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Abstract

A number of cell-cell interactions in the nervous system are mediated by
immunoglobulin gene superfamily members. For example, neuroglian, a homophilic
neural cell adhesion molecule in Drosophila , has an extracellular portion comprising six C-
2 type immunoglobulin-like domains followed by five fibronectin type III (FnlIIl) repeats.
Neuroglian shares this domain organization and significant sequence identity with L1, a
murine neural adhesion molecule that could be a functional homologue. Here I report the
crystal structure of a proteolytic fragment containing the first two FnllIl repeats of
neuroglian (NgFn1,2) at 2.0A. The interpretation of photomicrographs of rotary
shadowed Ng, the entire extracellular portion of neuroglian, and NgFn1-5, the five

neuroglian FnllIl domains, is also discussed.

The structure of NgFn1,2 consists of two roughly cylindrical 8-barrel structural motifs
arranged in a head-to-tail fashion with the domains meeting at an angle of ~120°, as defined
by the cylinder axes. The folding topology of each domain is identical to that previously
observed for single FnlIl domains from tenascin and fibronectin. The domains of
NgFn1,2 are related by an approximate two fold screw axis that is nearly parallel to the
longest dimension of the fragment. Assuming this relative orientation is a general property
of tandem FnlII repeats, the multiple tandem FnlIl domains in neuroglian and other
proteins are modeled as thin straight rods with two domain zig-zag repeats. When
combined with the dimensions of pairs of tandem immunoglobulin-like domains from CD4
and CD2, this model suggests that neuroglian is a long narrow molecule (20 - 30 A in

diameter) that extends up to 370A from the cell surface.

In photomicrographs, rotary shadowed Ng and NgFn1-5 appear to be highly flexible
rod-like molecules. NgFn1-5 is observed to bend in at least two positions and has a mean

total length consistent with models generated from the NgFn1,2 structure. Ng molecules
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have up to four bends and a mean total length of 392A, consistent with a head-to-tail

packing of neuroglian’s C2-type domains.
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Chapter 1

Introduction



The development of Metazoan organisms required the evolution of mechanisms for
specific cell adhesion. The formation and maintenance of tissues, cell motility,
proliferation and cellular differentiation all rely on the ability of cells to adhere to other cells
and the extracellular matrix. This adhesion is mediated by a diverse collection of proteins,
comprising homophilic and heterophilic adhesion molecules that are expressed in a
temporally and spatially regulated manner. The fundamental role played by cell adhesion in
tissue morphogenesis was first demonstrated with dissociated embryonic cells, which were
found to sort and re-aggregate to form tissue-like structures 13, This phenomenon is now
believed to be a general property of tissues from multicellular animals. These and more
recent studies have led to the classification of cell adhesion molecules (CAMSs) as

“morphoregulatory” proteins4.

Cellular adhesion is not a passive process simply mediated by an adhesion molecule’s
affinity for a receptor. Adhesion is an active process in which many CAMs are believed to
direct changes in the cytoskeleton, a cell’s force generating machinery, through their
cytoplasmic domains>®, This view is supported by experiments in which CAM
cytoplasmic domains have been deleted, resulting in the cell-surface expression of stable
molecules that can bind ligand but are unable to mediate cellular adhesion’” 'Y, Some
CAMs have also been demonstrated to interact with second messenger systems] L2 The
cytoplasmic domains of several adhesion molecules are alternatively spliced, resulting in
the production of proteins with identical extracellular regions but different patterns of

expression and presumably different functions®!1-13:14,

Sequence analysis has revealed that several vertebrate adhesion molecules have
Arthropod homologues, indicating that the progenitors of some adhesion molecule families

were present before the divergence of Chordates and Arthropods's. Most CAMs belong to
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one of four major families of adhesion molecules: the selectins, the cadherins, the integrins

or the immunoglobulin superfamily.
Selectins

Specific intercellular adhesion plays a vital role in the regulation of regional lymphocyte
traffic and the localization of white blood cells at sites of inflammation. The extravasation
of leukocytes into lymphatic and inflamed tissues is preceded by a multistep process in
which the leukocyte specifically adheres to the vascular endothelium!®. This adhesion
occurs under conditions of high shear and is characterized by an initial step in which the
leukocytes are observed to roll along the endothelium at a rate that is approximately 20 fold
slower than the blood flow'”"1%, Leukocyte rolling, which is mediated by the selectin
family of adhesion molecules, is necessary but not sufficient for the activation of integrins
on circulating leukocytes. 6,19~ Activated leukocyte integrins mediate a tighter adhesion
that leads to extravasation ®1%2°_ Abnormal selectin expression or function can lead a
variety of ailments, including recurrent bacterial infections or a number of inflammatory

disorders commonly associated with excessive leukocyte recruitment 19,

Selectins are glycoproteins that consist of an amino terminal carbohydrate recognition
domain (CRD), followed by an epidermal growth factor (EGF)-like motif, multiple tandem
repeats with sequence similarity to complement binding domains, a transmembrane domain
and a cytoplasmic tail?!. Tt appears as though the CRD and EGF-like domains are both
required for full adhesive function?’. The CRD, which is related to those found in C-type
(Ca2+* dependent) animal lectins>? , binds Ca2+ and directly mediates the recognition and
binding of specific carbohydrate ligandSZ?"25 . Crystallographic structure analyses of E-
selectin and a C-type lectin, mannose binding protein A, strongly suggest that a bound
Ca2* ion plays a direct role in selectin mediated carbohydrate recognition26'29. The role of

the EGF-like domain in ligand binding is still a matter of speculation.



NH,

CR NH,
CR v
a] @

CR CR

CR CR NH,

CR CR v
CIR CR @

CR CR CR

CR CR CR

0TI .
MHMNMW ik

T

COOH COOH COOH

P-Selectin E-Selectin L-Selectin
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There are currently three members of the selectin family!”: L-selectin3?! (gp9OMEL,
LAM-1, LECAM-1), E-selectin’? (ELAM-1), and P-selectin>> (GMP-140,PADGEM)
(Figure 1-1). L-selectin is constituatively expressed on the surface of neutrophils,
monocytes and subsets of lymphocytes. It has been shown to play a role in the regulation
of regional lymphocyte traffic as well as in the recruitment of leukocytes at inflamed
tissues. E-selectin is expressed by endothelial cells in response to a variety of
inflammatory stimuli. The protein reaches the cell surface within hours of induction and
binds neutrophils, monocytes, eosinophils and subsets of lymphocytes to the vascular
endothelium. This effectively results in a localization of leukocytes at the inflamed tissue.
P-selectin is constituatively expressed by megakaryocytes and endothelial cells, which store
the protein in platelet alpha granules and Weibel-Palade bodies, respectively. P-selectin
also plays a role in the localization of leukocytes at regions of inflammation. However, P-
selectin is present on the surface of platelets and endothelial cells within minutes of the

inducing stimulus.

E-, P-, and L-selectins have been determined to bind the sialylated, fucosylated
tetrasaccharide sialyl LewisX (Neu5Aco2-3GalfB1-4[Fuco1-3]GIcNAc-) in a specific and
Ca2* dependent manner, suggesting that all three selectins may have similar physiological
ligands25 3437 These studies have demonstrated that the proper sialic acid and fucose
linkages are both important for selectin binding. While the work with small synthetic
sugars has lead to a greater understanding of selectin function, there is evidence that the
physiological ligands may be significantly more complex. Purified P-selectin has a
markedly higher affinity for myeloid HL-60 cells than CHO (Chinese hamster ovary) cells
expressing sialyl Lewis* on their surface>8. This difference in affinities raises the
possibility that the high-affinity selectin ligands are not just glycans, but glycoproteins.
High affinity glycoprotein ligands for L-selectin, P-selectin and E-selectin were recently

isolated from lymphoid tissues, neutrophils and myeloid cells, respectivelylg. Both of the
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ligands for L-selectin contain O-linked oligosaccharides that are sulfated, sialylated, and
fucosylated. The ligands for all three selectins have several potential sites for O-linked
oligosaccharides and only a few sites for N-linked glycans. This suggests that O-linked
glycans may play an important role in selectin binding. Treating the ligands with sialidase
eliminates selectin binding, demonstrating that the selectins are specifically binding the

ligand oligosaccharides.
Cadherins

Cadherins are transmembrane glycoproteins of 120-140 kDa that mediate Ca2*
dependent homophilic adhesion 3 These receptors are specifically associated with

adherens junctions AR

and interact with the cytoskeleton through their cytoplasmic
domain. Cadherins are differentially expressed during embryonic development and have
been implicated in several morphogenic processes including selective segregation, cell
condensation, cell polarization and cell differentiation 46 Inhibition of cadherin function
results in a loss of epithelial shape and a stimulation of cell motility and invasiveness R,
traits commonly associated with malignant transformation. Several undifferentiated tumors

have also been found to have diminished cadherin function 2*2.

There are three major subclasses within the cadherin family: E-cadherin (epithelial
cadherin, also called uvomorulin), P-cadherin (placental cadherin), and N-cadherin (neural
cadherin). The expression of each protein has a unique, non-exclusive distribution. Some
tissues have been found to express multiple cadherin subclasses simultaneously, raising the
possibility that the subclasses can be used combinatorially to produce wide range of
specific adhesive interactions™>. Different subclasses of cadherin from the same species of
organism commonly share an overall sequence identity of approximately 50% , with the
amino and carboxy terminal domains being highly conserved™>3. Most of the cadherins

share a common domain organization>>*>>: three highly conserved amino-terminal
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domains of approximately 110 amino acids each (EC1-3, Ectodomains 1-3), followed by
one or two membrane proximal repeats (EC4 and 5), a transmembrane domain and a highly

conserved cytoplasmic tail (Figure 1-2).

