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Abstract. Roundabout 1 (Robo1) interacts with its
receptor Slit to regulate axon guidance, axon
branching, and dendritic development in the ner-
vous system and to regulate morphogenesis and
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many cell functions in the nonneuronal tissues. This
interaction is known to be critically regulated by
heparan sulfate (HS). Previous studies suggest that
HS is required to promote the binding of Robo1 to
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Slit to form the minimal signaling complex, but the
molecular details and the structural requirements of
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HS for this interaction are still unclear. Here, we describe the application of traveling wave ion mobility spectrometry
(TWIMS) to study the conformational details of the Robo1-HS interaction. The results suggest that Robo1 exists in two
conformations that differ by their compactness and capability to interact with HS. The results also suggest that the
highly flexible interdomain hinge region connecting the Ig1 and Ig2 domains of Robo1 plays an important functional
role in promoting the Robo1-Slit interaction. Moreover, variations in the sulfation pattem and size of HS were found to
affect its binding affinity and selectivity to interact with different conformations of Robo1. Both MS measurements and
CIU experiments show that the Robo1-HS interaction requires the presence of a specific size and pattemn of
modification of HS. Furthermore, the effect of N-glycosylation on the conformation of Robo1 and its binding modes

with HS is reported.
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Introduction

Robo-Slit signaling is one of the best studied axon guidance
pathways and their interaction is known to be critically
modulated by heparan sulfate (HS). For instance, during the
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assembly of the central nervous system (CNS), commissural axon
migration at the CNS midline is regulated by the interactions
between axon guidance molecules and their receptors, such as the
interaction between attractive cues Netrin and its receptor Deleted
in colorectal carcinoma, which stimulates pre-crossing of axons to
the contralateral side [1]. Interaction between repelling cues Slit
and its cellular roundabout receptor (Robo) impedes aberrant
post-crossing of ipsilateral axons [2, 3]. Though best known for
its roles in neuron development and axon pathfinding, Robo-Slit
signaling is not confined to the nervous tissue and has been
implicated in multiple nonneuronal tissues, contributing to a
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variety of development and physiological processes through me-
diating cell proliferation [4], cell adhesion [5], cell migration and
mobility [6, 7], angiogenesis [8], as well as dendritic development
and branching [9]. Robo-Slit signaling has also been associated
with progression [10, 11], metastasis [12], and angiogenesis of
tumor [13]. Deletion, epigenetic modification, and abnormal
expression of Robo and Slit genes occurred in different types
and different stages of cancers [14, 15], making them attractive
candidates for cancer diagnostics and therapeutics.

The Robos are a family of transmembrane proteins that are
mainly expressed in CNS neurons. Sharing structural motifs with
the Ig superfamily of cell adhesion molecules (CAM) [16], Robos
are composed of five Ig-like domains and three fibronectin type
II motifs (FN3) in its extracellular region (except for Robo4),
followed by a transmembrane region and an intracellular cyto-
plasmic domain. Vertebrates have four types of Robo (Robol-4).
Though they have distinct cytoplasmic domains, their Igl and Ig2
domains are highly conserved and are believed to be responsible
for mediating the Robo-Slit interaction [17].

Two crystal structures are available for the two N-terminal Ig
domains of human Robol [18]. In the first crystal structure, Igl
and Ig2 are aligned in a linear format, with the final strand of Igl
extending and forming a 100-A-long interdomain region to con-
nect the two domains. Compared with the first crystal form, the
Ig2 of the second crystal form is rotated by 39.9° at the hinge
region, resulting in a slightly bent arrangement. Two similar
crystal structures have been observed for the first two Ig domains
of Drosophila Robol [19]. One tetragonal crystal form and one
monoclinic crystal form were observed, corresponding to the
slightly bent and linear crystal structures for human Robol,
respectively. Both of the previous studies on human and
Drosophila Robol observed substantial flexibility embedded in
the interdomain hinge region and raised questions about whether
this flexibility is related to the biological function of Robol.

Both Robol and Slit are HS binding proteins. HSs are linear,
highly sulfated glycosaminoglycan (GAG) polysaccharides. The
backbone structure of HS is a product of polymerization of disac-
charide units containing glucosamine (GlcN) and uronic acid res-
idues (glucuronic acid (GlcA) or iduronic acid (IdoA)) linked
through a 14 glycosidic linkage. Modification of HS backbone
including C5 epimerization of uronic acid, deacetylation of glucos-
amine, and addition of various types of N- or O-sulfation generate
enormous sequence heterogeneity. HSs interact with many proteins
and play important roles in a variety of physiological and patho-
logical processes by regulating the structure, conformation, distri-
bution, stability, and activity of these proteins [20, 21].

