steady-state
f1Hg-15N NOE data sets. The average values of R1, R2 and
steady-state f1Hg-15N NOE are 1.64 s�1, 9.16 s�1 and 0.82,

respectively. It should be noted that Cys77-Ile79 were
excluded for the average calculation of R2 due to their
exceptionally high values. Most residues of hROR1-KNG
exhibit NOE larger than 0.8, together with the relatively uni-
form R1 and R2 values, indicating that the molecule is well
structured and overall rigid (Figure 5A–C). R2 relaxation rates
of residues Cys77-Ile79 are significantly larger than the aver-
age value. It may indicate that there is a slow conformational
exchange on ms–ms timescale, which makes contribution to
the R2 relaxation rates by the exchange associated Rex. It is
noteworthy that the residue Cys77 resides in one of the two

Figure 6. (A) 1H-15N HSQC spectrum of free hROR1-KNG (red) overlapped with the CRINEPT spectrum of hROR1-KNG binding with Fab R11 (blue). Backbone amide
groups of residues Cys4-Cys82 of free hROR1-KNG are labeled, peaks of S7, G14 and G48 are missing. (B) The relative peak intensity ratio were plotted against the
residue number. The threshold was set to 0.2 to define the interface residue, as indicated by the red dash line. (C) The chemical shift perturbation are plotted
against the residue number. The threshold was set to 0.05 to define the interface residue, as indicated by the red dash line.
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core disulfide bonds (Cys53-Cys77). The unexpected low
intensity of NOEs between Hb atoms of Cys77 and Cys53
mentioned above, may also reflect an apparent local motion
of this segment. Furthermore, the steady-state NOE values of
residues (Thr37, Thr39, Leu41-Phe43 and His50) surrounding
the short 310-helix are slightly lower than average, implying
local structural flexibility in this region.

The rotational correlation time (sc) of hROR1-KNG is about
5.37 ns, estimated from the R2/R1 ratios of 23 fitted residues
(Kay et al., 1989), corresponding to the expected value for a
well-ordered monomeric protein of about 9.5 kDa
(Maciejewski, Liu, Prasad, Wilson, & Mullen, 2000). The general-
ized order parameter (S2) that reflects the amplitude of internal
motion of backbone N-H bond vectors on the ps–ns timescale,
was generated from model-free analysis of relaxation data
(Lipari & Szabo, 1982a, 1982b). The average S2 value of the
overall hROR1-KNG is determined as 0.74, suggesting that part
of the backbone motion is less restricted. The average S2 value
for b-strand residues (Trp64-Phe66 and Ser74-Leu76) is 0.85,
whereas the S2 values for residues Thr37, Thr39, Leu41-Phe43,
Glu45, His50 and Ser51 that locate in and around the a-turn
and 310-helix are considerably smaller (with the average value
of 0.60), which is a signature of the faster internal mobility in
this segment (Figure 5D).

To sum up, the structure of the a-turn, 310-helix and theirs
flanked residues (Thr37, Thr39-Glu45 and Gly48-His50) is
more flexible and dynamic and less stable than expected,
demonstrated by the f1Hg-15N NOE, S2 data and the fore-
going invisible amide protons of Ala40, Gly48 and Gly49.
Residues in this region are on the edges of or involved in
the central hydrophobic core. Local flexibility and dynamic
motion may allow the fine structure to self-adjust timely in
solution for protecting the nearby residues in the hydropho-
bic core, such as Trp28 (Figure S4).

Functional study of hROR1-KNG

Functional mechanism of individual domains of hROR1 extra-
cellular portion have been barely studied. We initiated a ten-
tative functional study of hROR1-KNG by investigating its
interaction with the mAb R11 and hROR2-KNG domain, aim-
ing to locate the active sites of hROR1-KNG.

The binding of 15N-labeled hROR1-KNG to mAb R11 was
investigated by NMR 1H-15N HSQC and CRINEPT (Riek et al.,
2002; Scarselli et al., 2009) experiments. Signal disappearan-
ces of backbone amide groups of hROR1-KNG and emergen-
ces of new peaks elsewhere can be clearly observed in the
NMR spectra upon addition of the Fab fragment of R11 (Fab
R11) (Figure 6A). Mapping the residues with significant
changes, including Val18, Lys20-Cys25, His34, Glu61-Ala62
and Cys65-Asp78 (Figure 6A–C and Table S3), to the struc-
ture of hROR1-KNG, showed a spatially continuous binding
interface on the surface, with the exception of Trp28, Asn55
and Gly57, which were far or isolated from other spatially
contiguous residues (Figure 7). Finally, the binding interface
were recognized to be formed by Val18, Lys20-Cys25, Glu61,
Ala62 and Cys65-Asp78. The recognized interface was in gen-
eral in agreement with the crystal structure of the complex
of hROR1-KNG and scFv R11 (PDB ID: 6BA5). The epitope of
hROR1-KNG mapped by the disturbed resonances in 1H-15N
HSQC and CRINEPT spectra, revealed that the binding site of
hROR1-KNG recognized by Fab R11, did not cover the loop
region (Cys25-Phe44, 19aa), which, however, was reported to
be the epitope for the functional mAbs 4A7 and 4C10
(Daneshmanesh et al., 2012). Targeting different antigen
from the functional mAbs 4A7 and 4C10 may explain the
low efficacy of R11 alone. The linear peptide used as the
antigen for 4A7 and 4C10 may more or less retain similar
local structure as hROR1-KNG so that hROR1-KNG can be rec-
ognized by those mAbs. The fast and/or dynamic motions of
the antigen and their neighboring residues, as mentioned
before, may also provide adaptive flexibility to facilitate the
bindings of the mAbs.

Heterooligomerization of ROR1 and ROR2 induced by
Wnt5a can be detected in lysates of MEC1 cells transfected
with variant forms of truncated ROR1 by immunblotting,
except for the transfectant lacking the extracellular KNG
domain. Therefore, ROR1-KNG was assumed to interact with
ROR2-KNG to form the heterooligomers (Yu et al., 2015). We
thus investigated the potential interaction between hROR1-
KNG and hROR2-KNG in vitro by NMR CSP to verify the
assumption. Unfortunately, the direct interplay between
hROR1-KNG and hROR2-KNG was not observed by NMR CSP
(data not shown). Nevertheless, we cannot rule out the possi-
bility that the interaction between ROR1-KNG and ROR2-KNG

Figure 7. Perturbed residues of Val18, Lys20-Cys25, His34, Glu61-Ala62, Cys65-Asp78 (highlighted in yellow), Trp28, Asn55 and Gly57 (colored in orange) are
mapped onto the surface of hROR1-KNG. Ribbon representation is presented through surface transparency.
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is extremely too weak (with Kd larger than mM) to be
detected or the interaction is mediated by some other
unknown third-party molecules.

Conclusion

We have determined the solution structure of hROR1-KNG
and analyzed its dynamic properties by NMR. The local con-
formation of 310-helix and its surrounding residues is rather
flexible. Further, the epitope of hROR1-KNG with regard to
Fab R11 is identified by NMR. But, we did not observe by
NMR the direct interaction between hROR1-KNG and hROR2-
KNG, which is expected from the previously reported study
on the heterooligomerization of ROR1 and ROR2 in vivo.

The presented work is instructive for studying hROR1-KNG
involved intermolecular interactions with other proteins,
ligands and specific antibodies. The reported structure of
hROR1-KNG can provide guidance for the structure-based
rational design of ROR1 specific inhibitors.
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