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Novel Fold Revealed by the Structure
of a FAS1 Domain Pair from the Insect
Cell Adhesion Molecule Fasciclin I

�20% identity for any pairwise alignment), FAS1 do-
mains are recognized readily due to the presence of two
conserved sequence motifs. Unusual for extracellular
domains, the FAS1 superfamily includes members from
all phyla: mycobacterial secreted proteins [9]; plant pro-
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London SW7 2AZ teins, such as the major CAM of Volvox, Algal-CAM [10],

and Arabidopsis arabinogalactans [11]; several C. ele-United Kingdom
gans proteins of unknown function; and a number of
vertebrate proteins. In humans, FAS1 domains are found
in a family of very large hyaluronan and scavenger recep-Summary
tors [12, 13], as well as in the adhesive proteins �ig-h3/
RGD-CAP/kerato-epithelin [14, 15] and periostin/OSF-2Fasciclin I is an insect neural cell adhesion molecule

consisting of four FAS1 domains, homologs of which [16]. The latter two proteins most closely resemble fas-
ciclin I, consisting of uninterrupted tandems of four FAS1are present in many bacterial, plant, and animal pro-

teins. The crystal structure of FAS1 domains 3 and 4 domains. Importantly, mutations in the FAS1 domains
of �ig-h3 result in corneal dystrophies, due to the depo-of Drosophila fasciclin I reveals a novel domain fold,

consisting of a seven-stranded � wedge and a number sition of insoluble protein aggregates [17, 18].
Although the biological functions of many FAS1 do-of � helices. The two domains are arranged in a linear

fashion and interact through a substantial polar inter- mains remain to be elucidated, it has been suggested
that the FAS1 domain represents an evolutionarily an-face. Missense mutations in the FAS1 domains of the

human protein �ig-h3 cause corneal dystrophies. cient cell adhesion domain common to plants and eu-
karyotes [10]. To provide a template for the FAS1 super-Many mutations alter highly conserved core residues,

but the two most common mutations, affecting Arg- family, we have undertaken a structural analysis of the
founding member of the family, fasciclin I. Our structure124 and Arg-555, map to exposed �-helical regions,

suggesting reduced protein solubility as the disease reveals a novel domain fold, which is distinguished from
other CAM domains by the presence of several � helices,mechanism.
and gives new insight into the disease mechanism of
�ig-h3 mutations in corneal dystrophies.Introduction

The fasciclins are a family of insect cell adhesion mole- Results and Discussion
cules (CAMs) expressed on different and overlapping
subsets of fasciculating axons and growth cones [1, 2]. Structure Determination

Previous attempts to solve the crystal structure of full-Fasciclins II and III contain immunoglobulin-like (IG) and
fibronectin type III (FN3) domains linked to transmem- length grasshopper fasciclin I, comprising all four FAS1

domains but lacking the GPI anchor, were unsuccessfulbrane helices, reminiscent of other CAMs. Fasciclin I,
in contrast, is a GPI-anchored protein [3] containing a [7]. To increase our chances of obtaining well-ordered

crystals, we expressed Drosophila fasciclin I fragmentstandem of four homologous domains of �150 residues,
termed FAS1 domains, which are not related to any corresponding to FAS1 domains 1-2 and 3-4, respec-

tively, in a eukaryotic system (293-EBNA cells). Twoother protein domain of known structure [4]. Mutations
in the Drosophila fasI gene result in a mild phenotype constructs of the 1-2 pair were expressed only at low

levels. A first construct of the 3-4 pair spanning residuescharacterized by altered nerve terminal arborization [5],
whereas embryos doubly mutant in fasI and abl, the fly 328–628 was highly expressed, but cleavage of the His6

tag used for purification proved inefficient. A slightlyortholog of the Abelson tyrosine kinase, have major axon
guidance defects [6]. Although the extracellular portion longer construct starting at residue 314 was highly ex-

pressed and the tag was readily cleaved by enteroki-of grasshopper fasciclin I is monomeric in solution [7],
Drosophila fasciclin I is capable of mediating homophilic nase. This glycosylated fasciclin I fragment, termed FasI

