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Abstract

RTN4/Nogo proteins containing three isoforms have been implicated in a large and diverse spectrum of biological functions. By con-
trast, only two functional receptors were known for them, namely NgR binding the 66-residue ectodomain shared by all three Nogos and
NgBR specifically binding Nogo-B. The 297-residue NgBR was recently identified to be essential for stimulating chemotaxis and mor-
phogenesis of endothelial cells but its structural property still remains completely unknown. In the present study, we expressed and sub-
sequently conducted bioinformatics, CD and NMR characterization of NgBR and its two dissected domains. Very surprisingly, our
results indicate that the NgBR ectodomain is intrinsically unstructured without both secondary and tertiary structures while the cyto-
plasmic domain is only partially folded with secondary structures but without a tight tertiary packing. Therefore, NgBR is a very rare
example showing that the entire ectodomain of a transmembrane receptor could be predominantly disordered and the results presented

here may bear important implications in understanding NgBR functions in the future.

© 2007 Elsevier Inc. All rights reserved.
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Recently RTN4/Nogo proteins have received intense
studies because they have been identified to be implicated
in a variety of critical cellular processes including CNS neu-
ronal regeneration, vascular cell spreading and chemotaxis,
apoptosis, interaction with B-amyloid protein converting
enzyme (BACE), formation/maintenance of the tubular
network of the endoplasmic reticulum (ER) [1-5]. Nogo
proteins are composed of three alternative splice forms,
namely 1192-residue Nogo-A, 373-residue Nogo-B, and
199-residue Nogo-C. All three isoforms contain a con-
served reticulon homology domain (RHD) in which a 66-
residue extracellular domain termed Nogo-66 is capable
of inhibiting neurite growth and inducing growth cone col-
lapse [1,2]. This 66-residue inhibitory domain has been
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shown to be anchored on the oligodendrocyte surface
and to bind its receptor NgR at a very high affinity [2].
In particular, intervention in the Nogo-66-NgR binding
has been extensively validated to be a promising strategy
for developing therapeutic agents to prompt adult CNS
axonal regeneration.

Due to their highly diverse spectrum of biological func-
tions, it has been extensively proposed that in addition to
NgR, Nogo proteins should have many other unidentified
receptors and binding partners. Indeed, we have previously
demonstrated that Nogo-A and Nogo-B might be associ-
ated with the third SH3 domain of Nck2 adaptor protein
via a short proline-rich motif over its N-terminus [6]. Strik-
ingly, a novel transmembrane protein has been recently
identified to be a specific receptor for the amino terminus
of Nogo-B (AmNogo-B) and thus termed NgBR [7]. The
297-residue NgBR is a hypothetical protein with its ectodo-
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main showing no homology with any known protein but
with its cytoplasmic domain bearing a high similarity
to the cis-prenyltransferase family of lipid-modifying
enzymes. However, despite this sequence similarity, no
lipid transferase activity was detected for the NgBR
cytoplasmic domain [7]. The NgBR protein is involved in
stimulating chemotaxis and morphogenesis of endothelial
cells and was found to be highly expressed in mouse heart,
liver, kidney, and pancreas. NgBR is not only colocalized
with Nogo-B during angiogenesis in vivo, but also specifi-
cally interacted with AmNogo-B and consequently medi-
ates chemotaxis and 3D tube formation of endothelial
cells in vitro [7].

Structural characterization of NgBR represents an
essential step to insight the molecular mechanism underly-
ing the interaction between AmNogo-B and NgBR as well
as to gain rationales for further development of agents of
therapeutic interest. Therefore in the present study we ini-
tiated cloning and expression as well as further CD and
NMR characterization of NgBR and its two dissected
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domains. Very surprisingly, the obtained results indicate
that the NgBR ectodomain is intrinsically unstructured
while its cytoplasmic domain is only partially folded. Our
present findings may provide important clues for further
understanding of functional roles of NgBR.

