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Structural insights into the Slit-Robo complex
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Slits are large multidomain leucine-rich repeat (LRR)-containing
proteins that provide crucial guidance cues in neuronal and vas-
cular development. More recently, Slits have been implicated in
heart morphogenesis, angiogenesis, and tumor metastasis. Slits
are ligands for the Robo (Roundabout) receptors, which belong to
the Ig superfamily of transmembrane signaling molecules. The
Slit-Robo interaction is mediated by the second LRR domain of Slit
and the two N-terminal Ig domains of Robo, but the molecular
details of this interaction and how it induces signaling remain
unclear. Here we describe the crystal structures of the second LRR
domain of human Slit2 (Slit2 D2), the first two Ig domains of its
receptor Robo1 (Ig1-2), and the minimal complex between these
proteins (Slit2 D2-Robo1 Ig1). Slit2 D2 binds with its concave
surface to the side of Ig1 with electrostatic and hydrophobic
contact regions mediated by residues that are conserved in other
family members. Surface plasmon resonance experiments and a
mutational analysis of the interface confirm that Ig1 is the primary
domain for binding Slit2. These structures provide molecular in-
sight into Slit-Robo complex formation and will be important for
the development of novel cancer therapeutics.
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B ilaterally symmetric nervous systems, such as those of insects
and vertebrates, possess a special midline structure that
establishes a partition between the left and right mirror-image
halves. To connect and coordinate both sides, a subset of
so-called commissural axons has to cross the midline. Developing
commissural axons navigate through the embryo by processing
and responding to a number of different signals in their imme-
diate environment. Both Slit and Netrin and their receptors,
Roundabout (Robo) and Deleted in Colorectal Carcinoma
(DCC), provide key ligand-receptor interactions for this process
during neuronal development, especially at the midline of the
central nervous system of vertebrates and invertebrates (1, 2).
The Slit-Robo signaling complex is also central to the develop-
ment of blood vessels (3, 4) and some organs, for example, the
heart (5, 6). In addition, Slit2 has been implicated in breast
cancer metastasis (7) and Robol1 in heptacellular carcinoma (8).

Three Slit proteins (Slit1-3) (9) and four Robo proteins
(Robol, Robo2, Robo3/Rig-1, and the vascular-specific Robo4/
magic Roundabout) (10-12) have been identified in mammals.
Netrin and Slit1-3 are secreted by the midline cells, whereas
DCC and Robol-3 are expressed on the surface of growing
axons (2). During neuronal development, the commissural axons
are initially attracted to the midline through a Netrin-DCC-
mediated interaction (2). This attractive signal is subsequently
silenced near the midline to allow crossing through a Slit-
mediated interaction between DCC and Robo (13). Slit-Robo
signaling then induces repulsion, expelling the axons from the
midline and preventing recrossing (1). In vertebrates, Robo3 is
also proposed to have a role in midline crossing by antagonizing
Robol (14). The exact details of this mechanism remain un-
known, but two Robo3 isoforms (Robo3A and Robo3B) that
differ only at their N terminus by alternative splicing have
recently been identified (15). These studies show that, although
the Robo3A isoform is unable to bind Slit2, it can still form
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heterophilic interactions with Robol. This raises the possibility
that Robo3 may, in fact, sequester Robol into an inactive
receptor complex on the developing axon to allow midline
crossing (15).

Slit proteins contain a unique N-terminal tandem of four
leucine-rich repeat (LRR) domains (D1-D4) followed by seven
to nine EGF-like domains, a laminin G domain and a C-terminal
cysteine-rich module (16). Proteolytic cleavage within the EGF
region releases the active N-terminal fragment (17). The ectodo-
main of Robo1-3 consists of five Ig-like (Igl-Ig5) and three type
III fibronectin domains (18), whereas Robo4 has only two Ig
domains. Slits1-3 cross-interact with Robo1-3 via their second
LRR domain and first two Ig domains, respectively (19, 20).
However, the binding partner(s) for Robo4 still remains unclear.
Heparin has also been observed to bind Slit2 and is proposed to
form an integral component of the Slit-Robo signaling complex
(21). The crystal structure of the third LRR domain of Dro-
sophila Slit (dSlit D3) has been determined (20), and elsewhere,
we describe the crystal structure of the equivalent domain of
Slit2 (Slit2 D3) (22), which has one more LRR than dSlit D3. To
help elucidate the exact molecular basis of Slit-Robo signaling,
we biochemically characterized and determined the structures of
the separate interacting domains of human Robol and Slit2, as
well as the minimal complex between them. These studies reveal
that Igl of Robol is the primary interaction domain for Slit2, and
that the bipartite interaction region involves highly conserved
residues from both proteins.