EC1 EC2 EC3 EC4 EC5 ™ cr

Mean % identity 73.8 724 66.3 66.1 52.0 57.6 75.5

Figure 1-2 Average amino acid identity for domains from different
cadherins. The top portion of the figure is a schematic representation of the stereotypical
cadherin domain organization, with domains EC1-5 (EC1-5), a transmembrane domain
(TM) and a cytoplasmic tail (CT). The mean percent amino acid identity for each domain
was calculated for 16 different cadherins®. The following sequences were used in the
comparison: human56, bovine57, mousesg, Chickensg, Xenopus60, and zebrafish N-
cadherins’ ; chicken R-cadherinﬁl; humanéz, bovine’’ and mouse®’ P-cadherins; human64,
mouse®, and chicken® E-cadherins; Xenopus EP-cadherin®’; chicken B-cadherin®®; and
mouse M-cadherin®.

Cadherins are initially synthesized as precursor polypeptides that contain additional
amino-terminal sequences (129 amino acids in E-cadherin) not found in the mature
proteins. Experiments eliminating the endogenous ‘presequence’ cleavage site in E-
cadherin demonstrated that the precursor molecule was unable to mediate adhesion until the
presequence was proteolytically removed’”. These results suggest that the amino terminus
plays an important role in the adhesion process. This view is supported by studies
demonstrating that the binding specificity of chimeric cadherin molecules is determined by

54,71

the amino terminal domain . Further analysis has led to the identification of specific

sequence motifs within the EC1 domain that appear to play a role in homophilic adhesion.

One such motif is the tripeptide HAV (Histidine-Alanine-Valine), which is conserved in the
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EC1 domain of virtually all cadherins®. An HAV synthetic peptide has been shown to

72 and the amino acids immediately flanking the

block cadherin mediated morphogenesis
HAYV sequence have been shown to play an important role in the determination of cadherin
speciﬁcity54. Some ECI sequences, including the HAV-region, share significant
homology with sequences from the amino terminal domains of influenza strain A

hemagglutinins—’3 . It is not yet clear whether extracellular domains other than EC1 play a

role in cadherin mediated homophilic adhesion.

The cadherin cytoplasmic tail is essential for cadherin function 10 and is highly
conserved between cadherins as measured by sequence analysis 3 and immunological data
74 The cytoplasmic tail is known to contain at least two functionally distinct regions that
interact with cytoplasmic regulators of cellular adhesion, such as the catenins 13:36,

Catenins are known to mediate the interaction of cadherins with the actin filament network

76 and thus regulate the adhesive function of cadherins AT

Integrins

Integrins are transmembrane heterodimeric glycoproteins which mediate the adhesion of
cells to extracellular matrix (ECM) proteins, such as fibronectin, laminin, vitronectin and
c011agen6’78‘79. These interactions require the presence of divalent cations (usually Ca2* or
Mg2+) and appear to be the primary means by which cells adhere to the ECM®. More
recently, members of the integrin family were also discovered to mediate cation dependent
intercellular adhesion through the binding of Ig-like domains in cell surface members of the
immunoglobulin gene Superfamilygo'gz. The majority of integrins bind the adhesive
sequence Arg-Gly-Asp (RGD), which is recognized in the context of the presenting ligand.
However, several members of this family have been shown to recognize different adhesive
sequenccsf’. Integrin expression is developmentally regulated with most integrins being

expressed by multiple cell-types and most cells expressing multiple integrinsﬁ*78. Integrins
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were initially isolated from vertebrates but have also been found in Drosophila,
demonstrating that the integrin family is evolutionarily ancient and arose before the

divergence of protosomes and deuterosomes'?.

Integrin heterodimers are formed by the noncovalent association of two type 1
membrane proteins, oe and B (Figure 1-3). The proper association of o and  subunits is
required for cell surface expression and ligand binding83'85. At this time, 14 different ot
and eight different § subunits have been identified in vertebrates®. Chemical crosslinking
experiments and site directed mutagenesis have demonstrated that both subunits contribute

to ligand specificity and bindingG’]1

. This initially suggested that a few different oo and B
subunits could be combinatorially mixed to generate a large number of unique receptors.
However, since only 20 different heterodimers have actually been observed®, it now

appears as though the number of viable combinations is relatively limited.

At the primary structural level, an o-chain consists of a large extracellular domain, a
transmembrane domain and a short cytoplasmic tail. The extracellular domain contains
seven tandem homologous repeats of approximately 50 amino acids that begin near the
amino terminus of the protein6‘79. Three or four of these repeats, depending on the identity
of the at-chain, contain putative cation binding sites homologous to the EF hands observed
in other proteins that bind divalent cations®’?. Some o-chains contain approximately 200
amino acids of additional sequence inserted between the second and third homologous
repeats. This interactive or “I”” domain is similar to collagen binding domains from a
number of other proteins, raising the possibility that it plays a role in some integrin-

collagen interactions®7?:86

B-subunits have a large amino-terminal domain followed by four cysteine rich repeats

of approximately 40 amino acids, a transmembrane domain and a cytoplasmic tail®7?.

Overall, B-subunit cytoplasmic domains are larger than those of a-subunits but are still
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relatively short (<50 amino acids). One notable exception is the cytoplasmic tail of 34,
which contains over 1000 residues®’. A variety of experimental techniques, including
chemical cross-linking and B-chain mutagenesis, have provided solid evidence that the
amino terminal domain is involved in heterodimer formation and ligand binding6’88. The
role played by the cysteine rich repeats is still unclear. Truncation experiments have
recently demonstrated that these repeats are not necessary for the assembly, stability or

functional activity of the oyrp-B3 integrinss.

Unfortunately, the three-dimensional atomic structures of the integrin subunits and the
nature of the dimer interface are still unknown. Some insight has been provided by
electron micrographs of rotary shadowed heterodimers®®?°. Each subunit is observed to
form a long stalk that extends 12-15 nm from the plasma membrane before it terminates in a

large globular head region formed by the association of the subunits (Figure 1-3).

Although integrin cytoplasmic domains are usually quite short, they are known to
mediate integrin-cytoskeletal interactions and may be involved in the initiation of a variety
of other intracellular processes. The colocalization of integrins and cytoskeletal structures
is well documented and there is some biochemical evidence of direct interaction between
integrin cytoplasmic domains and the cytoskeletal proteins talin and a-actinin®.
Mutagenesis of integrin cytoplasmic domains has produced B-subunit mutants that fail to
localize at focal contacts and o-subunit mutants that are constituatively active!!. These and

other mutagenesis results suggest that integrin-cytoskeletal interactions are largely mediated

by the B-subunit with the o-subunit playing a regulatory role!!,
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Figure 1-3 Structural features of integrin receptors. (A) shows the overall
shape, as deduced from electron microscopy, as well as the putative locations of the
cystine-rich repeats of the [ subunit (crosshatched) and metal binding sites in the ¢ subunit
(M++). The shaded area represents the ligand-binding region that is known to be made up
from both subunits based on cross-linking and binding data. (B) schematizes the
arrangement of the polypeptide chains with the cystine-rich repeats internally folded and the
head region of the é)subunit containing internal disulfide loops, some but not all of which
are shown. A disulfide bond grom the middle of the B subunit to a point close to the
membrane has been proposed but is omitted here for clarity. X’s indicate positions of
mutations (of human 2 or 33 subunits) known to affect ligand binding or o3
dimerization. The positions of alternatively spliced segments in Drosophila subunits are
shaded. (Modified from Hynes RO. Integrins: versatility, modulation, and signaling in
cell adhesion. Cell 1992;69:11-25).
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Integrins are capable of initiating several intracellular signaling events, including
cytoplasmic alkalinization, tyrosine phosphorylation and the elevation of cytoplasmic levels
of Ca2+®11  The molecular link between ligand binding and the generation of these
signals is currently unclear, but there is little doubt that the integrins are involved.
Cytoplasmic alkalinization in fibroblasts, endothelial cells and lymphocytes is triggered by
cellular adhesion to fibronectin or immobilized anti-integrin antibodies”?. This change in
pH is generated by activating the sodium/hydrogen ion antiporter%. A similar cytoplasmic
alkalinization can be triggered by phorbol ester activation of protein kinase C, suggesting
that integrin initiated alkalinization might involve the activation of protein kinase il
There is also evidence that integrins can trigger tyrosine phosphorylation. Cellular
adhesion to immobilized plasma fibronectin or anti-integrin antibodies results in the
tyrosine phosphorylation of focal adhesion kinase (pp120, pp125FAK, FAK), a protein
tyrosine kinase localized in focal contacts*®. The kinase activity of FAK is upregulated
by phosphorylation, suggesting that integrin mediated adhesion initiates a tyrosine
phosphorylation cascade”. Integrin function may also be coupled to the inositol
triphosphate signaling pathway. Antibody mediated aggregation of the integrin LFA-1 has
been demonstrated to induce phosphoinositide hydrolysis and a transient increase in

intracellular levels of Ca2+?7.

Integrins, like other CAMs, are regulated at the level of protein expression. However,
it is increasingly evident that integrin mediated adhesion is also controlled by modulating
the activity and specificity of existing integrin molecules. This regulation of receptor
function has been observed for the B, integrins on leukocytes and the opB3 integrin on
platelets. The B, integrins mediate several transient binding events that require the
activation and deactivation of cellular adhesiveness. For example, 3; integrins play an
important role in the localization of white blood cells at sites of inflammation. These

integrins are present on the surface of circulating leukocytes but are unable to bind their
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ligands without the help of selectins, which mediate the initial intercellular adhesion events
required for integrin activation®. Once activated, B3, integrins provide the additional
adhesion required for extravasation. A more specific example is provided by LFA-1

(01 B2), which plays an important role in the adhesion of T lymphocytes to target cells and
antigen presenting cells?®. In this case, crosslinking T lymphocyte antigen receptors with
anti-CD3 antibodies produces a temporary increase in the affinity of LFA-1 for its ligand
ICAM-1°%1%_ A modulation of ligand affinity has also been observed for an integrin that
mediates platelet aggregation, oqpB3 . This integrin is present on the surface of circulating
platelets, but is only capable of interacting with immobilized ﬁbrinogenm'. Platelet
activation by thrombin, collagen, or ADP activates oyypf83, enabling it function as a receptor
for soluble fibrinogen, von Willebrand factor, fibronectin, vitronectin and

6,101 There is evidence that the different observed functional states of

thrombospondin
oqrpB3 correspond to different protein conformational states. This correlation has been

demonstrated immunochemically and biophysically6.