3-4, could be crystallized. The FasI 3-4 structure wascell adhesion [8].
FAS1 domains are present in many other secreted determined by multiple isomorphous replacement (MIR)

and refined to Rfree � 0.263 at 2.6 Å resolution (Table 1).and membrane-anchored proteins (for a complete list,
see the SMART [smart.embl-heidelberg.de] and Pfam
[www.sanger.ac.uk/Software/Pfam] databases). Most Description of the Structure

The FasI 3-4 structure consists of two globular FAS1of these proteins contain multiple FAS1 domains, either
in tandem or interspersed with other domains, but pro- domains of approximately 30 Å in diameter interacting

through a substantial domain interface (Figure 1). Twoteins consisting of single FAS1 domains also exist. De-
spite their low overall sequence conservation (typically well-ordered N-acetylglucosamine moieties attached to

Asn-441 are located in the interface region. The N and
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Table 1. Crystallographic Statistics

Data collection Native KAu(CN)2 K2PtCl4

Soaking conditions 0.5 mM, 2 hr 0.15 mM, 2 hr
Resolution range (Å) 20–2.6 20–2.8 20–3.0
Unique reflections 17,949 15,047 12,190
Average multiplicity 8.4 (8.3)a 9.6 12.8
Completeness (%) 97.1 (97.5)a 99.7 99.0
Rmerge

b 0.058 (0.309)a 0.087 0.109

Phasing (20–3.0 Å)

Number of sites 1 1
Rderiv

c 0.079 0.268
RCullis

d (centric/acentric) 0.83/0.72 0.90/0.89
Phasing powere (centric/acentric) 1.04/0.86 0.90/0.60

Refinement (20–2.6 Å) Native

Reflections (working set/test set) 16,153/1,758
Protein atoms 2,380
Asn-linked glycan 2 N-acetylglucosamines
Solvent sites 76 H2O, 4 SO4

2�

Rcryst
f 0.225

Rfree
f 0.263

Rmsd bond lengths (Å) 0.008
Rmsd bond angles (�) 1.2
Ramachandran plot (%)g 86.2/12.6/0.7/0.4

a Values in parentheses are for reflections in the highest resolution shell (2.74–2.60 Å).
b Rmerge � �h�i|Ii(h) � �I(h)�|/�h�i Ii(h), where Ii(h) is the i-th measurement of reflection h and �I(h)� is the weighted mean of all measurements
of h.
c Rderiv � �h||FPH| � |FP||/�h|FP|, where FP and FPH are the native and derivative structure factors, respectively.
d RCullis � �h|||FPH| � |FP|| � |FH||/�h||FPH| � |FP||, where FH is the calculated heavy atom structure factor.
e The phasing power is defined as rms FH/rms lack of closure.
f R � �h|Fobs � Fcalc|/�hFobs, where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively.
Rcryst and Rfree were calculated using the working and test set, respectively.
g Residues in most favored, additionally allowed, generously allowed, and disallowed regions [28].

C termini are located at opposite poles of the elongated 4, which, together with �1 and �2, creates a triangular
arrangement of helices packing against the �2-�1-�7-FasI 3-4 structure, and the two FAS1 domains are related

by a rotation of 124� and a translation of 26 Å along an �6 sheet. The �L helix is an integral part of the linker/
interface between the FAS1 domains in FasI 3-4. Domainaxis roughly parallel to the long molecular dimension.