Results

Structure of Robo1 1g1-2. The crystal structure of the first two Ig
domains from human Robol was determined at 2.5-A resolution
by using the multiple wavelength anomalous diffraction tech-
nique from a single mercury derivative (Table 1). Both domains
have the canonical I1 B-sandwich fold formed by two antiparallel
B-sheets containing strands ABB'ED and strands A'GG'FCC’
and an internal disulfide bridge connecting BF to the linker
between BB and BB’ (23) (Fig. 14). The closest structural
neighbors to Igl and Ig2 are the Ig domains 1 and 4, respectively,
of the chicken noeural axonin-1 (24) (rmsdgxce = 1.1 A and
rmsdgoce = 1.5 A). There is essentially no polypeptide linker
between the two domains, the final strand of Igl (BG’) being
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Fig. 3. Flexibility of the Robo1 1g1-Ig2 linkage. (A) Superposition of the two Robo1 1g1-2 crystal forms with the structure of Slit2 D2 bound to Robo1 Ig1, in
two orientations. Ig1 is in green; Ig2 is in cyan or violet; Slit2 D2 N- and C-terminal caps are in purple and blue, respectively; LRRs 1-6 are in orange; and the
disulfide bridges are in yellow. Slit2 D2 residues involved in heparin binding are in red and are shown in stick representation. (B) Schematic of the Slit2-Robo1
domain organization with the flexible linkage marked by a curved arrow. The Robo11g1 domainis shown in green, and the Slit2 D2 isin orange. All other domains
are opaque, the Robo11g2 is in magenta, the other Ig domains are in green, and the FN3 domains are in blue. The Slit2 LRR domains are colored in orange, and

the EGF domains are in blue.

TrkA Ig5-binding region in being highly conserved and much
more extensive.

The Slit2 D2-Robol Igl complex presented here represents a
previously undescribed interaction of an LRR domain with an Ig
domain and once again illustrates the enormous versatility of Ig
domains in mediating protein—protein interactions (33). This
unique interaction region therefore provides an attractive target
for the rational design of specific Slit-Robo signaling inhibitors.
Here, the extended N-terminal peptide of Robo3A, which blocks
Slit2 binding, may provide a useful lead in a structure-based
design approach. Such inhibitors would have applications in
antiangiogenic therapy (4) or in blocking Slit-Robo-mediated
cancer cell metastasis (7).

Materials and Methods

Preparation and Crystallization of Recombinant Proteins. We sub-
cloned Robol Igl and Robol Ig2 cDNA into a modified pTT3
expression vector (34) encoding a secretion signal peptide
followed by a hexa-histidine tag. Robol Igl point mutants were
generated by using the QuikChange kit (Stratagene, La Jolla,
CA). Proteins were expressed and purified as described (35). The
human Robol construct encompassing the first two Ig domains
(residues 61-268) and the second LRR domain of human Slit2
(residues 271-479) were crystallized as described (22, 35).
Crystals of the Slit2 D2-Robol Igl complex were grown at 20°C
by the hanging-drop method. Two microliters of a protein
solution containing an equimolar ratio of Slit2 D2 and Robo1 Igl
was mixed with 1 ul of reservoir solution containing 12% PEG
6000, 0.1 M Li;SOy4, and 0.1 M citrate, pH 5.6. The crystals
belong to space group P2,2,2 with unit-cell dimensions a = 51.3
A, b =190.1 A, and ¢ = 40.9 A and contain one complex per
asymmetric unit.