Substantial in vivo and in vitro studies suggest that HS plays
an indispensable role in Robo-Slit-mediated axon guidance:
null mutations in Caenorhabditis elegans enzymes that are
responsible for HS modifications including sulfotransferases
and epimerases caused defected axonal and cellular guidance
[22]; mutations in Drosophila syndecan altered the Slit distri-
bution in developing axons [23] and interfered with the slit
signal transmission in target cells [24]; enzymatic digestion of
endogenous HS using heparinase III destabilized Robol-Slit
interaction and abolished the repulsive activity of Slit [25].
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Collectively, HS has dual roles in Robol-Slit signaling: the
main role of HS is to act as co-receptors of Slit, simultaneously
interacting with the LRR2 domain of Slit and Ig]1-2 domains of
Robol, enhancing and stabilizing the Robo1-Slit interaction by
increasing their binding affinity by tenfold and promoting the
formation of trimeric Robol-Slit-HS signaling complexes [26,
27]. An additional function of HS is to mediate the distribution
of Slit through mechanism of either active transport, buffered
diffusion, or selective stabilization [23], therefore defining the
concentration and accessibility of Slit on the extracellular sur-
face [28]. However, more experimental evidence is required to
determine whether the HS-dependence of Robo-Slit interaction
is required in all cell types and tissue types in mammals [29].
Though the significance of HS in Robo-Slit interaction has
been well established, a clear elucidation of all the molecular
details of this interaction is still missing. Previous mutagenesis
and X-ray crystallography experiments identified the binding
site of HS as a contiguous basic patch spanning both the
surfaces of Robol and Slit, but the structural requirements of
the bound HS have not been well defined. Also, more exper-
iments are required to elucidate the molecular mechanism of
how exactly the interaction between Robo and Slit is pro-
grammed into signal transduction through interacting with HS.
Previously, we developed and applied traveling wave ion
mobility spectrometry (TWIMS) to examine the interaction
between antithrombin III (ATIII) and heparin [30] as well as
the interaction between fibroblast growth factor 1 (FGF1) and
HS [31]. TWIMS is capable of providing conformational and
stoichiometric details that are consistent with the known be-
haviors of these two well-characterized interactions. We also
observed that the IM profiles of GAG-protein complexes pro-
vide useful data regarding the binding specificity of their
interactions. In this current study, TWIMS is used to investi-
gate the less well-characterized Robol-HS interaction. Only
the first two Ig domains were used as a representative of intact
Robol since they are the most conserved regions of Robo1l and
participate in the binding of Robol and Slit with HS [32, 33].
The results provide new insights into the functional signifi-
cance of the conformational flexibility of the Ig]l-2 domains of
Robol, and how HS implements its biological function through
selectively recognizing and interacting with different confor-
mations of the Igl-2 domains of Robol. The results also
provide an in-depth understanding of the way HS modulates
its functional interaction with Robo1 through its fine structure.
Moreover, a new mechanism for the activation of Robol by HS
and the promotion of the Robo1-HS interaction is proposed.

Experimental
Reagents

All chemicals and solvents (ammonium acetate, methanol, wa-
ter, and formic acid) were of HPLC grade and purchased from
Sigma-Aldrich, (St. Louis, MO). Protein calibrants (myoglobin
from equine heart, cytochrome ¢ from equine heart, avidin from
egg white, concanavalin A from Canavalia ensiformis, and
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bovine serum albumin) were purchased from Sigma-Aldrich.
HS hexasaccharides (dp6) to dodecasaccharides (dp12) were
chemo-enzymatically synthesized as previously described [34].
HS tetrasaccharide (dp4) was chemically synthesized as previ-
ously described by fluorous supported modular synthesis [35].

Protein Expression

An expression vector encoding the human roundabout homolog
1 precursor (Robol, NP_002932, Uniprot Q9Y6N7) Ig domains
1 and 2 (residues 58-266) in the pGEn2 vector was previously
described [36]. The vector encodes a fusion protein with an
NH2-terminal signal sequence followed by an 8xHis tag, AviTag
[37], “super-folder” GFP [38], the TEV protease recognition site
[39], and the Igl-2 domains of Robol. Expression of the con-
struct in mammalian cells leads to translocation of the fusion
protein into the secretory pathway, glycosylation, and secretion
as a GFP-Robol Igl-2 fusion into the conditioned media.

A separate construct encoding leukocyte common antigen-
related receptor protein tyrosine phosphatases (LAR-RPTP,
NM_ 002840, Uniprot P10586) NH2-terminal signal sequence
and Ig domains 1 and 2 (residues 1-231) in the pGEc2 vector.
This construct encodes a fusion protein containing the LAR
signal sequence and Igl-2 domains followed by the TEV
protease recognition site, “super-folder” GFP, AviTag, and
8xHis tag. Expression of the construct in mammalian cells
leads to translocation of fusion protein into the secretory path-
way and secretion as a Robol Igl-2-GFP fusion into the
conditioned media. Mass spectrometry data indicated that the
single Asnl17-Thr-Ser119 N-glycosylation sequon in the LAR
coding region is not occupied with an N-glycan structure.

Both fusion protein expression constructs were transiently
transfected into mammalian cells using either FreeStyleTM 293-
F cells (Thermo Fisher Scientific) for protein production contain-
ing wild-type glycans (complex-type glycans) or HEK293S
(GnTI-) cells [40] (ATCC) for expression with high mannose
glycan structures (predominately Man5GIcNAc2-Asn glycans).
Both cell lines were maintained in culture media comprised of 9
volumes FreeStyleTM 293 expression media (Thermo Fisher
Scientific) and 1 volume EX-CELL® 293 serum-free medium
(Sigma) (9:1 media) as previously described. Suspension cultures
(1 L) of either HEK293S (GnTI-) cells or FreeStyleTM 293-F
cells were transfected with the respective plasmid DNAs using
polyethyleneimine (linear 25 kDa PEI, Polysciences) as transfec-
tion reagent as previously described [41]. The cultures were
diluted 1:1 with culture medium containing 4.4 mM valproic acid
(2.2 mM final concentration) 24 h after transfection, and protein
production was continued for a further 5 days at 37 °C.