The modulation of function observed with oqpB3 and the B, integrins strongly suggests
that integrin activity can be controlled by intracellular signals. Thus, integrin mediated
adhesion can be considered a bidirectional process in which ligand binding affects and is
affected by intracellular events. Several second messenger pathways appear to be involved
in the modulation of integrin function. Studies using permeabilized platelets have
suggested that G proteins, inositol lipids, tyrosine kinases, protein kinase C, and Na*/H*
antiporters all play some role in activation, although the relative importance of these roles is
yet to be determined!!. It is likely that some of these signaling pathways regulate the
phosphorylation of integrin cytoplasmic tails, which contain serine and tyrosine
phosphorylation sites 102, Phosphorylation could affect integrin function by regulating

integrin-cytoskeletal interactions.
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Integrin activity and specificity can also be modulated by extracellular factors such as

the identity of the divalent cations bound by the integrinlO3'IO6

and the integrin ligands
themselves. Ligand-mediated activation has been observed with 0&11b33'07. As described
above, the binding of soluble fibrinogen by oyrpB3 requires agonist activation of the
circulating platelet. However, this “inactive” integrin can bind RGD adhesive sequences
when presented as short synthetic peptides'og‘mg. The binding of RGD peptides or
ligand-mimetic peptides involves the same ligand pocket as fibrinogen binding and
produces a conformational change resulting in the activation of the integrinlm. This new
conformation is immunochemically distinct from that observed after agonist activation and
may represent a “high affinity” state!?”. This suggests that there are at least three integrin
conformational states with distinct ligand binding activity: an inactive conformation in
which the ligand binding pocket for the adhesive sequence is relatively inaccessible, an
agonist activated state with an exposed ligand binding pocket, and a high affinity state
triggered by the binding of the adhesive sequencelO7. The agonist activated state may just

recognize the adhesive sequence while the high affinity state would be expected to

recognize additional ligand structural elements.

110

)

Integrins can display distinct binding specificities when expressed by different cells
indicating that the regulation of integrin function is significantly more complex than a
simple on-off switch. Some of this variability in function could be produced by alternative
splicing. Several integrin subunits have alternatively spliced cytoplasmic tails and in some
cases splicing leads to an exact cassette-type exchange of cytoplasmic domains®!'!. There
are significantly fewer instances of alternative splicing in the putative ligand binding
domains, with the only known examples being the Drosophila subunits PS2 (o) and PS3
(8)°. Additional factors, which are known to regulate integrin function and could do so in
a cell specific manner, include the phospholipid composition of the surrounding plasma

membrane' ! and the glycosylation state of the integrin] i
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Integrins were initially divided into subfamilies by the identity of the heterodimer’s -
subunit. This division was based on the premise that each B-subunit could interact with
several different a-subunits, while o-subunits were limited to interaction with a single B.
Several o-subunits are now known to form heterodimers with multiple B-subunits®, but
this fact has not yet led to a change in the classification system. There are three major
integrin subclasses: B1, B2 and B3"%113. The nine members of the B| subfamily are
expressed by a wide variety of cell types and generally mediate cell-ECM interactions,
although at least one member is also involved in intercellular adhesion. These integrins are
commonly referred to as VLA (very late activation) integrins, a moniker derived from the
late appearance of o181 (VLA1) and aioby (VLA2) on T lymphocytes after in vitro
activation. The B; integrins are called the leukocyte integrins or leukocyte adhesion
molecules. The expression of B integrins appears to be limited to leukocytes and
haemopoietic precursors. The B2 integrins, however, are not the only integrins expressed
by leukocytes. The three members of this subfamily are still commonly referred to by their
old names: LFA-1 (0 B2), MAC-1 (oimB2), and p150,95(0exB2). LFA-1 is expressed on
almost all leukocytes and binds the cell surface proteins ICAM-1, ICAM-2 and ICAM-
3114 MAC-1 and p150,95 are expressed by a large subset of leukocytes and function as
receptors for inactive complement component C3zb and fibrinogen. MAC-1 also appears to
bind coagulation factor X and ICAM-1. The B3 subfamily contains two members: oqp83
and ayB3. As described above, ayppB33 is present on the surface of platelets and mediates
platelet aggregation. owyB3 has a much wider tissue distribution and acts as a receptor for a
number of adhesive ligands, including fibronectin, vitronectin, fibrinogen and von

Willebrand factor.
Immunoglobulin Gene Superfamily

The immunoglobulin gene superfamily (IgSF) contains a wide variety of proteins

involved in cellular recognition and adhesion. All members of this superfamily contain at
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least one and usually multiple domains with an immunoglobulin-like (Ig-like) fold.
Sequence analysis has revealed that many immunological molecules involved in adhesion
and antigen recognition contain Ig-like domains, including T-cell receptors, class I and
class II major histocompatibility molecules, CD4, CD8, LFA3, ICAM-1 and Thy-1 115,116
Several neuronal proteins have also been determined to be IgSF members based on their
deduced amino acid sequences. These proteins are thought to play a role in the
development and maintenance of vertebrate and insect nervous systems. N-CAM, MAG,
L1, F11, fasciclin IT and neuroglian are a few of the IgSF proteins selectively expressed in
the nervous system] 17 Some IgSF members, including Thy-1, CD4 and MRC OX-2, are
expressed in the immune and nervous systemsl 16,117 1t is not yet known whether these

proteins perform similar functions in both tissue systems.

The immune and nervous systems are complex entities. In each case, the development,
maintenance and operation of the system requires the formation highly specific interactions
between a large number of phenotypically distinct cells. In both instances, many of these
interactions are mediated by members of the immunoglobulin gene superfamily, suggesting
that both systems evolved from a common evolutionary ancestor. The progenitor I[gSF
molecule may have been very similar to the Pp myelin protein, a homophilic neural

adhesion molecule with a single V-type (see below) extracellular domain' 3.

The immunoglobulin fold, as the name implies, was first structurally characterized in
immunoglobulins, which are composed of four polypeptide chains: two identical light
chains and two identical heavy chains. Disulfide bonds stabilize the light chain-heavy chain

heterodimers and the heavy chain homodimer (Figure 1-4).
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Figure 1-4 Schematic representation of a typical immunoglobulin structure.
The figure shows the L (light) and H (heavy) polypeptide chains as solid lines, with the
intramolecular disulfides linking cysteine residues, about 60 residues apart in the primary
structure, that are characteristic of each immunoglobulin domain. The site of cleavage by
papain is shown by the dashed line; this cleavage yields two Fab fragments and one Fc.
The antigen-binding sites are at the tips of the Fab arms. (From Creighton TE. Proteins:

structures and molecular properties. (2nd ed.) New York: W. H. Freeman and Company,
1993)
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Crystallographic analysis of light chain homodimers (Bence-Jones proteins) and
immunoglobulin G Fab (Fragment, antigen binding) fragments defined two structurally
related immunoglobulin folds: constant (C-type) domains and variable (V-type)
domains! %119, Immunoglobulin domains generally consist of 70-110 amino acids that
form an antiparallel 8-barrel with Greek key topology 15,116,120 The two B-sheets that
form the barrel are covalently joined by a highly conserved disulfide bond. The C-type
domain contains seven antiparallel B-strands that form opposing sheets of three and four
strands (Figure 1-5). The four strand face is involved in the formation of C-type domain
dimers. V-type domains are generally larger than C-type, with several of the “extra”
residues participating in the formation of two additional antiparallel B-strands. These
additional strands convert the C-type three B-strand sheet into a five strand sheet involved
in the formation of V-type domain dimers (Figure 1-5). The loop connecting the additional
strands forms complementarity determining region 2 (CDR2), which plays a direct role in

antigen binding.

Immunoglobulin-like domains are identified at the primary structural level using several
criteria: sequence similarity, secondary structure predictions, and the presence of

“invariant” cysteine and tryptophane residues' 612!

. Sequence comparisons have also led
to the identification of a third type of Ig-like domain, which was named C2-type because it
appeared to lack the extra B-strands characteristic of V-domains' 16121, V-type and C2-
type domains appear to be widely distributed in proteins of the immune and nervous

systems, while C-type (now Cl-type) domains have only been identified in the immune

system'!”. The three Ig-like folds have overlapping but distinct sequence motifs, with the
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Figure 1-5 Schematic representation of the folding topologies of FnIII (A),
and C2-type (B) and V-type (C) immunoglobulin domains. Each domain is
composed of two B-sheets. B-strands are shown as arrows, with the direction of the arrow
indicating the amino to carboxy orientation of the polypeptide chain. Turns and loops are
represented as lines. For each domain, the relative orientation of the two sheets in three
dimensions can be obtained by closing the topology diagram as if the sheets were pages in
an open book (lying face-up).
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C2-type motif being a hybrid of those originally found in C1-type and V-type domains. It
has been hypothesized that this “new” Ig-like domain is actually the most evolutionarily
ancient''®. The sequences of different Ig-like folds are generally distinguished using a
combination of several criteria, including the size of the domain, its predicted secondary
structure, the number of residues between conserved cysteines, and the domain’s sequence

similarity to known Ig-like domains.