Materials and methods

Bioinformatics characterization. To facilitate the experimental studies
here, we have utilized a variety of bioinformatics tools to pinpoint the
sequence and structural properties of NgBR. ELM [8] was used to spot out
the signal peptide sequence and other short functional motifs. PREDA-
TOR [9] was employed to predict the secondary structures while [UPRED
[10,11] and VSL2B [12,13] for identification of the disorder tendency of
NgBR.

Cloning, expression and purification of NgBR and its dissected domains.
Total RNA was extracted from NIH 3T3 mouse cell pellet using Trizol
Reagent. Full-length NgBR RNA was reversely transcribed into DNA by
RT-PCR using One-step RT-PCR kit. Bioinformatics analysis revealed
that as shown in Fig. 1A, the 297-residue NgBR contained a putative
signal sequence (1-46), an ectodomain (47-120), a type 1A transmembrane
domain (121-139) and a cytoplasmic domain (140-297) [7,8]. Therefore,
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Fig. 1. Domain organization of NgBR and its expression and purification. (A) Bioinformatics characterization reveals that NgBR contains a putative
signal sequence (1-46), an ectodomain (47-120), a type 1A transmembrane domain (121-139) and a cytoplasmic domain (140-297). (B) Coomasie brilliant
blue stained SDS-PAGE gel showing the expression and affinity-purification of the NgBR ectodomain. Line 1: total cell extract after IPTG induction; line
2: supernatant of the cell lysate; line 3: GST beads with bound GST-fused ectodomain; line 4: GST beads after in-gel thrombin cleavage; line 5: protein
molecular weight markers. (C) Coomasie brilliant blue stained SDS-PAGE gel showing the expression and affinity-purification of the NgBR cytoplasmic
domain. Line 1: total cell extract before IPTG induction; line 2: total cell extract after IPTG induction; line 3: supernatant of the cell lysate; line 4: pellet of
the cell lysate; line 5: Ni-agrose beads with bound cytoplasmic domain in the presence of 8 M urea; line 6: protein molecular weight markers. (D) Coomasie
brilliant blue stained SDS-PAGE gel showing the expression and affinity-purification of the full-length of NgBR. Line 1: total cell extract before IPTG
induction; line 2: total cell extract after IPTG induction; line 3: supernatant of the cell lysate; line 4: pellet of the cell lysate; line 5: Ni-agrose beads with
bound NgBR in the presence of 8 M urea; line 6: protein molecular weight markers.
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DNA fragments encoding the full-length NgBR with the signal peptide
removed as well as its ectodomain and cytoplasmic domain were amplified
by PCR and subsequently cloned into His-tagged vector pET32a or GST-
tag vector pGEX 4T-1. DNA sequences were confirmed by automated
DNA sequencing, and the recombinant proteins were expressed in Esch-
erichia coli BL21 cells. Briefly, the cells were cultured at 37 °C to an ODgg
of 0.6 and then IPTG was added to a final concentration of 1.0 mM to
induce expression of the recombinant proteins for 4 h at 37 °C. The GST-
fused ectodomain was purified by affinity binding to the glutathione-
Sepharose 4B resin and then the pure ectodomain was obtained by in-gel
thrombin cleavage followed by HPLC purification on a semi-preparative
RP-18 column (Vydac). The His-tagged cytoplasmic domain and full-
length NgBR were expressed in E. coli BL21 cells but they were found only
in the inclusion body. As a consequence, they were purified by Ni*'-
affinity chromatography under denaturing condition in the presence of
8 M urea followed by further HPLC purification on a reverse-phase C4
column (Vydac). For heteronuclear NMR experiments, '*N-labeled pro-
teins were prepared following the similar expression and purification
procedure except for growing E. coli cells in M9 medium instead of LB
medium. The (>NH,),SOy, salt was used for '*N-isotope labeling as pre-
viously described [14]. The identities of all recombinant proteins described
here were verified by MALDI-TOF mass spectrometry.