Protein Purification

Protein purification, deglycosylation, and tag removal employed
workflows similar to prior structural studies on rat ST6GALI
[41]. Briefly, the conditioned culture medium was loaded on a
Ni**-NTA Superflow (QIAGEN) column equilibrated with
20 mM HEPES, 300 mM NaCl, 20 mM imidazole, pH 7.4,
washed with column buffer, and eluted successively with column
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buffers containing stepwise increasing imidazole concentrations
(40-300 mM). The eluted fusion protein was pooled, concentrat-
ed, and mixed with recombinant tobacco etch virus (TEV) prote-
ase (1:10 ratio relative to GFP-Robo1l or LAR-GFP) and incubat-
ed at 4 °C for 24 h. The samples were diluted 15-fold in elution
buffer without imidazole and re-applied to the Ni*'-NTA column
to allow collection of the Robol or LAR products in the flow-
through fractions. To produce Robo1 with minimal glycosylation,
the purified protein expressed in HEK293S(GnTI-) cells was
treated with endoglycosidase F1 (EndoF1), which cleaves the
glycan structure between the two core GlcNAc residues and
truncates glycans to a single GIcNAc residue [41]. EndoF1 was
added concurrently with TEV protease at a 1:10 ratio relative to
the GFP-Robol and incubated at 4 °C for 24 h. Dilution to lower
the imidazole concentration was followed by passing through a
Ni**-NTA column to remove the fusion tag and His-tagged TEV
protease and EndoF1 to allow collection of the Robol product in
the flow-through fractions. Each of the protein forms (Robol
containing wild-type glycans, Man5GIcNAc2-Asn glycans, or a
single GIcNAc, or LAR containing no glycans) were further
purified on a Superdex 75 gel filtration column (GE Healthcare)
and peak fractions were collected and concentrated by ultrafiltra-
tion to 30 mg/mL for mass spectrometry analysis.

Sample Preparation

For mass spectrometry (MS) analyses under nondenaturing
conditions, Robol was diluted in 20 mM ammonium acetate
buffer, pH 6.8, to a final concentration of 20 uM. Robo1-HS
complex was obtained by incubating Robo1 with HS oligosac-
charides at room temperature for 60 min. Protein calibrants
were diluted in either denaturing solution or nondenaturing
solution to a final concentration of 10 pM.

IMMS Measurement and Data Analysis

NanoESI-IMMS experiments were performed using a
quadrupole-TWIMS-TOF hybrid mass spectrometer (Synapt
G2 HDMS; Waters Corp., Manchester, UK) in positive ioniza-
tion mode. Protein samples were injected into the nanoESI
source through a fused-silica emitter (PicoTip; New Objective,
Woburn, MA, USA) with a flow rate varying from 0.2 to 0.5 pL/
min. The applied experimental parameters were capillary volt-
age, 1.4 kV; sampling cone voltage, 20 V; extraction cone
voltage, 5 V; source temperature, 30 °C; flow rate of nitrogen
in the IM ion guide, 50 mL/min; flow rate of helium in the
helium cell, 180 mL/min; and transfer collision energy, 0 V.
Different sets of wave height and corresponding wave velocity
were examined to optimize the mobility separation. The drift
times of the calibrants and Robol samples were measured and
identical experimental conditions were stringently applied.

For monitoring the collisional-induced unfolding (CIU) of
Robol and its complexes, protein ions of a selected charge state
were isolated in a quadrupole mass filter and activated in the
trap ion guide where subsequent collisional-induced activation
of ions takes place, followed by separation in the TWIMS ion
mobility stage, and detection by TOF-MS.
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Data analysis was performed using MassLynx 4.1 and
Driftscope (Waters Corp., Manchester, UK). The CIU data was
analyzed using CIUSuite [42]. CIU fingerprints of protein ions,
which records the relative ion intensity (normalized and smoothed
using Savitsky-Golay filter) as a function of collision energy and
drift times, were shown in a 2D contour plot using the CIUSuite
plot function. The CIUsuite detect function was applied to identify
and extract the most intense CIU features of the fingerprint based
on a first derivative analysis, providing centroid drift times,
transitional voltage, and stability range of each detected feature.

Converting Drift Times into Collision Cross
Sections

The collision cross sections (CCSs) of Robol and Robol-HS
complexes were calibrated based on an empirical relationship
between the drift times of protein calibrants and their known CCSs
obtained previously by DTIMS. Briefly, a selected set of native
and denatured protein calibrants, with a mass range from 12 to
102 kDa and a CCS range from 2303 to 5550 A% were employed.
The drift times of these calibrates were corrected for mass-
dependent flight time spent in the transfer ion guide and TOF
mass analyzer and mass-independent flight time spent in the
transfer ion guide. The CCSs of these calibrants were corrected
for their charge state and reduced mass with respect to the buffer
gas. The natural logarithm of corrected CCSs were plotted against
the natural logarithm of corrected drift times and a mathematical
formula (Ln Q =4 x Ln dt + B ) was derived. The coefficient A
was extracted to calculate the effective drift times dt’: dt =

(dt )A ﬁ A calibration curve was generated by plotting the
literature CCSs as a function of dt , as shown in the Supplementary
figure 1. The experimental CCS of the analyte ion was derived

from this calibration curve based on the measured drift time [43].

Molecular Dynamics Simulations and Theoretical
CCS Calculations

A model of the Robo-HS complex was created by extending the
glycan within a model previously produced according to NMR-
based restraints [44], which was in turn built using a crystal
structure of the human Robo Igl and Ig2 (PDB ID: 2V9R)
[18]. The ligand was extended with Chimera [45] by aligning
GLYCAM-minimized disaccharide units to the end of the
tetrasaccharide, producing a final hexasaccharide sequence of
(IdoA2S-0-(1-4)-GIcNS6S);. An additional “bent” model of
Robo was created by separating the Igl and Ig2 domains within
the Robo structure at residue A109 (PDB ID: 2V9R) and aligning
each to the Ig domains of an LAR structure (PDB ID: 2YDS)
with Chimera. The linker regions between Ig domains (residues
E107-Q117) was then refined with the Chimera interface with
MODELLER [46]. Glycosylated models of both Robo forms
were created via the GLYCAM Web tool (www.glycam.org).
Topology and coordinate files for Robol and Robol-HS com-
plexes were generated using the tLeap program, employing the
ff99SB [47] and GLYCAMOG (version j) [48] parameters for the
protein and GAGs, respectively. Each system underwent energy
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minimization (1000 steps) in implicit solvent (IGB =2). The net
charge on each system, after energy minimization, was neutralized
by addition of an appropriate number of counter ions (Na" or CI).
This was followed by solvation with TIP3P water molecules in a
cubic box extending at least 12 A from any atom of the solute.