Several members of the IgSF have been found to play important roles in the
development of the nervous system. These proteins are expressed in a spatially and
temporally regulated manner and are known to be involved in a variety of processes,
including the adhesion of neural cells, neurite fasciculation and elongation, and axonal
guidance1 17 An examination of the extracellular domains of nervous system IgSF
molecules suggests that these proteins can be roughly divided into three categories: only
Ig-like extracellular domains (amalgam, MAG, P and Thy 1), C2-type and fibronectin type
[T (FnllI) extracellular domains (N-CAM, L1, axonin-1, F11, fasciclin II and neuroglian),

and C2-type domains plus domains other than Fnlll repeats (neurocan, trk) %117,

Fnlll domains were initially identified as repeats of approximately 90 amino acids in the
extracellular matrix (ECM) protein fibronectin b They are characterized by a conserved
pattern of hydrophobic residues and have been identified in a wide range of proteins,
including several ECM proteins, neural adhesion molecules, cytokine receptors,
cytoplasmic muscle proteins, receptor protein kinases, receptor protein phosphatases and
bacterial enzymes that cleave carbohydrate'23. When present, Fnlll domains are
commonly found as multiple tandem repeats. Fibronectin itself contains 15-17 tandem
FnIll domains, with variation arising through alternative splicing124. The amino acid
sequence Arg-Gly-Asp (RGD) in the tenth fibronectin FnllI repeat (FnFn10) functions as a

ligand for several integrins(’"”. Although the RGD tripeptide alone can support integrin
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mediated adhesion, full adhesive function appears to require the presence of Fnlll domains
8-10, suggesting that the integrin binding site may actually span multiple domains ',
RGD tripeptides have also been found in the FnlIl domains from other proteins, such as
the ECM protein tenascin'27 and the neural adhesion molecules TAG-1'%8, Ng-CAM129
and neurofascin'3". It is not yet clear, however, that these sequences play a role in
adhesion. In most cases, FNIII repeats do not contain a known “adhesive sequence” and
the function of these domains is still unknown. It is possible that some FnllI repeats
function merely as spacers involved in the optimal placement of “active” protein domains or

the linking together of different functional domains in complex proteins such as fibronectin.

However, it is still too premature to assign these domains such a passive role.

The three-dimensional structures of the third tenascin Fnlll repeat (TnFn3) and the
tenth fibronectin FnllI repeat (FnFn10) have been determined by x-ray crystallography and
NMR 31134 These structures revealed that FnIll domains are B-barrels composed of two
antiparallel B-sheets: a three strand sheet and a four strand sheet. The FnlIl domain
topology is that of a C1-type domain with strand C’ having switched sheets, becoming a
member of the CFG B-sheet rather than the ABE sheet as found in C1-type domains
(Figure 1-5). TnFn3 and FnFn10 both contain RGD sequences in their F-G loops that can
mediate integrin binding. It is likely that the structural similarities shared by FnllI and Ig-
like domains are the product of convergent evolution. This view is supported by the fact
that the two domains have different patterns of conserved hydrophobic residues which

contribute to the formation of distinctively packed hydrophobic cores!3!,

Neural IgSF members with extracellular regions composed of Fnlll and C2-type
domains can be loosely categorized by structural homology to one of three neural
glycoproteins: N-CAM, F11, or L1. These proteins contain 7-11 extracellular domains
with the Fnlll and C2-type domains segregated into distinct clusters of tandem repeats

(Figure 1-6). Although the large number of tandem domains in these proteins may serve
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Figure 1-6 A schematic view of L1, F11 and N-CAM. Each of these proteins is
representative of a subgroup of neural IgSF members containing Fnlll and C2-type
domains. The domain organization of each protein was determined from primary structural
information. C2-type domains are labeled C2, Fnlll repeats are labeled III, transmembrane
domains are labeled T, cytoplasmic tails are labeled CT, and GPI
(glycosylphosphatidylinositol) linkages are labeled GPI. N-CAM also exists in an
alternatively spliced form (not shown) in which the transmembrane and cytoplasmic
domains are absent and the protein is anchored to the lipid bilayer by
glycosylphosphatidylinositol.
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only to place an amino-terminal binding site far into extracellular space, an equally likely,
non-exclusive alternative is that they represent multiple distinct sites for intermolecular

interactions.

N-CAM was the first neural member of the IgSF to be identified and is perhaps the best
characterized'3>. N-CAM mRNA is subject to alternative splicing which is
developmentally regulated and may produce up to 192 different isoforms of N-CAM, all of
which have an extracellular region consisting of five C2-type domains followed by two
Fnlll repeatsl%. N-CAM is expressed by a wide variety of tissues during development,
including the nervous system, fetal kidney and muscle*. N-CAM’s extracellular C2-type
domains mediate Ca2+-independent homophilic adhesion and bind to the ECM component
heparin]37. Homophilic adhesion may be regulated, at least in part, by the quantity of
sialic acid attached to the protein and appears to be highly cooperative, with higher N-CAM
surface density leading to a nonlinear increase in the rate of liposome aggregation. 38109
There is also evidence that N-CAM interacts with cytoskeletal elements! 40141 and
secondary messenger pathwaysmz, Although no specific ligands for the two FnlllI repeats
have been identified, these domains have been found to promote some functions
characteristic of intact N-CAM, including the spreading of neuronal cell bodies'*®. An
insect structural homologue of N-CAM, Fasciclin II, was initially identified in
grasshopper144 and later in DrosophilaMS . Fasciclin IT and N-CAM share a common
extracellular domain organization and 25-30% sequence identity'#. Although Fasciclin 1T
and N-CAM are structurally homologous and almost certainly shared a common ancestor,

their different patterns of expression suggest that they are not functionally homologous.

Members of the F11 subgroup are GPI (glycosylphosphatidylinositol) linked proteins
with extracellular regions consisting of six C2-type domains followed by four Fnlll

repeats. This subgroup includes F11 146 4nd axonin-1'47 from chick as well as their
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species homologues F3 (mouse)l48 and TAGI (rat)lzsrespectively. These proteins are
expressed in lipid-linked and soluble forms. F11 is most commonly expressed as a
membrane bound protein and axonin-1 is usually soluble!?. It is not yet clear why these
proteins are expressed in soluble and membrane bound forms. Members of this subgroup
are expressed on the surface of axons and appear to mediate axonal growth and
fasciculation through heterophilic bindinglz. F11 and axonin-1 have been shown to
interact with the neural adhesion protein Ng-CAMMg’lSO. F11 has also been determined to

bind the ECM proteins restrictin and tenascin 49151

. Although the proteins of this
subgroup lack any direct mechanism of transducing signals across the plasma membrane,
they could potentially mediate cis-heterophilic interactions (interactions with other

molecules within the same membrane) with a coreceptor capable of transducing signals.

The vertebrate L1 subgroup of neural IgSF molecules includes murine L1 152 rat
NILE!?3, chick Ng—CAMlzg, chick Nr-CAM>* and chick neurofascin'". L1 and NILE
are probably the same protein from different species. L1 and Ng-CAM were initially
classified as species homologues but this view has recently been challenged15 3156 The
members of the L1 subgroup have an extracellular region composed of six C2-type
domains followed by five FnllI repeats, a transmembrane domain and a cytoplasmic tail of
approximately 110 amino acids. The cytoplasmic tail is the most highly conserved domain
shared by L1, Ng-CAM, Nr-CAM and neurofascin, suggesting that this region is important
for function'?. The cytoplasmic tail might mediate interactions with cytoskeletal elements.
This view is supported by the observed colocalization of Ng-CAM and actin in the
filopodia of extending growth cones'*Y. There is also experimental support for L1

mediated signal transduction that may involve G-proteins'57’158.

L1 expression is developmentally regulated and is largely restricted to the surface of
axons where it is thought to play a role in neurite extension and the formation of axonal

fascicles!!”. L1, Ng-CAM and Nr-CAM appear to mediate Ca2+ independent homophilic



25

adhesion and heterophilic adhesion events!3%136:159:160 "1 1 interacts with axonin-1 and
Ng-CAM has been demonstrated to interact with axonin-1 and F11. There is also evidence
that L1 is involved in cis-heterotypic interactions with N-CAM 01162 The heterotypic
ligand for Nr-CAM is still uncharacterized. The third FnllI repeats of Ng-CAM and
neurofascin contain an RGD tripeptide predicted to be in approximately the same location as
that found in FnFn10 and TnFn3'2. Thus, these proteins may also interact with RGD

binding integrins.

A homologue of L1 has also been identified in Drosophila and grasshopper Ehchad:

Drosophila neuroglian consists of six C2-type domains followed by five type 11l
fibronectin repeats, a transmembrane domain and an alternatively spliced cytoplasmic
tail'»163 The neuroglian protein sequence is highly homologous to those of chick Ng-
CAM, chick F11 and mouse L1, with neuroglian and L1 sharing greater than 28%
sequence identity over the entire protein 163 This suggests that these vertebrate and insect
proteins shared a common evolutionary ancestor. Tissue specific and developmentally
regulated alternative splicing of neuroglian mRNA produces at least two isoforms of the
protein that differ only in the size and composition of the cytoplasmic tail'*. The short
form of neuroglian has an 85 amino acid cytoplasmic tail and is widely expressed by
neuronal and non-neuronal tissues in the developing embryo. This isoform may function
as a more general adhesion molecule. The long form of neuroglian has a 148 amino acid
cytoplasmic domain and a more restricted pattern of expression, appearing only on neurons
of the central nervous system and a few neurons and support cells of the peripheral nervous
system. The restricted expression pattern of the neuroglian long form more closely
resembles the expression pattern of L1 in mice!?. Neuroglian mediates Ca2+-independent
homophilic adhesion with neuroglian expressing cells sorting away from cells expressing
other Drosophila adhesion molecules, including fasciclin I and fasciclin II (A. Bieber et al.,

unpublished results). The similarities in primary structure and expression patterns shared
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by neuroglian and L1, combined with neuroglian’s ability to mediate homophilic adhesion,

strongly suggest that neuroglian plays a role in neural adhesion and axon fasciculation.

