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Since our characterization of the slit cDNA sequence, encoding a protein secreted by glial 
cells and involved in the formation of axonal pathways in Drosophila, we have discovered 
that the protein contains two additional sequence motifs that are highly conserved in a 
variety of proteins. A search of the GenPept database with the 73 amino acids at the 
carboxy terminus of slit revealed that this region contains significant similarity to a 
carboxy-terminal domain found in six other exported proteins. This observation has allowed 
us to define a new carboxy-terminal protein motif. In addition, comparisons with a 202 
amino acid domain residing between epidermal growth factor (EGF) repeats in slit shows 
this region to be conserved in laminin, agrin and perlecan and, strikingly, also to lie between 
EGF repeats in both agrin and perlecan. Our analysis suggests this motif is involved in 
mediating interactions among extracellular proteins. Consistent with our previous 
characterization of the slit protein, both new motifs are found only in extracellular proteins. 
The identification of these two conserved motifs in slit reveals that the entire 1469 amino 
acids of the protein are made up of modular regions similar to those conserved in other 
extracellular proteins. 
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Mut’ations in the slit locus result in the collapse of 
the regular scaffold of commissural and longitudinal 
nerve bundles in the Drosophila embryonic central 
nervous system (CNST) (Rothberg et al., 1988). An 
examination of the expression pattern of slit in the 
embryo demonstrates that the protein is expressed 
by a subset of specialized glial cells along the 
midline of the CNS. By immunoelectron micro- 
scopy, slit can be seen on the axons traversing these 
glial cells although it is absent from the cell bodies 
of these neurons, implying that slit is exported by 
the glia and distributed along these axons 
(Rothberg et al., 1990). The embryonic localization, 
mutant phenotype, and homology of slit to both 
receptor-binding EGF-like ligands and adhesive 
glycoproteins, suggest that it may be involved in 

t Abbreviations used: CNS, central nervous system; 
EGF, epidermal growth factor; LRR, leucine-rich 
repeat; FIM-B. 1, Xenopus Zaevis integumentary mucin; 
vWf, von Willebrsnd factor; ALPS, agrin, laminin, 
perlecan and slit motif. 
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interactions between the midline glial cells, their 
extracellular environment, and t’he commissural 
axons that cross the midline. 

The predicted protein product encoded by the slit 
locus contains four tandem arrays of a 24 amino 
acid leucine-rich repeat (LRR) with conserved 
flanking sequences surrounding these arrays (flank- 
LRR-flank), followed by two regions with EGF 
repeats (Fig. 1: Rothberg et al., 1990). Each of these 
motifs has been shown to participate in protein- 
protein interactions as part of an extracellular 
domain in a variety of other proteins. As a conse- 
quence of alternative mRNA splicing, the locus 
encodes two distinct protein species of 1469 and 
1480 amino acids, differing by 11 amino acids at t)he 
carboxy-terminal of the last EGF repeat. The exist- 
ence of a putative signal sequence and the absence 
of a transmembrane domain suggest that slit is 
secreted, an observation supported by an analysis of 
its expression in tissue culture. In this report we 
further support and extend these observations by 
identifying a previously uncharacterized motif in 
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Figure 1. Schematic representation of the slit protein 
showing the arrangement of the 4 flank-LRR-flank struc- 
tures, the 7 EGF repeats and their relationship to the 
conserved regions between the 6th and 7th EGF repeat, 
and the conserved carboxy-terminal motif (see key; 
adapted from Rothberg et al., 1990). The putative signal 
sequence and amino- and carboxy-terminal ends of the 
protein are also indicated. The 4 consecutive Aank-LRR- 
flank regions are composed of a tandem array of 4 or 5 24. 
amino acid leucine-rich repeats (LRRs) surrounded by 
conserved amino- and carboxy-flanking regions. These are 
followed by 6 EGF repeats separated from a 7th and final 
EGF repeat by 202 amino acids that are similar to regions 
in agrin, perlecan, and laminin. The 11 amino acid (a.a.) 
connecting segment. the result of differential splicing at 
the carboxy terminus of the 7th EGF repeat is shown. 
Following either the last EGF repeat or this segment, and 
located at the carboxy terminus of the protein, is a 
conserved carboxy-terminal cysteine-rich motif. As 
depicted here: LRRs are believed to form anti-parallel 
sheets in larger proteins; EGF motifs are modeled after 
the solution structure of human EGF; and tandem 
EGF-like repeats in other extracellular matrix proteins 
have been shown to be arranged in a rod-like 
conformation. 

the carboxy-terminal region of slit that has been 
conserved in a corresponding position in otherwise 
unrelated exported proteins. 