The FAS1 domain fold is organized around a wedge- 3 contains residues equivalent to �L, but they are disor-
dered in the crystal, presumably because stabilizing in-shaped arrangement of two orthogonal � sheets, which

share a curved strand, �6 (Figure 1). The mixed �2-�1- teractions with the preceding FAS1 domain are missing.
The interface between FAS1 domains 3 and 4 buries�7-�6 sheet is central to the domain: one face is covered

by the N-terminal helices �1 and �2, and the other packs a total of 1700 Å2 of solvent-accessible surface area,
with the two N-acetylglucosamine moieties at Asn-441against the antiparallel �3-�4-�5-�6 sheet. The outer

face of the latter � sheet is fully exposed to solvent. accounting for 140 Å2 of this area. Notably, there are
five direct hydrogen bonds and several close van derStrands �1 and �2 are connected by a series of � helices,

which pack between the V-shaped arrangement of N-ter- Waals contacts between the glycan and the protein. The
domain interface is relatively flat and almost exclusivelyminal helices and the central � sheet. Helix �5, together

with the extended segment preceding it, closes the open hydrophilic. Apart from two direct hydrogen bonds, all
contacts occur via water molecules in the interface, ofend of the � wedge. The C-terminal segment following

�7 runs alongside the curved �6 strand in an irregular which there are many. In domain 3, the interface region
involves the loop between �5 and �3, the entire �4manner, with the kink in �6 defining the acute end of

the � wedge. The FAS1 domain contains two extensive strand, and the �5-�6 hairpin. In domain 4, the �L helix
and the following loop, as well as �6, contribute to thehydrophobic cores, one within the � wedge and the

other between the �2-�1-�7-�6 sheet and helices �1 to interface. The domain linker (Pro-466/Tyr-467/Thr-468)
packs tightly against Gly-439 in the �5-�6 hairpin of�4. The FAS1 domain fold has no similarities to any

other domain of known structure. The best match in domain 3, with Tyr-467 additionally stacking with His-
461.DALI [19] had a Z-score of 2.0 and matched only one

third of the FAS1 domain. Neither the crystal packing nor an inspection of the
FasI 3-4 surface offer any clues about the mechanismThe two FAS1 domains in FasI 3-4 are rather similar

and can be superimposed with an rms deviation of 1.7 Å of homophilic adhesion mediated by fasciclin I [8]. Adhe-
sion may require the membrane-distal domains 1 andfor 105 C� atoms (Figure 2). The only striking difference

is the presence of an additional helix, �L, in FAS1 domain 2, or may be due to a multiplicity of weak interactions
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Figure 1. Structure of FasI 3-4

(A) Cartoon representation of the FasI 3-4 structure. Domain 3 is in green and domain 4 is in blue. The polypeptide chain termini and secondary
structure elements are labeled. Two N-acetylglucosamine moieties attached to Asn-441 are shown in atomic detail.
(B) Stereo view of a C� trace of FAS1 domain 4 of FasI 3-4. Every tenth residue is shown as a small sphere and is labeled, starting at resi-
due 470.
(C) Schematic representation of the FAS1 fold, in the orientation of (B).
(D) Representative portion of the experimental electron density at 3.0 Å resolution after density modification (1.2 	 contouring). The final
atomic model is superimposed on the map. The region shown corresponds to strand �1 and helix �3 in domain 4.

on the cell surface, as indicated by the observation that minal region of the FasI 3-4 construct, which is disor-
dered in the crystal. From sequence analysis, we predictsoluble full-length fasciclin I is monomeric in solution [7].

There exist a number of developmentally regulated the fasciclin I splice variants to differ in the �L-�1 linker
of FAS1 domain 3 (Figure 3). Insertion of extra residuessplice variants of fasciclin I, which differ by insertions

of a few residues near the boundary of FAS1 domains in this region will, at the very least, affect the structure
of the surface-exposed �L-�1 loop. However, because2 and 3 [20]. The site of insertion is located in the N-ter-
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Figure 2. Comparison of FAS1 Domains 3
and 4

Stereo view of a superposition of FAS1 do-
mains 3 (dark gray) and 4 (light gray) of FasI
3-4. A total of 105 C� atoms were superim-
posed with an rms deviation of 1.7 Å.