Biochemical and Structural Characterization of Drosophila

Neuroglian

Although biochemical characterization and mutagenesis studies have provided a wealth
of information concerning the structure and function of many cellular adhesion molecules,
it is often difficult to interpret these data without a three-dimensional atomic structure. At
this point in time, there appears to be a remarkable shortage of known adhesion molecule
structures given the large number of characterized adhesion proteins. This dearth of tertiary

structural information is undoubtedly the result of several factors.

Many of the proteins discussed in the previous sections were discovered and cloned
only recently. Thus, they have simply not been available for structure determinations.
Now that the genes are available, however, it should be possible to produce sufficient

quantities of pure protein for crystallographic or NMR structure determinations.

An incomplete characterization of molecular function is almost certainly another limiting
factor. The biological role played by most adhesion molecules is still only partially
understood and in many cases the protein domains responsible for the observed interactions
have not yet been identified. Thus, for many adhesion proteins, there may not be enough
biochemical data to entice crystallographers and NMR spectroscopists into carrying out a
structure determination. Results from biochemical and mutagenesis experiments are rapidly
improving this situation and have led to the identification of extracellular and intracellular

ligands as well as ligand binding sites.

The shear size and probable tertiary structure of many adhesion proteins also make

them unlikely candidates for a structure determination. The extracellular portion of the
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selectins, cadherins and most of the Ig-superfamily members contain multiple copies of a
few domain motifs. These domains are thought to form linear arrays in the folded proteins,
resulting in long and possibly highly flexible structures. Most of these adhesion molecules
are too large to have their structures determined by NMR. While their size does not
preclude a crystallographic structure determination, a high degree of flexibility might.
Flexible proteins frequently produce poorly diffracting crystals, if they crystallize at all,
because immobilization of the protein in a ordered crystalline lattice is a highly unfavorable
process. Thus, in many cases, crystallographers and NMR spectroscopists have to resort
to a “divide and conquer” approach, in which a model of the entire protein is pieced

together from the structures of stable protein fragments.

Here I report a biochemical and crystallographic characterization of the Drosophila
neural cell adhesion molecule neuroglian. As described earlier, neuroglian has an
extracellular region consisting of six C2-type domains followed by five FnlIlIl repeats. The
whole extracellular portion of neuroglian and a fragment containing the five FnlII repeats
were successfully crystallized, but failed to diffract to high enough resolution for a
structure determination. Since these proteins were expected to be long, flexible molecules,
the poor quality of the diffraction was not surprising and the divide and conquer approach
was adopted. Proteolysis of the five Fnlll repeat protein was found to produce a stable
fragment containing the first two FnllIl repeats (NgFn1,2). The functional role played by
any of the neuroglian FnllI repeats is still unknown, although the first two FnlIIl domains

from the related protein L1 have been shown to promote neurite outgrowth.

While the structures of single FnllI repeats from ECM proteins have been reported
previously (see TnFn3 and FnFn10 above), these domains do not share any statistically
significant sequence identity with the FnllII repeats in neural adhesion molecules. The
neural domains were identified as Fnlll repeats by the presence of a characteristic pattern of

conserved hydrophobic residues. These neural repeats were predicted to share the same
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folding topology as the ECM domains, but this had not been confirmed experimentally.
When Fnlll repeats are present in a protein, they are usually found in groups of multiple
tandem repeats. Since the previous structure solutions were of single Fnlll domains, they
provided very limited insight into the packing of tandem repeats. Thus, the NgFnl,2
structure was pursued, despite the lack of any definite function, because it was felt that it
would answer general structural questions concerning the topology of neural Fnlll repeats
and the packing of tandem FnIII domains. Chapter 2 describes the generation, purification,
crystallization and structure of NgFn1,2. Chapter 3 is a detailed description of the

NgFn1,2 structure refinement and the quality of the final model.

One unexpected feature of the NgFn 1,2 structure was the presence of a bound metal ion
at the interdomain interface. Similar metal binding sites could be present in other FnlII
interdomain interfaces. These sites would presumably stabilize the relative orientations of
domains involved in receptor-ligand interactions and could play a role in the formation of
long rigid filaments of Fnlll domains. In order to better characterize the observed metal
binding site, the identity of the metal ion was determined by soaking NgFn1,2 crystals in
solutions containing selected metal cations. Chapter 4 describes the results of these

soaking experiments.

Assuming that the relative orientation of the domains in the NgFn1,2 structure is a
general feature of tandem FnlIl domains, a protein composed of several Fnlll repeats is
predicted to form a linear rod with a two domain zig-zag repeat. This prediction and the
presence of a metal binding site at the NgFn 1,2 interdomain interface raised the possibility
that the five neuroglian FnlIl domains (NgFn) form a long, relatively stiff, straight rod. It
was not possible to test this hypothesis crystallographically because good quality crystals
of NgFn or the whole extracellular portion of neuroglian (Ng) could not be obtained. It

was possible, however, to better characterize the structure of NgFn and Ng by examining
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electron micrographs of rotary shadowed molecules. The results of these studies are

described in Chapter 5.

Appendices A and B describe work I carried out prior to initiating the neuroglian
project. These experiments involved the crystallization and biochemical characterization of
the neonatal rat intestinal Fc receptor (FcRn) complexed with its ligand IgG or Fc. FcRn is
a noncovalent heterodimer composed of a heavy chain and a B2-microglobulin light
chain'®. The FcRn heavy chain shares significant sequence identity with the heavy chains
of class I MHC (major histocompatibility complex) molecules'® | which also form
noncovalent heterodimers with [3o-microglobulin. This primary structural homology
strongly suggests that FcRn and class I MHC molecules have similar three-dimensional
structures despite the fact that they bind very different biological ligands. Class I MHC
molecules bind peptides of approximately nine amino acids (~ 1 kDa) while FcRn binds
whole IgG molecules (~ 160 kDa). The structural mechanism by which these related
proteins bind such different ligands is of general interest to those studying protein-protein

recognition and binding.
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Chapter 2

Crystal Structure of Tandem Type III
Fibronectin Domains from Drosophila
Neuroglian at 2. 0A

Figure 2-0 (following page) Neuron cover. A proteolytic fragment containing
the first two fibronectin type III repeats from Drosophila neuroglian as it is arranged in the
crystals (space group F432, a = b = ¢ = 241.8A) used to solve its structure.
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Summary

We report the crystal structure of two adjacent fibronec-
tin type Il repeats from the Drosophila neural cell adhe-
sion molecule neuroglian. Each domain consists of two
antiparallel p sheets and is folded topologically identi-
cally to single fibronectin type 11l domains from the ex-
tracellular matrix proteins tenascin and fibronectin. p
bulges and left-handed polyproline Il helices disrupt the
regular p sheet structure of both neuroglian domains.
The hydrophobic interdomain interface includes a metal-
binding site, presumably involved in stabilizing the rela-
tive orientation between domains and predicted by
sequence comparision to be present in the vertebrate
homolog molecule L1. The neuroglian domains are re-
lated by a near perfect 2-fold screw axis along the longest
molecular dimension. Using this relationship, a model
for arrays of tandem fibronectin type Il repeats in neuro-
glian and other molecules is proposed.

Introduction

Many cell-cell interactions in the nervous system are
mediated by immunoglobulin gene superfamily
members (Yoshihara et al., 1991). In neural cell adhe-
sion molecules such as L1, TAG-1, contactin, fasciclin
Il, and neuroglian, tandem immunoglobulin-like do-
mains are connected in series with two or more fibro-
nectin type Il (Fn-l11) repeats. A number of such mole-
cules have been identified in both vertebrates and
invertebrates (Grenningloh et al., 1990). For example,
the extracellular portion of neuroglian, a Drosophila
neural recognition molecule, consists of six immuno-
globulin repeats of the C2 type (Williams and Barclay,
1988) followed by five Fn-11i repeats, a domain organi-
zation shared by the mammalian neural adhesion mol-
ecule L1 (Bieber et al., 1989). Neuroglian and L1 are
28% identical at the amino acid level and are sug-
gested to share a common evolutionary ancestor
(Bieber et al., 1989). Neuroglian is believed to function
similarly to L1, which has been implicated in neural
adhesion, neurite outgrowth, and axonal fascicula-
tion (Hortsch and Goodman, 1991). Neuroglian acts
as a homophilic adhesion molecule in vitro, and cells
expressing the protein sort away from cell clusters
expressing other Drosophila cell adhesion molecules

(A. Bieber et al., unpublished data). Mutant Drosoph-
ilaembryos completely lacking neuroglian expression
show relatively normal development of the central
and peripheral nervous systems. However, this muta-
tion is lethal, and the orientation and extent of contact
among sensory neurons normally expressing the pro-
tein are abnormal, consistent with the proposed role
of neuroglian in cell adhesion events (Grenningloh
et al., 1990).