All molecular dynamic (MD) simulations were performed with
the GPU implementation of pmemd, pmemd.cuda in Amberl4
[49, 50]. Energy minimization of the solvent was performed in an
NVT ensemble (500 steps of steepest descent and 20,000 steps of
conjugate gradient), followed by a full system energy minimiza-
tion (1000 steps of steepest descent and 25,000 steps of conjugate
gradient). The systems were heated from 5 to 300 K over 60 ps in
an NVT ensemble, with a weak positional restraint (10 kcal/mol-
A2) on the atoms in the solute. A Berendsen-type thermostat with
a time coupling constant of 1 ps was utilized for temperature
regulation. Equilibration and production were performed at con-
stant pressure (NPT ensemble; 1 atm) with a pressure relaxation
time of 1 ps. Covalent bonds involving hydrogen atoms were
constrained using the SHAKE algorithm, allowing a simulation
time step of 2 fs. Scaling factors for 14 interactions were set to
the recommended values of 1.0 and 1.2 for the GAG and protein,
respectively, and a non-bonded interaction cutoff of 8.0 A was
employed. Long-range electrostatics were computed with the
particle mesh Ewald (PME) method [51]. The system equilibrated
at 300 K for 1 ns before a production run that lasted 100 ns.

Post-processing of the MD simulations was performed with
the CPPTRAJ module of AmberTools14 [52]. CCSs were
calculated using 50 frames extracted from the simulation using
MOBCAL. Each of these frames was minimized in vacuo,
followed by the calculation of CCS using the projection ap-
proximation and trajectory methods. Graphical representations
were generated using VMD [53]. Cartoon representations of
glycans follow the SNFG format [54], and the 3D shapes were
created with the 3D-SNFG plugin for VMD [55].

Results and Discussion

Native Mass Spectrometry of Unbound and HS--
Bound Ig1—2 Domains of Robol

The native mass spectrum of the N-terminal Igl—2 domains of
unbound Robol was first acquired under non-denaturing con-
ditions without the addition of any HS (Figure 1a). A dominant
monomeric form of Robol with a charge state distribution
ranging from +13 to +9 over a m/z range of 1800-2700 was
observed. The narrow distribution of these lower charge states
indicates that Robol ions adapt a natively folded and compact
conformation with fewer basic sites exposed for protonation,
and the solution structure of Robol survived the ionization
process and the environment of the TWIMS instrument. An
average molecular weight of approximately 23.5 kDa was
obtained, in agreement with the literature molecular weight of
Robol with a single N-acetylglucosamine (GIcNAc) residues
attached at asparagine (210). A dimeric form of Robol with a
charge state distribution ranging from +16 to +13 was also
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11+
[Robo1] Robo1 + dp12 = Robo1
[Robo1]12* [Robo1]** [Dimer]*>*
[Dimer]&* [Dimer]4*
| - PV, . P m/z
1700 2200 2700 3200 3700
“'b .

2200
(@) Native ESI mass spectra of unbound Robo1, which shows a dominant monomeric form of Robo1 with a narrow charge
state distribution. (b) Robo1 incubated with an equi-molar mixture of HSs ranging in size from dp4 to dp12. Complexes for the +12,
+11, and +10 charge states are indicated by color code that indicates the length (dp) of the bound HS. For all three charge states, dp8
(indicated by a green square) is the preferred size for binding

Figure 1.

observed, but its biological relevance is unclear due to its low
abundance.

Robol was next incubated with an equi-molar mixture of
fully sulfated HS ranging in size from dp4 to dp12 to reach a
final molar ratio of 1:3 (protein to GAG). These HS oligosac-
charides consist of repeating disaccharide units of (IdoA2S-a-
(1-4)-GIcNS6S),. The overall charge state distribution
remained unchanged, while additional peaks corresponding to
the formation of Robo1-HS complexes in a binding stoichiom-
etry of 1:1 were observed for each charge state (Figure 1b). The
fact that HS as short as a dp4 can be able to form 1:1 complex
with Robol is in accordance with a previous SPR competition
experiment which showed that HSs longer than dp?2 is required
to efficiently compete with chip immobilized heparin for
interacting with Robol [56]. The absence of complexes in
other binding stoichiometries agreed with previous findings
determined by size-exclusion chromatography [26].

Size-Dependent Specificity of Robol-HS
Interactions

Since HS oligosaccharides of different sizes competed with
each other for Robol, the abundance of the complex peaks
should provide an experimental estimation of their binding
affinity toward Robol. Despite a few overlapping peaks be-
tween +n charge state of unbound Robol and +(n + 1) charge
state of Robol-HS complex, the data in Figure 1 show that for
all the charge states, the Robol-dp8 complex is the most
abundant peak among all the complexes, and its abundance is
even higher than those complexes with longer HSs that carry
more charged modifications. These observations clearly indi-
cated that Robo1-HS interaction is highly sensitive to the size
of HS instead of driven by overall level of charge/sulfation. The
facts that a high affinity interaction between Robol and HS
requires a structural motif of a distinctive size, and adding more

2700

3200 3700

saccharide units or sulfations inhibits the interaction agree with
the binding behavior of a highly specific interaction.