the �L helix is likely to be involved in the interface with poorly conserved in a small number of superfamily mem-
domain 2, the insertions could have a more dramatic bers, such as the second FAS1 domain of Algal-CAM.
effect, changing the overall conformation of fasciclin I. In A third region that is particularly well conserved is the
either scenario, it is easy to see how alternative splicing short strand �2. The most variable region is the protrud-
could modulate the adhesive properties of fasciclin I. ing and partly solvent-exposed �3-�4 linker (domain 4

of FasI 3-4 contains an extra helix, �3
, in this region).
As expected, most other loops connecting secondaryThe FAS1 Domain Superfamily
structure elements are also quite variable, with the nota-We have determined the first structure of a FAS1 do-
ble exception of the �6-�7 hairpin.main, and it is of interest to consider the relevance of

In addition to the expected conservation of apolarour structure for the entire FAS1 domain superfamily.
core residues, the FAS1 domain consensus contains aPrevious sequence analysis revealed two regions of high
large number of polar residues, the location of which isconservation, termed H1 and H2 [21]. Our structure
revealing. The O� atom of the invariant threonine at theshows that H1 corresponds to �1 and �3, whereas H2
start of �1 forms hydrogen bonds to the backbone ofcorresponds to the C-terminal half of �6, as well as
the extended segment preceding �5. The conserved�7 and part of the C-terminal segment (Figure 3). The

conservation of H1 is almost absolute, whereas H2 is aspartic acid/asparagine in �3 interacts with the back-

Figure 3. Structure-Based Sequence Alignment of Selected FAS1 Domains

The sequences are of Drosophila melanogaster fasciclin I (SwissProt P10674; splice variant II [20]), human �ig-h3 (Q15582), Volvox carteri
Algal-CAM (Q41644), and Mycobacterium tuberculosis MPB70 (Q50769). The sequence numbering includes the signal peptide. Structurally
important FAS1 residues were assigned based on a superposition of the two FAS1 domains of FasI 3-4 (see Figure 2); other sequences were
aligned accordingly. The secondary structure elements of the FAS1 domain are indicated above the alignment. Conserved residues are shaded
as follows: pink, apolar; green, polar; yellow, glycine and proline. �ig-h3 residues mutated in corneal dystrophies [17, 18] are in red, and
residues implicated in integrin binding to �ig-h3 [15] are in blue.
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bone of the N terminus of �1. The buried conserved
histidine at the start of �2 makes hydrogen bonds to
the backbone of �1 and �4, and also packs against the
conserved proline at the end of �1, which in turn inter-
acts with a conserved aromatic residue in �3. The ex-
tended segment between �2 and �5 makes a conserved
interaction, with an aspartic acid/asparagine in �6. Fi-
nally, the buried conserved histidine in �7 hydrogen
bonds to the extended segment preceding �5, and the
conserved aspartic acid at the end of �7 initiates the
irregular C-terminal segment. Thus, conserved hydro-
gen-bonding interactions are used to reinforce the FAS1
fold at key positions, in particular in regions lacking in
regular secondary structure, such as the �2-�5 segment
plugging the open end of the � wedge. Another notable
feature of the FAS1 domain is the absence of stabilizing
disulfide bridges.

Most FAS1 domains occur in pairs or as a four-domain
tandems. Whether the domain arrangement seen in the
FasI 3-4 structure is conserved in other proteins is un-
clear. Some features of the linker/interface region, such Figure 4. Location of Missense Mutations in �ig-h3 Causing Corneal
as the �L helix and a proline residue equivalent to Pro- Dystrophies in Humans
466, are present in other family members. On the other Shown is a cartoon representation of domain 4 of fasciclin I, in which

selected residues [17, 18], drawn in atomic detail, were changed tohand, the paucity of direct interactions in the FasI 3-4
their equivalents in FAS1 domain 4 of �ig-h3 for illustration pur-interface, as well as the general lack of conservation of
poses. The local structure around Arg-555 in �ig-h3 cannot be mod-interface residues, makes it likely that other arrange-
eled reliably, and the general location of this residue is indicatedments exist. For this reason, it is impossible to confi-
by yellow shading. The blue arrowhead indicates the location of Arg-