Although commonly present in neural adhesion
molecules such as neuroglian, Fn-lll domains were
originally identified as a repeating motif of ~90amino
acids in the extracellular matrix (ECM) protein fibro-
nectin. Some Fn-lll domains in ECM proteins interact
with integrins via an Arg-Gly-Asp (RGD) sequence
motif (Hynes, 1990). An example of an interaction of
Fn-11l domains with a member of the immunoglobulin
superfamily is provided by the observation that some
of the Fn-l1l motifs of the ECM protein tenascin bind to
contactin (Zisch et al., 1992). The interactions between
the Fn-11l domains of neural adhesion molecules and
their ligands are less well characterized. However, the
two Fn-lll domains of the neural adhesion molecule
N-CAM, whose extracellular region consists of five
tandem immunoglobulin C2 repeats followed by two
Fn-11l domains, have been found to be sufficient for
some of the functions of N-CAM, including spreading
of neuronal cell bodies (Frei et al., 1992). Other studies
mapping the functions of L1 to specific domains show
that the first two Fn-lll repeats of the molecule, in
isolation, are capable of promoting neurite out-
growth, whereas the final three Fn-lll repeats cause
adherence of small cerebellar neurons (Appel et al.,
1993). In addition to comprising parts of adhesion mol-
ecules and proteins of the ECM, Fn-Ill modules have
been found in cytoplasmic muscle proteins, the extra-
cellular regions of receptor protein kinases, receptor
protein phosphatases, cytokine receptors, and pro-
karyotic enzymes that cleave carbohydrates (Bork and
Doolittle, 1992). After a systematic screen of the pro-
tein sequence data base, it was estimated that the
Fn-111 motif occurs in about 2% of all animal proteins
(Bork and Doolittle, 1992), indicating that it is a com-
mon structural motif.

The structures of single Fn-lll domains from the
ECM proteins tenascin (third Fn-lll domain of tenascin
[TnFn3)) and fibronectin (tenth Fn-i1l domain of fibro-
nectin [FnFn10]) are known from X-ray crystallo-
graphic and nuclear magnetic resonance studies
(Leahy et al., 1992; Baron et al., 1992; Main et al., 1992).
These domains are related by statistically significant
sequence identity and share a common fold, con-
sisting of seven B strands forming two antiparallel B
sheets, with conserved hydrophobic residues pack-
ing in their central cores. The topology is similar to
that of an immunoglobulin constant region, except
for the “sheet switching” of one B strand (Leahy et al.,
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1992). A structural similarity between cytokine recep-
tor domains and the Fn-lll module was predicted by
analysis of patterns of hydrophobic and hydrophilic
residues (Bazan, 1990; Patthy, 1990), and the predic-
tion was verified by the structure of the two extracellu-
lar domains of the human growth hormone receptor
(De Vos et al., 1992). The Fn-lll fold is also identical to
the topology of B strands in the bacterial chaperonin
PapD (Holmgren and Branden, 1989) and the second
domain of CD4 (Ryu et al., 1990; Wang et al., 1990).
In these cases, however, the topological similarity to
Fn-1ll modulesisthought to have arisen by convergent
evolution (Main et al., 1992).

We report here the 2.0 A crystal structure of two
tandem Fn-lll domains from the Drosophila cell adhe-
sion molecule neuroglian. Although identifiable as a
repeat ~90-100 residues in length containing a con-
served pattern of hydrophobic residues, the Fn-lil
modules of the neural adhesion proteins do not show
statistically significant sequence similarity (defined as
>15% or preferably >25% sequence identity between
pairs of potentially related sequences; Doolittle, 1987)
to ECM proteins. Nevertheless, the folding topology
of each neuroglian domain is identical to that shared
by the Fn-lll domains of tenascin and fibronectin
(Leahy et al., 1992; Baron et al., 1992; Main et al., 1992).
The relative orientation of Fn-11l domains in series, as
occurs in the neural adhesion molecules and ECM
proteins, was previously unknown. In the ECM pro-
tein fibronectin, Fn-1ll modules N-terminal to the
RGD-containing Fn-lll domain are required for maxi-
mal adhesive function (Aota et al., 1991; Nagai et al.,
1991); thus, the interaction of Fn-l1l repeats in series is
of considerable interest. We find that the neuroglian
domains are related by a near dyad axis of symmetry
with a translation along the pseudosymmetry axis. A
sodium ion with approximate square pyramidal coor-
dination is found at the interface between the two
neuroglian domains, presumably stabilizing their rel-
ative orientation. An analysis of the arrangement of
the two tandem neuroglian Fn-1ll modules allows a
general model to be proposed for the arrangement
of multiple Fn-lIl repeats in adhesion molecules, re-
ceptors, and ECM proteins. Together with structural
information concerning immunoglobulin-like domains
from the crystal structures of CD4 (Ryu et al., 1990;
Wang et al., 1990; Brady et al., 1993) and CD2 (Jones
et al., 1992), the model can be used to estimate the
overall dimensions of cell adhesion molecules, which
are predicted to be narrow (20-30 A) molecules that
can extend up to 370 A from the cell.

Results

Expression of Neuroglian Fragments and Proteolysis
of the Fn-1ll Repeats

Plasmids for the expression of soluble fragments of
neuroglian were prepared as described in the Experi-
mental Procedures. These secretion vectors were
transfected into Drosophila S2 ceils. Clonal cell lines
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Figure 1. SDS-Polyacrylamide Gel Electrophoresis (15%) of Gly-
cosylated and Deglycosylated Forms of the Chymotryptic Frag-
ment of the Five Fn-lll Repeat Protein

Lane 1, Purified five Fn-lll repeat protein prior to proteolysis;
lane 2, purified chymotrypsin NgFn1,2 fragment; lane 3, NgFn1,2
protein derived from washed crystals; lane 4, NgFn1,2 protein
treated with TEMS; lane 5, NgFn1,2 protein treated with PNGase
F; lane 6, crystallized NgFn1,2 protein treated with PNGase F.
The slight difference in position of the protein species in lanes
5and 6 may be due to residual amounts of harvest buffer in the
washed crystal sample altering its gel mobility, or the possibility
that the protein which crystallized represents a minor popula-
tion of protein that is slightly smaller in mass than the majority
of the starting protein. Arrows, molecular weight in kilodaltons.

secreting high levels of the fragments were identified
and used to produce large quantities of the proteins
for structural analyses.

Conditions were found that yielded crystals of the
entire 160 kd extracellular portion of neuroglian, but
these crystals did not diffract to sufficient resolution
to allow a structure determination. Proteins com-
posed of multiple repeats arranged in series often do
not form well-ordered crystals because of the flexibil-
ity between domains (Kwong et al., 1990). Therefore,
a systematic approach was used to find a portion of
neuroglian that could form crystals capable of high
resolution diffraction. A segment consisting of the five
Fn-11l repeats was next crystallized, but again, these
crystals did not diffract to atomic resolution. Because
a stable proteolytic fragment of fibronectin consisting
of three Fn-1ll modules had been reported (Nagai et
al., 1991), we next surveyed several proteases to iden-
tify one that could cleave the five Fn-Ill repeat mole-
cule. Proteolytic cleavage with trypsin, chymotrypsin,
orelastaseyielded a fragmentwith an apparent molec-
ular mass of 37.5 kd on SDS-polyacrylamide gel (Fig-
ure 1). Sequence analysis showed that the chymotryp-
tic fragment started at residue 610, and the tryptic
fragment started at 607, near the predicted beginning
of the first Fn-lll repeat (Bieber et al., 1989). Upon
treatment under denaturing conditions with peptide
N-glycosidase F (PNGase F), which cleaves N-glycosi-
dic linkages, the apparent molecular mass on an SDS-
polyacrylamide gel was reduced to 31.5 kd (Figure 1).
To rule out the possibility that some of the mass of
the enzymatically deglycosylated fragment was due
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Table 1. Data Collection Statistics

Ethylmercuric

Data Native Phosphate
Number of Crystals 1 1

Resolution (A) 1.8 24

Number of measurements 355,936 80,531

Unique reflections 45,766 19,507

% Complete (resolution A) 99 (2.0) 86 (2.6)

Remerge 0.050 0.079

Rmege = £ (|l = <I>DIE <I>), in which | is the intensity of a

reflection, and <I> is the mean intensity for the reflection.

to the presence of O-linked sugars, the fragment was
deglycosylated with trifluoromethanesulfonic acid
(TFMS), which removes all but the O-glycosidically
linked galactosamine and N-glycosidically linked glu-
cosamine of a complex carbohydrate moiety. The
TFMS treatment did not reduce the apparent molecu-
lar mass beyond the mass reduction achieved by enzy-
matic deglycosylation, suggesting that the fragment
contained only N-linked carbohydrates.

Crystallization and Structure Determination

Single well-ordered crystals of the chymotryptic frag-
ment were grown and characterized as space group
F432 (a = b = ¢ = 241.79 A) with one molecule per
asymmetric unit. Surprisingly, SDS-polyacrylamide
gel electrophoresis of the protein from washed crys-
tals revealed an apparent molecular mass of 34 kd,
which was smaller than the mass of the protein used
in the crystallization (Figure 1). PNGase F treatment
of protein from washed crystals reduced the apparent
molecular mass to ~31 kd, similar to the deglycosy-
lated mass of the protein used in the crystallizations,
suggesting that a less heavily glycosylated subset of
the protein had crystallized out of a mixture of hetero-
geneously glycosylated species.

Protein from washed crystals was analyzed by ma-
trix-assisted laser desorption mass spectroscopy. The
mass of the protein species that crystallized was deter-
mined to be 26,102 daltons (+ 65 daltons), 8 kd lower
than the apparent molecular mass determined by
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SDS-polyacrylamide gel electrophoresis. These re-
sults are consistent with the crystallization of a proteo-
lytic fragment consisting of the first two Fn-l1l repeats
and ~ 3,000 daltons of carbohydrate, compatible with
utilization of two of the three potential sites of N-linked
glycosylation within these domains (Bieber et al., 1989).
Native and derivative data sets were collected at the
Cornell High Energy Synchrotron Source (CHESS; Ta-
ble 1) from cryopreserved crystals (Hope, 1990). A 2.6
A solvent-flattened (Wang, 1985) electron density map
calculated using phases derived from a single isomor-
phous derivative (Table 2) was of high quality (Figure
2A), allowing the complete tracing of 205 residues of
the polypeptide chain. The model has now been re-
fined to an R value of 20.2% for data between 5 and
2.0 A, with good geometry (Table 3).