The conserved carboxy-terminal domain is 
characterized by eight invariant cysteine residues as 
well as other conserved amino acids (Fig. 2). 
Strikingly, in addition to this motif always residing 
at the extreme carboxy terminus, all the proteins 
containing it appear to be secreted. The proteins 

containing this conserved sequence motif. which 
otherwise share no significant sequence similarity 
with slit, can be subdivided into two groups. The 
first includes a family of proteins with overall 
sequence similarity to each other: CEF-10 (for 
chicken embryo fibroblast; Simmons et al., 1989), 
cyr61 (O’Brien, 1990) , CTGF (for connective tissue 
growth factor; Bradham et at., 1991), &r-Z2 
(Ryseck et al., 1991) and not- (for nephroblastoma- 
overexpressed gene; Joliot et al., 1992). The genes 
cyr61 and Jisp-72 are likely to be the mouse homo- 
logs of chicken CEF-10 and human CTGF, respec- 
tively (O’Brien, 1990; and our observation). 
Tnterestingly. these four genes are inducible hy 
either v-src or growth factors and, while secretion 
has only been demonstrated for CTGF and fisp 12, 
they all (including nov) contain a secretory signal 
sequence. The second group consists of a Xenopus 
la&s integumentary mucin (FIM-B.1) and human 
von Willebrand factor (vWF). which in addition to 
the aforementioned conserved carboxy-terminal 
region, contains a region of homology with anti- 
stasin (Probst, 1990). The vWF is synthesized and 
exported by platelet precursors and is involved in 
platelet to blood vessel adhesion while the FTM-B.1 
protein is produced in the mucous glands where it is 
thought to be secreted and to function on t)he 
surface of the skin. 

The presence of a conserved carboxy-terminal 
domain in otherwise unrelated secreted proteins 
raises the possibility that this region plays a specia- 
lized functional role either in the secretion process 
or in mediating specific associations with other pro 
teins. It has been suggested that a regulatory 
sequence involved in the secretory routing of vWF 
may reside in a region that includes this conserved 
motif (Wagner et al.. 1991; Voorberg et al.. 1991). In 
addition. association with other extracellular pro- 
teins has been demonstrated or suggested for slit, 
vWF, and FIM-B. 1, 

With the characterization of the carboxy- 
terminal domain of slit as a conserved motif, the 
only region of the slit protein that has not been 
shown to be either associated with extracellular 
events or conserved in extracellular proteins is a 
stretch of approximately 200 amino acids separ- 
ating the sixth and seventh EGF repeats (see 
Fig. 1). However, consistent with our characterization 
of slit as a modular extracellular protein, we have 
now discovered that this region contains a sequence 
motif that is conserved in ot’her extracellular pro- 
teins (Fig. 3). Interestingly, this motif has also been 
implicated in protein-protein interactions. A com- 
parison of this 202 amino acid sequence from slit 
with the GenPept database (Release 71.0; Pearson 
& Lipman: 1988) revealed a high degree of sequence 
similarity to the laminin A-chain as well as to 
regions of perlecan (Noonan et al.. 1991) and agrin 
(Rupp et al., 1991). When this region of each of 
t’hese proteins is aligned with the others they can be 
seen to have many invariant as well as conserved 
residues (Fig. 3). In recognition of the conservation 
of this motif in these proteins we will refer to it as 
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slit PLKYAKCVGGCG -_-___-_________---__ 
CYK61 KTKRSPEPVR YRPKYCGSCVDG HPNEASFRLYSLFNDIHKFRD 
fisp-12 RTPKIAKPVKFE TYRAKFCGVCTDG DNDIFESLY--YRKt.UGDMA 
no" TYKPRYCGLCNDG SNNAFFQPL--DPMSSEAKI 
FIM-B.l SANIIMA--KCS DTIDNKWTKC IRL--------------- 
vwf KSRVRVDIHYC- SIDINDVQDQC ________---_-______- 

COW3WlSLlS . . . . . . . ..I... . . ..c...... ..N.......--......... 

Figure 2. A conserved carboxy-terminal sequence motif in exported proteins. The amino acid sequence of a 73 amino 
acid long domain at the carboxy terminus of slit and five other secreted proteins is shown aligned above a consensus 
sequence. Invariant residues are boxed; residues at conserved positions are shaded. Eight cysteines constitute all the 
invariant positions. The consensus sequence is based on the presence of a specific amino acid residue at a given position 
greater than 50:/o of the t)ime. The structure of the carboxy-terminal motif in slit is unknown, but the presence of 
conserved cysteine residues in these proteins suggests a common tertiary structure. 

an ALPS (agrin, laminin, perlecan and slit) motif. It 
is remarkable that in perlecan and agrin this motif 
also lies between EGF repeats. 

Laminin a three-chain basement membrane 
glycoprotein, is able to interact with both cell 
surface receptors and other members of the base- 
ment membrane. Interestingly, one of these com- 
ponents is perlecan, a large heparin sulfate 
proteoglycan believed to play an organizing role in 
the basement membrane. Perlecan, in addition to 
being able to interact with laminin, can self-aggre- 
gate. In laminin and perlecan the domains respons- 
ible for these interactions consist of repeats of the 
ALPS motif (Sasaki et al., 1988; Noonan et al.. 
1991). In laminin the motif is repeated contiguously 

five times forming the entire A-chain @-terminal 
globule. (This region is also conserved in merosin, a 
laminin A chain homolog; Ehrig et al., 1990.) While, 
in perlecan, the motif is repeated three times with 
EGF-like repeats preceding and following the 
second iteration of the motif (Noonan et al., 1991), 
this conservation is also observed in the human 
homolog of perlecan, referred to as the basement 
membrane heparin sulfate proteoglycan core protein 
(Kallunki Tryggvason, 1992). It is the second 
iteration of the motif that shows the greatest simi- 
larity to slit sequence (shown in Fig. 3). 