dently predict the overall structure of proteins con- 124 in FAS1 domain 1 of �ig-h3. The conserved sequence motifs, H1
taining multiple FAS1 domains. If the relative domain and H2 [21], are colored brown.
arrangement seen in the FasI 3-4 structure is representa-
tive of other pairs, the four FAS1 domains of fasciclin I

some forms of the disease [22]. More than half of the[4], �ig-h3 [14, 15], and periostin [16] would be arranged
BIGH3 mutations affect one of two arginine residues,in a near-linear fashion, with a long dimension of approx-
Arg-124 in FAS1 domain 1, and Arg-555 in FAS1 domainimately 120 Å.
4 [18]. Arg-124 is located in the turn between �1 and
�2, whereas Arg-555 is located in the �3-�4 linker, which
is the most variable region of the FAS1 fold (Figures 3Implications for �ig-h3 Function and Disease

Of the human proteins containing FAS1 domains, �ig- and 4). Although our structure does not allow the reliable
modeling of Arg-555, it seems unlikely that mutation ofh3 has received the most attention, owing to causative

mutations in the BIGH3 gene in a group of corneal dys- either arginine, in these solvent-exposed regions, would
result in misfolding in the endoplasmic reticulum. Pre-trophies [17, 18]. The precise physiological function of

�ig-h3 is still unclear, but is likely to involve cell adhesion sumably, mutant �ig-h3 is secreted, but aggregates with
time in the extracellular space because of a subtle de-via integrins �1�1 [14] or �3�1 [15]. Mutagenesis has

implicated an Asp-Ile sequence motif in �ig-h3 FAS1 crease in protein stability or solubility.
The remaining BIGH3 missense mutations [18] pres-domains 2 and 4 in �3�1 integrin binding [15]. This motif

maps to the conserved kink in strand �6 (Figure 3). The ent a very different picture. They target conserved core
residues in FAS1 domain 4 of �ig-h3 (Figures 3 and 4).2 residues are not buried in the FAS1 domain core and

are, in principle, available for receptor binding. However, Pro-501 is predicted to be in the linker between FAS1
domains 3 and 4 (the equivalent residue in the FasI 3-4in the relative domain arrangement of the FasI 3-4 struc-

ture, the motif in domain 4 is buried in the domain inter- pair is also a proline). Leu-518 and Leu-527 are important
for the packing of helices �1 and �2, respectively, ontoface. Whether the Asp-Ile motifs in �ig-h3 are directly

involved in integrin binding, or whether their mutation the body of the FAS1 domain. The remaining seven mu-
tations intriguingly cluster in the two regions of highestabrogated binding because of long-range structural per-

turbations, remains to be seen. The high conservation sequence conservation: Thr-538, Asn-544, and Ala-546
map to the highly conserved �1-�3 region, whereas Asn-of the motif across functionally unrelated molecules

(Figure 3) and the apparently crucial hydrogen bond 622, Gly-623, His-626, and Val-631 map to �7. It appears
likely that some of these rarer BIGH3 mutations causeformed by the aspartic acid would seem to argue for

the latter alternative. misfolding inside the cell. However, a possible folding/
secretion defect would be difficult to reconcile with theThe corneal dystrophies due to BIGH3 mutations are

believed to result from the accumulation of pathological apparent extracellular deposition of mutant �ig-h3 pro-
tein. Perhaps, the FAS1 domain is more resilient to indi-�ig-h3 amyloid deposits, suggesting that the mutations

affect the stability and/or solubility of the �ig-h3 protein. vidual mutations than the high conservation of certain
regions might suggest. Knowledge of the FAS1 domainAltered proteolytic processing has been observed in
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nase (EKMax, Invitrogen) and the enzyme removed with EKAwaystructure will be valuable in defining the physiological
affinity resin (Invitrogen). Final purification was achieved on a Re-activities of �ig-h3, as well as the disease mechanism(s)
sourceQ ion exchange chromatography column (50 mM Na-HEPESof corneal dystrophies.
[pH 7.5], 0–0.5 M NaCl). This yielded FasI 3-4 protein, which migrated
on SDS-PAGE as a single band of approximately 50 kDa Mr (calcu-
lated Mr 37 kDa). Hence, the FasI 3-4 construct is modified at oneBiological Implications
or several of the four consensus sites for Asn-linked glycosylation.