Phasing and Refinement. Diffraction data were collected at ID14-4
of the European Synchrotron Radiation Facility at two different
wavelengths near the Hg L-III absorption edge from a single
Robol Igl-2 crystal soaked in Hg acetate. The positions of two
Hg atoms in the asymmetric unit were determined with
SHELXD (36), and the phases were calculated and improved by
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using SHARP (37) (SI Table 3). The structure was refined at 2.5

against data collected at the remote wavelength. The second
crystal form of Robol Igl-2 was solved by molecular replace-
ment by using the individual Igl and Ig2 domains from crystal
form 1 and refined to 2-A resolution. The R and Ry values for
this crystal form 2 are larger than expected, and this is probably
due to the presence of a weak super lattice observed in the
diffraction pattern, indicative of some kind of translational
disorder that we have not been able to model. The Slit2
D2-Robol Igl complex was solved at 1.7 A by molecular
replacement (38) using human Slit2 D3 (22) and human Robol
Igl structures. The Slit2 D2 structure was determined at 2 A by
molecular replacement (38) by using the structure of the LRR
domain from Slit2 D2-Robol Igl complex. The diffraction data
were reduced by using XDS (39), and the crystallographic
models were refined by using CCP4 programs (38) iterated with
manual rebuilding. A summary of the refinement statistics is
given in Table 1.

SPR Spectroscopy. Analyses were performed by using a BIAcore
3000 instrument (BIAcore AB, Uppsala, Sweden). Robol con-
structs were immobilized (400-1,000 resonance units) on the
surface of a CMS5 sensor chip (BIAcore) using the amine-
coupling chemistry (Biacore amine coupling kit) according to
the manufacturer’s instructions. Binding of Slit2 D2 was mea-
sured at a flow rate of 20 ul per min in 145 mM NaCl/10 mM
Hepes (pH 7.4), containing 0.005% surfactant P20 (BIAcore).
Equivalent volumes of each protein sample were injected over a
surface with no protein immobilized to serve as blank sensor-
grams for subtraction of the bulk refractive index background.
Regeneration of the surfaces was achieved by injection of 20 ul
of 2 M NaCl. Data were analyzed by global fitting to a 1:1
Langmuir-binding model of the association and dissociation
phases for several concentrations simultaneously using the BI-
Aevaluation 3.1 software (BIAcore AB). The apparent equilib-
rium dissociation constants (Kq) were calculated from the ratio
of the dissociation Ky, and association K, rate constants, and
maximal binding capacities (Rmax) Were determined by using the
same model.

PNAS | September 18,2007 | vol. 104 | no.38 | 14927

BIOCHEMISTRY


http://www.pnas.org/cgi/content/full/0705310104/DC1

SINPAS

We thank C. Petosa for critically reading this manuscript. We gratefully
acknowledge the use of the European Molecular Biology Laboratory
(EMBL), Grenoble, high-throughput crystallization facility, and we
thank the EMBL-Grenoble/European Synchrotron Radiation Facility

[ e R S

~

10.
11.
12.

13.
14.

15.

16.
17.

18.
19.

20.

14928 |

. Dickson BJ, Gilestro GF (2006) Annu Rev Cell Dev Biol 22:651-675.

. Garbe DS, Bashaw GJ (2004) Crit Rev Biochem Mol Biol 39:319-341.

. Carmeliet P, Tessier-Lavigne M (2005) Nature 436:193-200.

. Fujiwara M, Ghazizadeh M, Kawanami O (2006) Vasc Med 11:115-121.

. Qian L, Liu J, Bodmer R (2005) Curr Biol 15:2271-2278.

. Santiago-Martinez E, Soplop NH, Kramer SG (2006) Proc Natl Acad Sci USA

103:12441-12446.

. Prasad A, Fernandis AZ, Rao Y, Ganju RK (2004) J Biol Chem 279:9115-9124.
. Ito H, Funahashi S, Yamauchi N, Shibahara J, Midorikawa Y, Kawai S,

Kinoshita Y, Watanabe A, Hippo Y, Ohtomo T, et al. (2006) Clin Cancer Res
12:3257-3264.

. Itoh A, Miyabayashi T, Ohno M, Sakano S (1998) Brain Res Mol Brain Res

62:175-186.

Kidd T, Brose K, Mitchell KJ, Fetter RD, Tessier-Lavigne M, Goodman CS,
Tear G (1998) Cell 92:205-215.

Huminiecki L, Gorn M, Suchting S, Poulsom R, Bicknell R (2002) Genomics
79:547-552.

Park KW, Morrison CM, Sorensen LK, Jones CA, Rao Y, Chien CB, Wu JY,
Urness LD, Li DY (2003) Dev Biol 261:251-267.