Coincidently, a previous experiment on exposing Xenopus
embryonic brains to selectively desulfated heparins followed
by assessing their mistargeting-inducing activity suggest that
the minimum size of HS required for mistargeting is dp8 [57].
Another previous study based on separation and sequencing of
Robol-bound, natural derived HSs also identified a dp8 as a
potential ligand for this interaction, despite that the detailed
sulfation patterns are different from the dp8 used in this study
[58]. Taken together with our observation thata HS dp8 has the
highest binding affinity toward Robol when competing with
longer, more sulfated HSs suggest that the binding epitope on
Robol could be a shallow grove which prefers to accommodate
a HS dp8.

Conformational Change Involved in Robol-HS
Interaction

Evidence of a possible conformational change within Robol
was observed upon the binding of HS/Hp in previous studies:
using surface plasmon resonance (SPR), a much better fit for the
Robol-Heparin/HS binding data was achieved with a two-state
(conformational change) binding model than a 1:1 L model [56];
using hydroxyl radical protein footprinting (HRPF) mass spec-
trometry (MS), residues on Ig2 domains were observed to be
less solvent-exposed upon the binding of heparin, suggesting a
dynamic movement of Ig2 domain or a conformational change
of the first two Ig domains [59]. Therefore, in the current study,
TWIMS was applied to investigate whether Robol undergoes a
conformational change due to the binding of HS and to directly
measure the conformational change if there is any.

The arrival time distribution of unbound Robol (+11)
displayed a distribution featuring two separate peaks. Two
Gaussian distributions were used to fit the measured arrival
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time distribution according to its shape, with each Gaussian
distribution representing a potentially stabilized gas-phase con-
formation (Figure 2a). The conformation with a lower drift time
corresponds to a more compact conformation of Robol, with a
relative peak abundance of 20.1 +0.2%. The more dominant
conformation with a higher drift times corresponds to a more
open or extended conformation. The arrival time distributions
of lower charge states, +10 and +9 favored the more compact
conformation of the protein (Supplementary figure 2). Lower
charge states often correlate to more native-like structures for
gas-phase proteins, and these data suggest that the more com-
pact form of the protein may be more native-like and therefore
of greater biological relevance.

The arrival time distribution of Robo1 (+11) in complex with a
fully sulfated HS dp6 (Figure 2b) also exhibited two peaks,
corresponding to two stabilized gas-phase conformations with
different shape and compactness. The relative peak area of the
conformation with a lower drift time is 51.7 + 1.1%, indicating a
higher population of the compact conformation for Robol HS
complex. The lower charge states (+10 and +9) only show a
single conformation, corresponding to the more compact struc-
ture, as well (Supplementary figure 2). Different incubation time
ranging from 0.5 to 2 h was tested to evaluate the kinetic stabilities
of the observed structural distributions. As shown in Supplemen-
tary figure 3, the more compact conformation remained the most
abundant conformation regardless of the incubation time. We
attributed the dramatically shifted conformation equilibrium upon
the binding of HS to a more favorable interaction between HS and
Robol in the more compact conformation.

1.0{ a .
11+

0.8 [Robo1]

0.6

0.4

Abundance

0.2

0.0

101 b

0.8

[Robo1l + dp6]***

0.6

0.4

Abundance
——Fit Peak 1
~———Fit Peak 2
Cumulative Fit Peak

Abundance

0.2

A

4 6 8 10 12 14
Drift time (ms)

Figure 2. Arrival time distributions (ms) of +11 charge state of
unbound Robo1 (a) and Robo1 bound with a fully sulfated HS
dp6 (b) both display one compact conformation and one ex-
tended conformation. The relative ion population areas of the
more compact conformation for unbound and complexed
Robo1 are 20.1 + 0.2 and 51.7 + 1.1%, respectively, indicating
that HS dp6 preferentially interacts with the more compact
conformation

0.0
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The experimental collision cross sections (CCSs) for the
two conformations observed for both unbound and HS-bound
Robol were calibrated based on the measured drift times and
are summarized in Table 1. The experimental CCS of the
compact conformation is approximately 17.3% smaller than
the other conformation in the unbound form, which is in close
agreement with the experimental CCS difference (approxi-
mately 16.8%) between the two conformations in the com-
plexed form of Robol.

Previously, two distinctive crystal forms including one lin-
ear shape and one slightly bent shape were resolved for the
Ig1-2 region of human Robol [18]. Both two crystal forms
were used for the calculation of theoretical CCSs of Robol,
which were then compared with the experimental CCSs.
Though the crystal structure of HS-bound Robol is not avail-
able, a constrained docking model proposed by a previous
NMR study was used to estimate the theoretical CCS of the
Robol-HS complex [44]. Three methods were used for calcu-
lating theoretical CCSs, as shown in Table 2. Previous studies
showed that projection approximation (PA) and trajectory
(TM) method set the lower and upper limit of the range of
acceptable experimental CCSs, respectively, while calibrating
the PA CCSs to generate scaled PA CCSs allows a better
comparison of experimental and theoretical CCSs [60, 61].

To our surprise, though the elbow angle of the two crystal
forms varies from 140° to 180°, their theoretical CCSs are quite
comparable. It is also worth noting that the theoretical CCSs
evaluated from the crystals structures are in close agreement
with the experimental CCS of the more extended conformation.
These observations indicated that in addition to the conforma-
tion that matches with the crystal structures, a new conforma-
tion was observed in TWIMS experiment, corresponding to a
more compact structure of Robol with a much smaller CCS.
The fact that HS dp6 preferentially interacts with this new and
more compact conformation suggests a higher biological rele-
vance of the new conformation, though solution-phase evi-
dence is necessary to confirm this suggested postulation.