Most cell adhesion molecules (CAMs) and secreted ex-
Crystallization and Data Collectiontracellular matrix proteins have a modular architecture:
For crystallization trials by the hanging drop vapor diffusion method,

they are composed of a limited set of domains, which FasI 3-4 was concentrated to 15 mg/ml in 0.01 M Na-HEPES (pH
frequently form tandem repeats. The great majority of 7.5). Crystals were obtained using 0.1 M Tris-HCl (pH 8.5), 2.0 M
CAMs consist of immunoglobulin-like and fibronectin ammonium sulfate as precipitant. The crystals took about 1 month

to grow to full size (0.2 � 0.2 � 0.2 mm3 ). For diffraction datatype III domains, which share a characteristic � sand-
collection, crystals were cryoprotected with 20% glycerol and flash-wich fold. Fasciclin I is a Drosophila neural CAM con-
frozen to 100 K. Data were collected at station 9.6 at the SRSsisting of a repeat of four unique domains, termed FAS1
Daresbury (
 � 0.87 Å) using an ADSC Quantum-4 CCD detector.

domains. Related FAS1 domains are found not only in The data were integrated with MOSFLM [24] and reduced with pro-
other animal proteins, but also in bacteria and plants, grams of the CCP4 suite [25]. The crystals belong to space group
leading to the suggestion that the FAS1 domain may P4332 with a � 150.81 Å. There is one FasI 3-4 molecule in the

asymmetric unit, resulting in a solvent content of 68% (not takingrepresent (one of) the most ancient adhesive extracellu-
the glycan into account).lar domain(s). Of note, missense mutations in the FAS1

domains of the human adhesive protein �ig-h3 cause
Structure Determination and Refinementcorneal dystrophies by an ill-defined mechanism involv- A native data set to 2.6 Å resolution and two heavy atom derivative

ing amyloid deposition. data sets were used for phasing by the MIR method (Table 1). The
To provide a structural template for the FAS1 super- heavy atom sites were found by standard Patterson and Fourier

techniques and refined with MLPHARE [25]. Phases to 3.0 Å resolu-family, we have determined the crystal structure of a
tion were calculated including anomalous scattering (mean figureFAS1 domain pair from fasciclin I. The structure consists
of merit 0.354) and dramatically improved by density modificationof a near-linear arrangement of two compact FAS1 do-
with DM [25]. About 90% of the FasI 3-4 molecule could be builtmains, each composed of a seven-stranded � wedge into the first electron density map with O [26]. Refinement was

and a number of � helices in a novel arrangement. The carried out with CNS [27] at 2.6 Å resolution and converged at R �
discovery of an �� fold in a CAM is unprecedented. 0.225 and Rfree � 0.263. Continuous and clear density was observed

for residues 328–624, excluding the exposed 369–375 loop. ThereKnowledge of the FAS1 domain structure has allowed
is no density for the first 16 and last 5 residues of FasI 3-4, whichus to generate a reliable sequence alignment of the
are presumed to be disordered. Clear density was observed for thedivergent FAS1 superfamily and provides new insight
first two N-acetylglucosamine moieties attached to Asn-441. Patchyinto the functions of FAS1-containing proteins. In partic- extra density at Asn-416 and Asn-497 suggests further modifica-

ular, we have analyzed the location of missense muta- tions, but these were not modeled. Solvent-accessible surface areas
tions in human �ig-h3 causing corneal dystrophies. The were calculated with NACCESS (wolf.bms.umist.ac.uk/naccess/).

Figures 1A, 1B, 1D, 2, and 4 were made with BOBSCRIPT [29] andtwo most common mutations affect arginine residues
RASTER3D [30].in exposed �-helical regions of the FAS1 domain, sug-

gesting reduced �ig-h3 stability or solubility as the
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