The Neuroglian Fn-111 Motifs Have Similar Structures
The structure of the proteolytic fragment of the neuro-
glian Fn-l11 repeats (hereafter referred to as NgFn1,2)
consists of two Fn-lll structural motifs arranged in
series at an obtuse angle with respect to each other
(Figure 3A). The overall fold of each Fn-lll domain is
identical to that reported for the structures of single
Fn-11l domains from human tenascin and fibronectin
(Baron et al., 1992; Leahy et al., 1992; Main et al., 1992).
This fold is composed of seven B strands arranged in
two antiparallel B sheets of four and three B strands.
The seven strands are labeled A, B, C, C', E, F, and G,
and the two sheets are composed of strands A-B-E
and C'-C-F-G (Figures 3B and 3C). The Fn-lll fold is
similar to the fold of an immunoglobulin constant
domain, except for the sheet switching of strand C,
which hydrogen bonds with strand C in the type Il
domain rather than with strand E as observed in the
immunoglobulin domain (Leahy et al., 1992; Main et
al., 1992).

In the first neuroglian Fn-lll domain (NgFn1), adisul-
fide bond joins residue 625 of strand A to residue 706
of strand G. Although the disulfide bond connects
the two B sheets of the Fn-11l domain, it bears no other
relationship to the type of disulfide bond connecting
B sheets in immunoglobulin variable and constant do-
mains and in domains of members of the immuno-

Table 2. Phasing Statistics

Resolution (A)

25.0-2.60 1190 7.87 588 4.70 3.91 3.35 2.93 2,60

Mean figure of merit

Acentric 031 052 059 056 0.49 0.39 0.32 0.25 0.18

Reflections (No.) 14,340 93 348 735 1,276 1,948 2,682 3,386 3,872

Centric 0.45 040 056 062 0.54 0.45 0.4 0.38 0.29

Reflections (No.) 2,304 73 169 246 314 363 398 381 360
Phasing power (acentric) 13 13 19 21 1.8 1.3 1.2 1.1 1.0
Reuis (acentric) 075 0.7 0.63 054 0.67 0.80 0.79 0.82 0.88

Phasing power = <F,>/E.,, the rms heavy atom structure factor amplitude divided by the residual isomorphous lack of closure error;
Rems = L|Fu(obs) — Fu(calo)|/Z Fu(obs), in which F(obs) is the observed heavy atom structure factor amplitude for a reflection and

Fulcalo) is the calculated amplitude.
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Figure 2. Initial and Refined Electron Density Maps

(A) Part of the 2.6 A initial electron density map obtained by
SIRAS and solvent flattening used to trace the polypeptide chain
(see Experimental Procedures). The region shown is in the vicin-

globulin superfamily, which connects strands B and
F. The second Fn-lll repeat in neuroglian (NgFn2) does
not contain a similar disulfide bond, and cysteine resi-
dues are not found in the comparable positions in
sequences of the other neuroglian Fn-lll domains
(Bieber et al., 1989) or the Fn-lll domains in tenascin
(Leahy et al., 1992), fibronectin (Main et al., 1992), or
human growth hormone receptor (De Vos et al., 1992).

Two potential N-linked glycosylation sites (Figure
3C) in NgFn1 are utilized. Clear density is seen for
two N-acetylglucosamine residues attached to Asn-
652 and a single N-acetylglucosamine attached to Asn-
683. The two glycosylation sites are located on the
adjacent B strands C and F of the four-stranded face
of NgFn1 (Figure 3B).

Each of the neuroglian Fn-lll domainsis ~ 100 amino
acids long, as compared with 91 residues in the TnFn3
and FnFn10 structures (Leahy et al., 1992; Main et al.,
1992). The additional neuroglian residues are located
at the C-terminus of each domain and in the loops
connecting strands B and C. Although some individ-
ual B strands have different conformations in the neu-
roglian and tenascin Fn-l1l modules, the hydrophobic
residues conserved in most Fn-lll domains occupy
analogous positions in the TnFn3and NgFn1,2domain
interiors. NgFn1 and NgFn2 are superimposed upon
each other and upon the TnFn3 structure in Figures
4A-4C. Overall, 61 carbon-a atoms of NgFn1 superim-
pose within 2.5 A of their counterparts in TnFn3 with
a root-mean-square (rms) error of 1.3 A, with the com-
parable numbers being 67 carbon-a atoms and an rms
error of 1.2 A for the superposition of NgFn2 and

ity of three residues from strand E of NgFn2 (lle-775, Val-776,
1le-777; top to bottom), contoured at the 1.0c level. Carbonyl
oxygens and some water molecules (marked with a red cross)
were identifiable in this initial map. The model shown is that
obtained after the final refinement cycle.

(B) Corresponding section of a 2.1 A electron density (2Fges =
Feaie, ®caic) map contoured at the 1.0c level.

Table 3. Refinement Statistics

Rerar

Ricee

Resolution (A) Fraction Complete

Fo > 0*o;

Fo > 3*c; Fo > 0*o¢

10.0-5.00
5.00-3.62

0.99
1.0
1.0
1.0
1.0
1.0
0.99
0.99
0.99
0.99

0.343
0.187
0.189
0.205
0.276
0.217
0.208
0.209
0.222
0.237
0.202
0.232

[}
ool Nc
SN ou

NN

|
N
[~
]

5.00-2.00
10.0-2.00

0.343
0.186
0.187
0.200
0.209
0.206
0.199
0.196
0.205
0.202
0.195
0.227

0.336
0.221
0.220
0.232
0.253
0.237
0.242
0.255
0.265
0.275
0.235
0.257

Renys
Rifee

o

Z.(|Fo —Fc|)/(Z,Fo), in which Fo and Fcare observed and calculated structure factor amplitudes and a & (refinement-set reflections);
I, (IFo = Fc)/(E,Fo), in which t & (free-set reflections); o is the estimated SD for each structure factor amplitude.
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Figure 3. The Structure of NgFn1,2 and Sequence Alignment with TnFn3

(A) Ribbon diagram of the two Fn-lll domains of neuroglian, showing P strands as magenta arrows, polyproline helical segments in
dark blue, a disulfide bond in yellow, and the metal ion at the domain interface as a red sphere. The F to G loops of each domain
(location of the RGD sequence in ECM proteins) are highlighted in green. All other loops are light blue. This diagram was generated
using the program SETOR (Evans, 1993)

(B) Schematic diagram of the folding topology of the NgFn1,2 fragment. Within a single Fn-1ll domain, strands A, B, and E form one
B sheet, whereas strands C', C, F, and G form the other. Approximate positions of B bulge elements are indicated by a break in the
strand arrow, utilized N-linked glycosylation moieties by the letter C, and positions of left-handed polyproline Il helix are indicated
by cylinders with each helical turn denoted by the letter P. A single turn of 3y helix is denoted by a cylinder marked 3-10.

(C) Sequence alignments of NgFn1, NgFn2, and TnFn3. These domains were aEigned after superposition of their structures as described
in the legend to Figure 4. The structural cores of residues whose carbon-a atoms are less than 2.5 A away from corresponding residues
in the other domains are marked by vertical lines. Residues commonly conserved in Fn-lll domains are underlined and shown in
bold, residues involved in B bulges are shown as superscripts, and N-linked glycosylation sites are in italics. Positions of the B strands
in each domain are shown below its sequence, with the strand positions for TnFn3 taken from Leahy et al. (1992). Residues involved
in interdomain contacts in the NgFn1,2 structure are marked with an asterisk (defined as a residue with any atom within 4 A of an
atom from a residue within the partner domain).
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TnFn3. Each of the neuroglian domains is structurally
more similar to TnFn3 than to its partner domain, as
evidenced by the overall rms deviation of 1.6 A for
the superposition of 50 carbon-a pairs from the two
neuroglian domains. The domains superimpose sur-
prisingly well, considering the lack of significant se-
quence identity between the two neuroglian domains
themselves and between either neuroglian domain
and TnFn3(16.5% identity between NgFn1and NgFn2;
13% identity between TnFn3 and NgFn1; 9% identity
between TnFn3 and NgFn2; see Figure 3C).

A comparison of the carbon-a atoms used in the
alignment of the NgFn1, NgFn2, and TnFn3 domains
yields a structural core of 42 residues that contains
carbon-a atoms found to be within 2.5 A of each other
in all three domains (marked with vertical lines in Fig-
ure 3C). Most of these residues are contributed by
strands B, E, C, and F, the four strands that interact
to form the hydrophobic core of each domain and that
contain most of the highly conserved hydrophobic
residues commonly found in Fn-lll domains. A por-
tion of the residues in the F to G loop is also part of the
structural core relating the two neuroglian domains to
TnFn3. This loop is the location of the RGD adhesive
sequence in TnFn3 and FnFn10 (Leahy et al., 1992;
Main et al., 1992). The overall rms deviation between
these core residues is 1.4 A for the superposition of
NgFn1 and NgFn2, 1.2 A for NgFn1 and TnFn3, and
1.0 A for NgFn2 and TnFn3.

Non-p Sheet Secondary Structure
The residues from strands A, C’, and G were difficult
toalign in the NgFn1,2 and TnFn3 structures primarily

56

Figure 4. Superposition of NgFn1, NgFn2,
and TnFn3

The carbon-a backbone of each domain
following superposition is shown in stereo.
Side chains of residues that are commonly
conserved in Fn-1ll domains (Figure 3C,
underlined and bold) are also shown. The
domains were originally aligned manually
using interactive graphics. Carbon-a atoms
that superimposed well were used in a least
squares alignment, and those that superim-
posed within 2.5 A were used in a subse-
quent calculation to generate the alignments
shown. N- and C-termini are indicated for
the neuroglian domains in each stereoplot.
These stereoplots were generated using In-
sight 1l from Biosym Technologies of San
Diego.