Circular dichroism (CD) and NMR experiments. All CD experiments
were performed on a Jasco J-810 spectropolarimeter equipped with a
thermal controller using 1 mm path length cuvettes. The NgBR ectodo-
main was dissolved in 20 mM phosphate buffer (pH 6.0). However, the
cytoplasmic domain and full-length proteins of NgBR were found to be
totally insoluble in salty buffer and thus were solubilized in salt-free water
(pH 4.5) as we recently described [15,16]. The far-UV CD spectra were

recorded between 190 and 260 nm with protein concentrations of ~20 uM
while the near-UV CD spectra were recorded between 250 and 360 nm
with protein concentrations of ~150 uM at 25 °C. Final CD spectra were
obtained by adding and averaging data from three independent scans.

NMR samples were prepared by dissolving the lyophilized proteins in
450 pL of 20 mM phosphate buffer (pH 6.0) for the NgBR ectodomain or
Milli-Q water for the cytoplasmic domain and full-length proteins of
NgBR (pH 4.5), with an addition of 50 pL of D,O for NMR spin-lock.
HSQC experiments were acquired on an 800 MHz Bruker Advanced
spectrometer equipped with pulse field gradient units at 298 K as previ-
ously described [14-16]. Spectral processing and analysis were carried out
using NMRpipe [17] and NMRview [18].

Results

Cloning and expression of NgBR and its dissected domains

The full-length NgBR, as well as its cytoplasmic domain
and ectodomain were successfully cloned into pGEX 4T-1
or pET32a vector with BamHI/Xhol restriction sites and
expressed as GST-fused or His-tagged proteins. The NgBR
ectodomain was expressed as a GST fusion protein which
was purified under native condition (Fig. 1B). After remov-
ing the GST by in-gel thrombin cleavage, the NgBR ecto-
domain was further purified by HPLC. On the other
hand, the His-tagged cytoplasmic domain and full-length
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Fig. 2. Bioinformatics analysis of NgBR. (A) The globularity and disordered regions of NgBR assessed by IUPRED; and (B) by VSL2B. (C) Amino acid
sequence of the NgBR ectodomain with prolines residues highlighted.
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NgBR were found to exist in the inclusion body. As such
the two recombinant proteins were first purified by Ni**-
affinity column under denaturing condition (Fig. 1C and
D) followed by HPLC purification. The molecular weights
of all three recombinant proteins determined by MALDI-
TOF mass spectrometry matched those predicted from
their amino acid sequences.

The lyophilized proteins of the full-length NgBR and its
cytoplasmic domain were found to be highly insoluble in
salty buffer, but strikingly could be solubilized in salt-free
water (pH 4.5) to high concentrations, as we previously dis-
covered [10,11]. However, we failed to adjust their solution
pH to a high value because addition of a tiny amount of
NaOH would result in a rapid aggregation. On the other
hand, the solubility of the NgBR ectodomain was very high
in salty buffer and thus all studies on it were conducted in
20 mM phosphate buffer (pH 6.0).

Bioinformatics characterization

As seen in Fig. 2A and B, analysis of NgBR by [UPred
and VSL2B indicated that the N-terminal 50 residues out
of the 74-residue NgBR ectodomain had a very high ten-
dency to be disordered while the cytoplasmic domain was
much more structured despite also owning a relatively dis-
ordered fragment (Fig. 2B). Consistent with this, secondary

structure prediction by PREDATOR indicated that the
majority of the ectodomain was random coil while the large
portion of the cytoplasmic domain formed helix and B-
sheet secondary structures (results not shown). Interest-
ingly, examination of the amino acid sequence revealed
an interesting fact that up to 10 proline residues existed
in the 74-residue ectodomain (Fig. 2C). Interestingly, high
proline content has been previously proposed to be associ-
ated with the lack of a defined tertiary structure [19,20].

Structural characterization of the NgBR ectodomain

Fig. 3A present the far-UV CD spectrum of the NgBR
ectodomain which owned the largest negative signal at
~198 nm and had no positive signal at ~190 nm, indicating
that it was predominantly unstructured. Furthermore, no
significant difference was detected for its near-UV CD spec-
tra in the absence and presence of 8 M urea (Fig. 3B), sug-
gesting that the no tight tertiary packing existed in the
NgBR ectodomain.