Agrin, like slit and perlecan, contains t,he ALPS 
motif between EGF repeats. In agrin the conserved 
motif appears t’wice, lying between the first and 

slit 
Agrin 
Perlecan 
Dros. Laminin 
Human Laminin 

CO~S~ILSUS 

slit 
Agrin 
Perlecan 
Dros. Laminin 
Human Laminin 

COnSellSUS 

slit 
Agrin 
Perlecan 
Dros. Laminin 
Human Laminin 

CCXlSHlSUS 

slit 
Agrin 
Perlecall 
Dros. Laminin 
Human Laminin 

NSFVELEPL-RTRP 
HSFLAFPTL-RAYH 
GSYLALPALTNTHHEL 
R-LQINSLPVKVRRHH 
SGYSWEKSLPATVT-QII 

.S......L.......... . ..--.DFLA..L. 

RVSAERLNKDC 

GP..-L.S.... 

----LARSIINRGSNDYLK-LTTP- VDPAQQAYKNWQIPNLT 
----TPWGESPSGTDSLN-LD'IN- -PEEQVAMVLDRTSVGV 
----RPVLRSSPGKSQGLN-LHTL- --EPSVQLS-PATNMSA 
--EQPGSVDLNAERSAPVLAVFoLP-I FLESRVKNLTDFKTRVP 
TSNKETKQGETPGASSDLNRLDKDPI ---PRSRW-RRGVTT'K 

. . . ..PG.S..LN-L.T.-. ---.E..V........... 

S EVWINRKLVDFGNAQRQQKITPGCAL 
G DINNQQLELSDWQRAAVQSSGVGE- 
H SVNGKRLDLTYSFLGSQGVGQCYD- 
Y KFDAMDLETPPEEFGWPCSEQVKR 
S EISRSTFDLLRNSYGVF.K--GCLL- 

K...IN...LDL.....G.....GC..- 

1203 
1314 
3302 
1644 
2359 

50 

1251 
1361 
3349 
1692 
2408 

100 

1294 
1402 
3388 
1739 
2452 

150 

1327 
1435 
3421 
1773 
2483 

184 

Figure 3. Conservation of sequence intervening between EGF repeats of slit and other extracellular matrix proteins. 
The amino acid sequences of rat agrin, mouse perlecan, and Drosophila and human laminin are shown below the 
corresponding slit sequence. Invariant residues are boxed; conserved positions are shaded. Numbers indicate the position 
of the amino acid sequences within their respective proteins. Note the predominance of glycine residues in the consensus 
sequence. In laminin the ALPS motif has been seen by electron microscopy to form a globular structure, and is believed 
to do the same in perlecan (Noonan et al., 1991), suggesting that the invariant and conserved residues in the motif may 
facilitate the formation of a common structure. In both this and Fig. 2, the similarities to slit sequences were initially 
identified by searching version 71.0 of the GenPept database with the corresponding slit sub-sequences (FastA program; 
Pearson & Lipman, 1988). Initial FastA scores for the sequences identified were from 6 to 11 and from 7 to 17 standard 
deviations from the mean for the 2 searches, respectively. The multiple sequence alignments shown were derived using 
the Geneworks 2.0 program (IntelliGenetics. Inc., Mountain View. CA). 



se~nd, and t,hird and fourth EGF repeats, respec- 
tively. The agrin prot,ein, in addition t.o its ability t.o 
aggregate acetylcholine receptors on cultured 
muscle fibers, is &o able to reorganize t hc: 
surrounding extracellular matrix compom,nt s 
(Nitkin 62 Rothschild, 1990). Tnterest~inglg. it is a 
region of the agrin protein containing this conserva- 
t,ion. the carboxv terminal-most 94 kDa. that, 
confers these functions. The slit protein is necessary 
for the development, of glial cells that reside along 
t,he midline of the (‘NS and can be seen to decorate 
the axon pathways that traverse them (Rothberg it 
~1.. 1990). The association of agrin with developing 
synapses and slit with growing axons raises t,hcs 
possibility that the function of the conserved .Al,PS 
motif in both proteins may be similar. In addition. 
the possibility that agrin’s ability to organize the 
extracellular matrix is conserved in slit. is raised by 
the observation that the slit, protein becomes lock& 
ized to points where extracellular matrix material 
linking muscles to the larval body wall will br 
deposited (Rothberg, 1991). These observations as 
well as its presence in Iaminin and perlecan suggest 
that, in addition to participating in protein inter- 
action, this motif may play a general role in orga- 
nizing the extracellular matrix. 
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