(A) NgFn1 (solid) superimposed upon
NgFn2 (dashed).

(B) NgFn1 (solid) superimposed upon
TnFn3 (dashed).
(C) NgFn2 (solid)
TnFn3 (dashed).

superimposed upon

because of the interruption of regular p strand geome-
try by the insertion of other elements of secondary
structure, such as B bulges (Richardson et al., 1978)
and polyproline Il helices (Adzhubei and Sternberg,
1993). Strand C’ of NgFn1 contains adjacent B bulges,
a classic bulge followed by a wide bulge, as defined
by Richardson et al. (1978) (Figures 3B and 3C). The
bulges make it difficult to superimpose NgFn1 strand
C’ on the C' strand of NgFn2 or TnFn3, which lacks
similar bulges. However, the positions of two other
B bulges are loosely conserved between the three do-
mains even though the type of bulge is not (Figures
3B and 3C). B bulges are often found at active sites
of proteins to orient side chains in needed directions
and also serve as a mechanism for accommodating
insertional mutations without completely disrupting
B sheets (Richardson et al., 1978). A high number of
B bulge secondary structural elements in the Fn-lll
modules of other proteins may contribute to their lack
of statistical primary sequence similarity.

The NgFn1,2 structure also contains several exam-
ples of polyproline Il helix, a structural motif in globu-
lar proteins that is characterized as a left-handed helix
with a three residue repeat (Adzhubei and Sternberg,
1993). The main chain dihedral angles of polyproline
Il helices cluster in ®,y space around —75°, 145°, and
these helices are found in polymers of proline, as part
of a triple helix in the fibrous protein collagen and
as short stretches of single helix in other proteins that
usually, but not always, include the residue proline.
This motif generally occurs on the protein surface and
tends to be among the more mobile parts of the pro-
tein, because it has few main chain hydrogen bonds
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with the rest of the protein (Adzhubei and Sternberg,
1993). Most of what was previously identified as strand
G inTnFn3 (Figure 3C; Leahy et al., 1992) is three turns
of polyproline Il helix in NgFn1. This helix comprises
at least nine amino acids (Ser-697-Ser-705), thus repre-
senting one of the longest single polyproline Il helices
yet found (Adzhubei and Sternberg, 1993). The poly-
proline Il helix contains three serines which are evenly
spaced (n, n + 3, and n + 6), such that the nitrogen
and side chain hydroxyl of each serine hydrogen bond
with the main chain of strand F. Each of the serine
side chain hydroxyls also hydrogen bonds with poly-
proline Il helix main chain carbonyl oxygens (n + 1,
n + 4, and n + 7). The helix terminates and regular
strand hydrogen bonding resumes at Cys-706, which
forms a disulfide bond with Cys-625. Examination of
the @,y angles of the comparable strands of NgFn2
and TnFn3 shows they are also interrupted by polypro-
line Il structure shortly after the B hairpin turn con-
necting strands F and G.

The first serine in the NgFn1 polyproline Il helix is
conserved in NgFn2 and TnFn3 and is the first residue
in the non-P strand structure after the F to G loop.
In TnFn3, residues Ser-882-Pro-884 form a single non-
ideal turn of polyproline Il helix in which Ser-882
forms main chain-main chain and side chain-main
chain hydrogen bonds analogous to those formed by
Ser-697 in NgFn1. In NgFn2, non-B strand structure
extends from Ser-799 to Glu-804, with residues Val-801
to Glu-804 forming one turn of polyproline Il helix.

The F to G Loop

The adhesive properties of the ECM proteins that con-
tain Fn-lll modules are in part conferred by a portion
of the module containing an RGD sequence (Piersch-
bacher and Ruoslahti, 1984). The RGD sequences of
TnFn3 and FnFn10 are located in a B hairpin loop be-
tween strands F and G (Leahy et al., 1992; Main et al.,
1992). The TnFn3 RGD loop is shorter by four amino
acids than the FnFn10 loop and does not mediate in-
teractions with the vitronectin receptor unless the
TnFn3 domain is isolated from the rest of tenascin
(Leahy et al., 1992). The function, if any, of the compa-
rable loop in the Fn-lll modules of neural adhesion
molecules is unknown. None of the Fn-1ll modules
in neuroglian or most other cell adhesion molecules
(Bieber et al., 1989; Bork and Doolittle, 1992; P. Bork,

bif

ASN 743

Figure 5. Environment around the Sodium
lon-Binding Site

The five oxygen ligands of the metal ion
(M) are shown as solid spheres, and other
atoms of the ligand residues are shown as
open spheres. The residue number and
identity of each ligand are indicated. SOL
refers to the oxygen atom of an ordered
water molecule. Dashed lines represent
the intervening polypeptide chain be-
tween lle-740 and Asn-743. This stereoplot
was generated using Insight 1l from Biosym

ILE 740 Technologies of San Diego.

personal communication) contain RGD sequences. In
all five Fn-I11 repeats in neuroglian, the strand F to G
loop is shorter than the “active” loop of FnFn10, which
mediates adhesive interactions in the whole fibronec-
tin protein (Hynes, 1990). In fact, the F to G loop of
each neuroglian Fn-11l domain is a B hairpin turn and
is the same size as the RGD loop in TnFn3 (Figure 3C).
The F to G loop is the only loop that is spatially and
structurally similar in the two domains of the NgFn1,2
structure. Although the B hairpin turn between
strands F and G of NgFn2 is near the interdomain
interface, it is still solvent accessible because NgFn1
is tilted away from this portion of the second domain.
The F to G loop was reported to be mobile in the
nuclear magnetic resonance structure of FnFn10
(Mainetal., 1992); however, a crystallographic temper-
ature factor analysis (data not shown) shows that these
loops are well defined in both neuroglian domains.

Metal-Binding Site and Interdomain Contacts
Contacts between the two Fn-lll modules in the
NgFn1,2 structure are confined to the loops connect-
ing P strands at the bottom of NgFn1 and the top of
NgFn2. The E to F loop of the first domain and the B
to C loop from the second domain form the majority
of the interface, including a metal-binding site. The
metal cation has approximate square pyramidal coor-
dination geometry with a water molecule, side chain
oxygens from Ser-679 (E to F loop, NgFn1) and Asn-743
(B to C loop, NgFn2), and carbonyl oxygens from lle-
740 (B to C loop, NgFn2) and Pro-680 (E to F loop,
NgFn1) as ligands (Figure 5). There is no electron den-
sity corresponding to a sixth ligand in the position
expected for a site with octahedral coordination ge-
ometry. The average ligand to metal distance after
refinement is 2.23 A, significantly smaller than the 2.7-
2.8 A distance published for potassium, but between
the expected ligand to metal distances for magnesium
(2.1 A) and sodium or calcium (2.4 A) (Yamashita et
al., 1990; Glusker, 1991). Refinement of the cation oc-
cupancy and examination of difference Fourier maps
calculated after soaking crystals in solutions of EDTA,
calcium, or sodium (described in the Experimental
Procedures) suggest that the metal is a sodium ion
rather than a magnesium or calcium ion.

The remainder of the domain interface is predomi-
nantly hydrophobic and includes contributions from
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the C to C loop of NgFn1. Contact residues are
marked with an asterisk in Figure 3C. Most of the
contact residuesin NgFn2 are in the B to C loop, which
contains approximately five more residues than the
analogous loops in the FnFn10 (Main et al., 1992) and
TnFn3 domains (Figure 3C). This loop has a different
stucture in the two neuroglian domains, forming a
turn of 340 helix in NgFn2.

The interface between domains is stabilized by
some 830 Az of total buried surface area, calculated
by comparing the solvent-accessible surface area of
NgFn1,2 with that of the separated domains. Similar
calculations have been done for other structures con-
sisting of tandem domains arranged in series: 620~
880 A? are buried in the association of the first two
domains of CD4 (Ryu et al., 1990; Jones et al., 1992),
950 A? are buried between the third and fourth CD4
domains (Brady et al., 1993), and 400 A? are buried
between the two extracellular domains of CD2 (Jones
et al., 1992).

Arrangement of the Two Fn-11l Modules in the
Neuroglian Fragment

The relative orientation of the two Fn-lll domains in
the crystal structure of NgFn1,2 is likely to be the same
as what would be observed in solution for the follow-
ing reasons. The resistance of NgFn1,2 to further pro-
teolysis by three different proteases suggests that the
fragment is a compact, stable structure without exces-
sive flexibility between the domains. The observed
domain interface is largely hydrophobic, implying

Figure 6. Location of the Pseudosymmetry
Axis Relating NgFn1 and NgFn2

The carbon-a backbone of NgFn12 is
shown in stereo with solid circles marking
every tenth residue. The line indicates the
position of the approximate 2-fold screw
axis relating the two domains. The relation-
ship between domains was calculated by
superimposing NgFn1 upon NgFn2 as de-
scribed in the legend to Figure 4 and is a
175° rotation followed by a 37.7 A transla-
tion along the rotation axis. This stereoplot
was generated using Insight |l from Biosym
Technologies of San Diego.

that it would be buried in the protein in solution.
The surface area buried between adjacent domains
is similar to that seen for other proteins with domains
arranged in tandem. Finally, the presence of a metal-
binding site at the domain interface strongly suggests
that the orientation of the two domains is not merely
a result of crystalline lattice contacts.

Each Fn-1ll domain in the neuroglian fragment can
be roughly described as a cylinder of radius = 10 A
and length = 40 A. The two domains meet at at angle
of ~120°, as defined by the orientation of the two
axes that would describe each cylinder. Because the
two domains are tilted relative to each other, the
length of the two domain fragment is ~70 A, as op-
posed to ~80 A, the pr