More specifically, the "H-'">N NMR HSQC spectrum of
the NgBR ectodomain displayed very narrow spectral dis-
persions over both dimensions (~0.75 ppm for 'H and
~20 ppm for '°N) as well as NMR resonance peaks could
be observed for almost all residues (Fig. 3B). These charac-
teristics indicated that the NgBR ectodomain is highly
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Fig. 3. CD and NMR characterization of the NgBR ectodomain. (A) Far-UV CD spectrum in 20 mM phosphate buffer (pH 6.0) at 25 °C. (B) Near-UV
CD spectra in the absence (blue) and presence (pink) of 8 M urea in 20 mM phosphate buffer (pH 6.0) at 25 °C. (C) 'H-"N NMR HSQC spectrum at a
concentration of 350 pM acquired in 20 mM phosphate buffer (pH 6.0) at 25 °C.
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disordered in the free state. It was also noticeable that there
were some extra weak peaks in the HSQC spectrum
(Fig. 3C), similar to our previous observation on the
Nogo-B N-terminus which was also abundant in proline
residues [14]. Therefore, these weak peaks were also likely
to result from the cis—trans isomerization of the proline res-
idues in the NgBR ectodomain. Similar to the situation we
encountered with Nogo-B [14], the extensive presence of
the cis—trans isomerization made it impossible to achieve
NMR sequential assignment of the unstructured and pro-
line-rich NgBR ectodomain.
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Structural characterization of NgBR and its cytoplasmic
domain

Despite very poor solubility of NgBR and its cytoplas-
mic domain in salty buffer, they could be easily solubilized
in salt-free water to a high concentration of ~450 uM. This
thus allowed us to structurally characterize the two recom-
binant proteins. As shown in Fig. 4A, the far-UV CD
spectra of NgBR and its cytoplasmic domain are very sim-
ilar, with one positive signal at ~190 nm and two negative
signals at ~205 and 222 nm, respectively, indicating that
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Fig. 4. CD and NMR characterization of the full-length NgBR and its cytoplasmic domain. (A) Far-UV CD spectra of the full-length NgBR (pink) and
its cytoplasmic domain (blue) in salt-free water (pH 4.5) at 25 °C. (B) Near-UV CD spectra of the full-length NgBR in the absence (blue) and presence
(pink) of 8 M urea in salt-free water (pH 4.5) at 25 °C. (C) Near-UV CD spectra of the NgBR cytoplasmic domain in the absence (blue) and presence
(pink) of 8 M urea in salt-free water (pH 4.5) at 25 °C. (D) 'H-'""N NMR HSQC spectra of the ’N-labeled cytoplasmic domain in the absence (red) and
presence (black) of 8 M urea at a protein concentration of 450 uM acquired in salt-free water (pH 4.5) at 25 °C. (E) "H-'>N NMR HSQC spectra of the
>N-labeled full-length NgBR in the absence (red) and presence (black) of 8 M urea with a protein concentration of 450 uM acquired in salt-free water (pH

4.5) at 25 °C.
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both proteins contained high contents of helical structures.
Indeed, analysis of the two CD spectra by K2 d [21] indi-
cated that NgBR contained 38% o-helix, 15% B-sheet and
47% random coil while the cytoplasmic domain had 45%
a-helix, 23% B-sheet and 32% random coil. On the other
hand, very small differences of the near-UV spectra of
NgBR (Fig. 4B) and its cytoplasmic domain (Fig. 4C) in
the absence and presence of 8 M urea implied that both
of them had no tight tertiary packing and as such they were
only partially folded.

Indeed, 'H-N NMR HSQC spectra of NgBR
(Fig. 4D) and its cytoplasmic domain (Fig. 4E) again
showed very narrow spectral dispersions over both dimen-
sions (~0.8 ppm for 'H and ~20 ppm for '°N), clearly con-
firming the conclusion that they were only partially folded
based on the above CD results. Furthermore, unlike the
NgBR ectodomain, in the absence of 8 M urea, only ~45
resonance peaks could be detected for the 250-residue
NgBR (Fig. 4D) and ~30 peaks (Fig. 4E) for the 157-resi-
due cytoplasmic domain. On the other hand, introduction
of 8 M urea resulted in a sudden appearance of a large
amount of HSQC resonance peaks for both NgBR and
its cytoplasmic domain. This observation revealed that
unlike the NgBR ectodomain which was highly disordered
in solution, the cytoplasmic domain was partially folded
but a large portion of the molecule was undergoing confor-
mational exchanges on the ps—ms time-scale or/and
dynamic aggregation due to the lack of a tight tertiary
packing. Consequently, most NMR HSQC resonance
peaks were severely broadened and thus became undetect-
able, which made it impossible to carry out further high-
resolution NMR investigation [16,22,23]. In this regard,
the NgBR cytoplasmic domain belongs to the second
group of the buffer-insoluble proteins based on our previ-
ous classification [16].