A putative model for the newly identified conformation was
proposed, based on the structural similarities of the extracellu-
lar Ig1-2 domains of leukocyte common antigen-related recep-
tor protein tyrosine phosphatase (LAR-RPTP). LAR-RPTP
also belongs to the cell adhesion family of proteins with
GAG binding affinity and is also functionally involved in the
development of vertebrate nervous system [62]. In its crystal
structure, the first two Ig domains of LAR-RPTP align parallel
with each other and form a much more dramatically bent, V-
shaped structure [63], which was used as the template to build a
LAR-Robol hybrid model (Figure 3). The theoretical CCS of

Table 1. Experimental CCSs of the Two Conformations for Robol and
Robol-HS dp6 Complex

Experimental CCS (A?) Apo Robol Robo1-HSdp6 complex
Compact conformation 2026.1+8.8 2076.4+8.1
Extended conformation 2376.7+8.1 2425.1+14.0
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Table 2. Theoretical CCSs of Robol and Robol-HS dp6 Complex

PA CCS (A?) TM CCS (A% Scaled
PA CCS (A%
Robol (linear crystal) 20429+43  2528.1+£9.2  23289+7.1
Robol (slightly bent crystal) 2038.4+3.4  25249+9.8  2323.8+3.9
Robol-dp6 complex 2166.6+3.5 2682.0+9.8  2469.0+4.0
(docked structure)
Robol (proposed model) 18245+3.0  2285.7+£6.7  2079.9+3.4

the proposed LAR-Robo1 hybrid model was measured, and is
in close agreement with the experimental CCS of the more
compact conformation of Robol (Table 2), indicating that this
LAR-Robol hybrid model may represent a similar compact
structure that Robol adopted in TWIMS experiment.

We have also analyzed the Igl-2 domains of LAR-RPTP.
In contrast to Robol, only one compact conformation was
observed for LAR-RPTP. The observance of a single confor-
mation is expected, since the V-shaped structure of LAR-RPTP
is greatly stabilized through the presence of tight interaction
including hydrogen bonds, salt bridges, and hydrophobic in-
teractions between its Igl and Ig2 domains. Theoretical CCSs
of LAR-RPTP also agreed with its experimental CCSs (data
not shown).

Although the role of HS in the Robo1-Slit signaling is well
recognized, the molecular details of how they interact to form
the ternary signaling complex are still unknown. Previous

Figure 3. The proposed LAR-Robo1 hybrid model for
predicting the structure of the compact conformation of Robo1.
The Ig1 domain of Robo1 is shown in orange and the Ig2
domain is shown in purple, with the attached glycan shown in
3D-SNFG representation. The structure of LAR-RPTP which
was used as the template is shown in gray
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experiment that selectively mutated amino acids from different
domains of Robol followed by evaluating the effect using
solid-phase assay identified that the major Slit binding site is
primarily conserved in Igl domain of Robol [19]. Using SPR,
a ten times lower Ky was measured for the g2 domain, indi-
cating a negligible binding affinity compared with Igl [18].
However, a previous domain deletion mutagenesis experiment
showed that removing the g2 domain completely abolished the
biological activity of Robol to interact with Slit in vitro [32]. A
recent domain deletion study suggests that though Igl domain
played a critical role in Slit binding, Ig2 domain is the only Ig
domain among Ig2—5 domains that contributed to Robol-slit
binding as well as axonal localization guidance and repulsive
signaling in vivo [64]. Therefore, it seems that both the Igl-2
domains of Robo1 are required for interacting with Slit, but this
also contradicts with the crystallographic findings of Robol-
Slit complex, which suggest that a conserved motif on Slit
forms a concave binding site for Robol that can only accom-
modate a single Ig domain [18]. These observations raised
questions about the contribution of Ig2 domain in the Robol-
Slit interaction. Moreover, studies on the crystal structures of
Ig1-2 domains of human and Drosophila Robol both reported
substantial flexibility of the hinge region, and have both raised
questions about the biological relevance of this flexibility.

Taking our and other’s observations together, we proposed
that HS plays an essential role in activating Robol. Native
Robol prefers to stay in a more extended conformation, as
shown in our TWIMS measurement and identified by previous
X-ray crystallography experiments. The function of HS is to
either selectively recognize and interact with the less abundant
compact conformation of Robol or induce a conformational
change of the more extended conformation as they interact with
each other, resulting in the increased population of the more
compact conformation in the complexed form of Robol. It is
likely that the compact conformation of Robol has higher
biological activity than the extended conformation and is more
efficient in stabilizing the interactions between Slit and Robol,
further facilitating the formation of the ternary Robo1-Slit-HS
complex and the downstream signaling processes.

Sulfation Pattern-Dependent Specificity
of Robo 1-HS Interaction

In an effort to examine the effect of structural diversity on
Robol-HS interactions, an equi-molar mixture of Hp dp12 with
different sulfation patterns were incubated with Robol to reach
a final molar ratio of 1:2 (protein to GAG). The structures of the
dp12 oligomers are shown in the supplementary data. Peaks
corresponding to the formation of 1:1 Robol-HS dpl2 com-
plexes were observed for the fully sulfated, N, 6-O-sulfated, and
N, 2-O-sulfated, whereas no complex corresponding to the N-
sulfated dp12 bound Robol was observed (Figure 4). It is
evident that the peak abundance for fully sulfated dp12-bound
Robol is much lower than those formed with HS missing 6-O or
2-0 sulfation. The fact that removing of 2-O or 6-O sulfation
improved binding stands in great contrast to the less specific
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Figure 4. Native ESI mass spectra of Robo1 incubated with an equal molar mixture of HS dp12 with different sulfation patterns.
Peaks corresponding to Robo1 in complex with fully sulfated and selectively desulfated dp12 are color coded according to the HS

oligosaccharide

FGF1-HS binding system that we investigated before [31].
These observations indicated that Robol-HS interaction is sen-
sitive to the sulfation pattern of HS rather than driven by the
amount and density of charged groups. However, since the peak
abundance of the &, 6-O-sulfated dp12-bound complex and the
N, 2-O-sulfated dp12-bound complex are comparable, we can-
not compare the contribution of 2-O sulfation and 6-O sulfation
based on MS measurements alone.