Stein E, Tessier-Lavigne M (2001) Science 291:1928-1938.

Sabatier C, Plump AS, Le M, Brose K, Tamada A, Murakami F, Lee EY,
Tessier-Lavigne M (2004) Cell 117:157-169.

Camurri L, Mambetisaeva E, Davies D, Parnavelas J, Sundaresan V, Andrews
W (2005) Mol Cell Neurosci 30:485-493.

Rothberg JM, Artavanis-Tsakonas S (1992) J Mol Biol 227:367-370.

Wang KH, Brose K, Arnott D, Kidd T, Goodman CS, Henzel W, Tessier-
Lavigne M (1999) Cell 96:771-784.

Sundaresan V, Roberts I, Bateman A, Bankier A, Sheppard M, Hobbs C, Xiong
J, Minna J, Latif F, Lerman M, Rabbitts P (1998) Mol Cell Neurosci 11:29-35.
Liu Z, Patel K, Schmidt H, Andrews W, Pini A, Sundaresan V (2004) Mol Cell
Neurosci 26:232-240.

Howitt JA, Clout NJ, Hohenester E (2004) EMBO J 23:4406-4412.

www.pnas.org/cgi/doi/10.1073/pnas.0705310104

(ESRF) Joint Structural Biology Group for access and support at ESRF
beamlines ID14-4 and 1D23-1. Partial funding for this project was
provided by the European Commission Framework 6 Integrated Project
“SPINE2-Complexes.”

2

—_

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Hussain SA, Piper M, Fukuhara N, Strochlic L, Cho G, Howitt JA, Ahmed Y,

Powell AK, Turnbull JE, Holt CE, Hohenester E (2006) J Biol Chem
281:39693-39698.

Morlot C, Hemrika W, Romijn RA, Gros P, Cusack S, Mc Carthy AA (2007)
Acta Crystallogr D 63:961-968.

Casasnovas JM, Stehle T, Liu JH, Wang JH, Springer TA (1998) Proc Natl Acad
Sci USA 95:4134-4139.

Freigang J, Proba K, Leder L, Diederichs K, Sonderegger P, Welte W (2000)
Cell 101:425-433.

Huizinga EG, Tsuji S, Romijn RA, Schiphorst ME, de Groot PG, Sixma JJ,
Gros P (2002) Science 297:1176-1179.

He XL, Bazan JF, McDermott G, Park JB, Wang K, Tessier-Lavigne M, He
Z, Garcia KC (2003) Neuron 38:177-185.

Brose K, Bland KS, Wang KH, Arnott D, Henzel W, Goodman CS, Tessier-
Lavigne M, Kidd T (1999) Cell 96:795-806.

Nguyen Ba-Charvet KT, Brose K, Ma L, Wang KH, Marillat V, Sotelo C,
Tessier-Lavigne M, Chedotal A (2001) J Neurosci 21:4281-4289.

Li HS, Chen JH, Wu W, Fagaly T, Zhou L, Yuan W, Dupuis S, Jiang ZH, Nash
W, Gick C, et al. (1999) Cell 96:807-818.

Pellegrini L, Burke DF, von Delft F, Mulloy B, Blundell TL (2000) Nature
407:1029-1034.

. Schlessinger J, Plotnikov AN, Ibrahimi OA, Eliseenkova AV, Yeh BK, Yayon

A, Linhardt RJ, Mohammadi M (2000) Mol Cell 6:743-750.

. Wiesmann C, Ultsch MH, Bass SH, de Vos AM (1999) Nature 401:184-188.
. Wiesmann C, Muller YA, de Vos AM (2000) J Mol Med 78:247-260.

Durocher Y, Perret S, Kamen A (2002) Nucleic Acids Res 30:E9.

. Morlot C, Hemrika W, Romijn RA, Gros P, Cusack S, McCarthy AA (2007)

Acta Crystallogr F 63:689-691.

. Schneider TR, Sheldrick GM (2002) Acta Crystallogr D 58:1772-1779.

. La Fortanelle ED, Bricogne G (1997) Methods Enzymol 276:472-494.

. Collaborative Computational Project N (1994) Acta Crystallogr D 50:760-763.
. Kabsch W (1993) J Appl Crystallogr 26:795-800.

Morlot et al.