Discussion

The discovery of the Nogo-B specific receptor NgBR
significantly advanced our understanding of the molecular
mechanism underlying the diverse functions of Nogo pro-
teins. In particular, the key role of the AmNogoB-NgBR
interaction in mediating chemotaxis and 3D tube forma-
tion ranks NgBR as an extremely promising target for
design of agonists or antagonists of this pathway to modu-
late vascular remodeling and angiogenesis [7]. Previously
we have conducted a systematical characterization of the
structural and binding properties of Nogo proteins [6,14—
16,24]. In the present study, we initially attempted to deter-
mine the structure of NgBR. To our big surprise, the bio-
informatics, CD and NMR characterization reveals that
the NgBR ectodomain is a member of the intrinsically
unstructured protein (IUP) family. Previously, the very
unusual properties of the intrinsically unstructured family
of proteins have been proposed to be advantageous for spe-
cial categories of biological functions including signal
transduction, regulation, cytoskeletonal organization,

protein—-DNA recognition, human cancer, endocytosis as
well as generating/maintaining membrane structure
[10-14,19,20,25-28]. However, the commitment of an intrin-
sically unstructured protein as the ectodomain of a trans-
membrane receptor was rarely reported. The ectodomain
of the transmembrane B-dystroglycan was characterized to
be an intrinsically unstructured protein [29]. However,
the known function of the B-dystroglycan ectodomain is
to constitute a dystroglycan complex by binding a-dystro-
glycan which is separated from B-dystroglycan by a post-
translational cleavage of a single proprotein at Ser654.
To this end, B-dystroglycan is usually not considered to
be a transmembrane receptor [30]. Our current finding
raises an intriguing question as how the intrinsically
unstructured NgBR ectodomain functions. It appears that
there may be three possible mechanisms. The first one is
that the NgBR ectodomain becomes well-structured upon
binding to Nogo-B or other partners. Alternatively it is
also possible that unlike the classic receptor ectodomains,
the NgBR ectodomain may function more like a scaffold
to utilize short motifs to assemble a variety of binding part-
ners over the cell surface. The third one is that similar to
B-dystroglycan, the NgBR ectodomain is a component of a
multi-component receptor complex [7]. However, if only
considering its interaction with Nogo-B, it is very unlikely
that upon binding they will form a well-structured complex
as both NgBR ectodomain and Nogo-B N-terminus are
highly unstructured as well as proline-rich [14]. Certainly,
intense studies are demanded to address the implications
of this unusual property of NgBR in the future.

It is also valuable to discover that the full-length NgBR
and its cytoplasmic domain are highly insoluble in salty
buffer but again could be easily solubilized in salt-free
water to reach a concentration of 450 uM. Although previ-
ously we have demonstrated that salt-free water was able to
solubilize all buffer-insoluble proteins we had at that time
[15,16], the present result not only provides support but
also extends our previous discovery by showing that salt-
free water is even capable of dissolving the full-length
NgBR carrying a transmembrane fragment. Moreover,
the observation that the NgBR cytoplasmic domain is only
partially folded supports the previous speculation that it
may serve as a scaffold responsible for binding isoprenyl
lipids and/or prenylated proteins [7], rather than as a lipid
transferase enzyme because in general an enzyme requires a
well-robust tertiary fold to implement the catalytic task. It
is highly possible that the NgBR cytoplasmic domain
becomes well-folded upon binding isoprenyl lipids and/or
prenylated proteins.
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