We then checked the ion mobility behavior of Robol-HS
complex with different modified HS dp12s (Figure 5). The IM
profiles of different Robol complexes were quite distinct from
each other, indicating that the sulfation pattern of HS dictates
different binding affinity toward the two conformations of
Robol. Specifically, the compact form of Robol has a discern-
able preference for N-S, 6-S modification on the amino sugar.
2-S modification of the uronic acid seems to reduce this
preference.

A previous SPR study that measured the competition be-
tween chip immobilize heparin and selectively desulfated
heparin-derived oligosaccharides in solution demonstrates that
N-sulfation and 6-O sulfation contribute more to Robol-Slit
interaction than 2-O sulfation [56]. Another study which mea-
sured the binding affinity of chip immobilized Robol and a
series of chemically modified HS dp4 suggests that 2-O
sulfation have a negative effect on the interaction [58]. Com-
paring the IM profiles of fully sulfated dp12-bound complex
and de-2-O-sulfated dp12-bound complex, the relative ion
population area of the more compact conformation of Robol
increased by over 10% after removing 2-O sulfation. This
observation indicates that removing 2-O sulfation led to a more
effective binding with the compact conformation, consistent
with those previous results. Taken together, Robol-HS inter-
action requires a specific combination of selective patterns of
sulfation for recognizing the more functionally relevant con-
formation of Robol.

This observation is in great contrast to the behavior of the
chemokine MCP-1 dimer-HS interaction [65]. Though two
conformations were also observed for MCP-1 dimer, the

relative ion population areas of the two conformations of
MCP-1 dimer in complex with differently modified HSs were
quite comparable. Only fully sulfated HS demonstrated a pref-
erential binding toward the compact conformation, whereas
selectively desulfated HS showed decreased binding affinity
toward the more compact conformation. The different behavior
of Robo1 and MCP-1 indicates that Robol has a more stringent
and more specific requirement for its HS ligand.

The Effect of N-Glycosylation on Conformation
and Binding Affinity of Robol

Native Robol has a glycosylation site at the asparagine residue
located near the C-terminus of its Igl domain, with a full size,
complex type of N-glycan attached. The results above were
detained with a more homogeneous form of Robol with a
single GIcNAc residue attached. Additional experiments were
performed to investigate whether different size and composi-
tion of N-glycan may affect the form, population/equilibration,
and stability of the gas-phase conformation of Robol. Three
glycoforms of Robol from two batches of expressed Robol
were investigated. The first batch was expressed in
FreeStyleTM 293-F cells to produce wild-type Robol which
exhibits heterogeneous mixture of N-glycans. The second
batch was expressed in HEK293S (GnTI-) cells to produce a
high-mannose form of Robol. For comparison purposes, some
of these products were treated with EndoF1, which specifically
cleaves in between two GlcNAc residues of the core structure
of N-glycan to generate the monosaccharide form of Robol.
The native MS of different glycoforms of Robol are
shown in Figure 6. Three peaks that correspond to +11
charge state of Robol with one GIcNAc attached, Robol
with a full length, high mannose form of N-glycan attached
(Man5GIcNAc2), and Robol with heterogeneous, full length
N-glycans attached (Gal3GlcNAc3Man3GIlcNAc2Fucl),
were selected for the further IM experiments. Regardless
of glycoforms, two IM peaks corresponding to two confor-
mations were observed. The compact form of Robol was
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Figure 5. Arrival time distributions (ms) of +11 charge state of Robo1 in complex with fully sulfated dp12 (upper), Robo1 with N,
2-O-sulfated dp12 (middle), and Robo1 with N, 6-O-sulfated dp12 (bottom). The relative ion population areas of the compact
conformation for each Robo1-dp12 complex are 43.5 £ 0.7, 45.7 + 0.7, and 54.1 = 0.4%, respectively. The observation that HSs with
different sulfation patterns have different preference for these two conformations indicates HS sequence specificity

much more abundant for the glycoforms with full-length
glycans than for the monosaccharide form. These observa-
tions indicated that increasing the size of N-glycan shifted
the conformational equilibrium of Robol and preferentially
stabilized the more compact conformation. Robol used to
generate the crystal structures did not have any N-glycan at-
tached, which may explain why the more compact conforma-
tion was not resolved by X-ray crystallography before [18].

We then incubated Robol of different glycoforms
with a fully sulfated HS dp6 and measured the ion
mobility profiles of formed complexes. As shown in
Figure 6b, the compact conformation of Robolin com-
plexed form is still the dominant peak regardless of the
attached N-glycan, indicating that HS still maintained its
preference for the compact conformation of Robol, and
this preference was not dramatically affected by altering
the size and composition of the attached N-glycan.

Altogether, we observed that Robol stayed in two
conformations regardless of the variations of the size
and composition of the N-glycan component of Robol,
but the relative abundance of each conformation varied.
Though a full-length N-glycan had a higher stabilizing
effect for the more compact conformation, it did not
have a substantial effect on the binding preference of
HS towards the compact form of Robol.

Gas-Phase Stability of Robol and Robol-HS
Complexes

The impacts of HS binding on the stability of the three-
dimensional structures of Robol and Robol complexes were
examined by collision-induced unfolding (CIU) experiments.
In these experiments, trapping collisional energy (CE) were
applied to selected Robol and Robol-HS complex ions to
gradually increase their internal energy, while the resulting
conformational transition from a fully folded state to a fully
unfolded state due to collision activation was tracked. The
resulting CIU fingerprints of the 10+ charge state of Robol
and Robol-HS complexes are shown in Figure 7 as contour
plots, in which the drift time and intensity of each feature that
emerged during the unfolding process was plotted against the
trap CE, which was ramped from 0 to 80 V in 2.5 V increments.

The CIU fingerprint of unbound Robol exhibits three fea-
tures. The first feature, which has the lowest drift time, corre-
sponds to a natively folded, compact conformation. A second
feature appeared at a CE of 10 V and stayed stabilized up to
30V, corresponding to an intermediate state or a more extend-
ed, partially unfolded conformation. As the CE was increased
to 80 V, the third feature started to emerge, indicating that
Robol has completely unfolded.

The CIU fingerprints of 1:1 Robol-HS dp4/dp6 complexes
showed similar unfolding behavior. Compared with unbound
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Figure 6. (a) Native ESI mass spectra of different glycoforms of Robo1. (b) Arrival time distributions (ms) of +11 charge state of
different glycoforms of Robo1 with and without the binding of a fully sulfated HS dp6. The relative ion population areas of the
compact conformation for each glycosylated form of Robo1 are 20.1 + 0.2, 41.3 £ 0.9, and 40.3 + 0.8%, respectively. The relative ion
population areas of the compact conformation for each glycoform of Robo1-HS dp6 complex are 51.7 + 1.1, 46.7 + 0.4, and 45.3 +

0.9%, respectively

Robol, the most compact and the partially unfolded features
showed a more elongated shape while the fully unfolded fea-
ture evolved at much higher voltages, indicating that all three
features were dramatically stabilized upon the binding of these
short HS oligosaccharides. In contrast to the complexes formed
with HS dp4/dp6, the CIU fingerprints of Robo1-HS dp8/dp10/
dp12 complexes exhibited only two principal conformational
features which evolved at similar CE. The absence of a fully
unfolded feature indicated that interacting with HS oligosac-
charide larger than dp8 induced higher stability against
collision-induced activation and protected the protein from
completely unfolding. To track the degree of stabilization due
to binding of HS, the collision energy required for the transition
of the most compact thus the most native feature to a more
extended state for Robol and different Robol-HS complexes
have been summarized in Supplementary Table 1. In our
previous study on the less specific FGF1-HS interactions, we
observed that the degree of gas-phase stabilization of FGF1-HS
complexes directly correlated with the size of the HS: the larger
the HS oligosaccharide, the higher the gas-phase stability of HS

bound complexes. In contrast, for the current case of Robol-
HS interaction, we observed comparable unfolding features
and comparable transitional CE for the most native feature for
the 10+ charge state of Robol-dp8/dp10/dp12 complexes,
indicating that there was no dramatic increase of gas-phase
stability as the size of HS becomes larger than dp8. The CIU
features of the 9+ charge state of Robol and selected Robol-
HS complexes were also studied and their CIU fingerprints are
shown in Supplementary figure 4. Regardless of the charge
state of choice, the overall trend of increased stability for
Robol complexes due to the binding of HS remained the same,
and there was no dramatic increase of gas-phase stability as the
size of HS becomes larger than dp8. Taken together with our
observations that HS dp8 has the highest HS binding affinity in
the competition experiment and adding extra saccharide units
failed to improve the binding affinity, collective evidence
supports the hypothesis that the binding pocket/motif on Robol
is about the size of a dp8, and no larger HS oligosaccharide is
required for a high affinity interaction with Robol to stabilize
Robol against unfolding.
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Conclusions

This study focused on the application of TWIMS to investigate
the conformational details of the interactions between Robol
and a series of HS oligosaccharides of different primary se-
quence and size. Robol exhibits two interchangeable confor-
mations in the gas phase, one with a cross section that matches
the structure previously reported using X-ray crystallography
and a previously unreported, more compact structure which
exhibits a higher binding affinity toward HS. The data suggests
that HS mediates the assembly of Robol-Slit-HS complexes
based on stabilizing or promoting Robo1-Slit binding through a
conformational change mechanism. Studies using different
glycoforms of Robol suggest that this mechanism is indepen-
dent of the composition and size of N-glycan attached to
Robol.

The results also suggest that the Robol-HS interaction
specifically recognizes a structural motif on HS. Alter-
nating the pattern of sulfation on the sequence had a
measurable effect on the degree of binding. Though the
actual sequence cannot be defined yet, the observations
suggest that this structural motif is about the size of a
dp8 and is preferentially modified with N- and 6-O-
sulfation of GIcN, and weakened by 2-O sulfation of
IdoA. Not only did this structural motif mediate the
conformation change involved in Robol-HS interaction,
it also showed the highest binding affinity toward Robol
and was capable of protecting Robol from collision-
activated unfolding. Collectively, these observations

Collisional Energy (V)

10 20 30 40 5 6 70

Collisional Energy (V)
and Robo1-HS complexes, with HS of increasing size from dp4 to
size of HS increases, the conformational stability of the complex
increases accordingly, but HS longer than dp8 prevented the complete unfolding of Robo1 upon activation

40 S0 60 70 80 O &0

provide new insights into the way HS mediates Robol-
Slit interactions. These results also highlighted the po-
tential of using heparin/HS-based agents to regulate bio-
logical processes mediated by Robol-Slit interactions.
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