consistent with studies demonstrating Id
expression in dividing neuroblasts (15, 37),
presumptive interneurons, and motor neu-
rons in the developing spinal cord (/5). In
Drosophila melanogaster, the Id homolog
extramacrochaete regulates sensory organ
patterning in the adult fly epidermis by
negatively regulating the bHLH proteins
achaete and scute (32, 33) in a dose-depen-
dent manner (33, 34). In vertebrates, our
results demonstrate that 1d2 plays stage-
dependent roles in ectodermal develop-
ment, likely depending on the presence of
other interacting bHLH molecules. Thus,
1d2 heterodimers may maintain the balance
between differentiation and proliferation in
neural crest and ectodermal precursors.
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Crystal Structure of Hemolin:
A Horseshoe Shape with
Implications for Homophilic
Adhesion

Xiao-Dong Su,* Louis N. Gastinel,T Daniel E. Vaughn,
Ingrid Faye, Pak Poon, Pamela ). Bjorkman§

Hemolin, an insect immunoglobulin superfamily member, is a lipopolysaccha-
ride-binding immune protein induced during bacterial infection. The 3.1 ang-
strom crystal structure reveals a bound phosphate and patches of positive
charge, which may represent the lipopolysaccharide binding site, and a new and
unexpected arrangement of four immunoglobulin-like domains forming a
horseshoe. Sequence analysis and analytical ultracentrifugation suggest that
the domain arrangement is a feature of the L1 family of neural cell adhesion
molecules related to hemolin. These results are relevant to interpretation of
human L1 mutations in neurological diseases and suggest a domain swapping
model for how L1 family proteins mediate homophilic adhesion.

Insects have developed highly efficient innate
forms of immunity against invading microor-
ganisms such as bacteria and fungi (7). In the
giant silkmoth Hyalophora cecropia and the
tobacco hormworm Manduca sexta, many
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proteins are up-regulated in larvae or pupae
upon bacterial infection. Hemolin is present in
low amounts in the hemolymph of naive in-
sects, but is highly induced upon bacterial in-
fection, and is assumed to be an integral com-
ponent of the insect immune response (2).
Hemolin is a member of the immunoglob-
ulin superfamily (IgSF), containing four Ig-like
domains (3). It shares significant sequence sim-
ilarity with the first four domains of the IgSF
portion of transmembrane cell adhesion mol-
ecules (CAMs) of the L1 family, whose
extracellular regions consist of six IgSF
domains followed by five fibronectin III
repeats (4) [~38% amino acid sequence
identity between hemolin and the four
NH,-terminal IgSF domains of neuroglian
(3), the insect ortholog of mammalian L1].
L1 family members mediate homophilic
and heterophilic adhesion events that facil-
itate neurite outgrowth and fasciculation.
Mutations in the human L1 gene are found
in a variety of neurological disorders (4, 5).
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Protein phylogenetic analyses suggest
that hemolin evolved from an LI1-like an-
cestor, developing an immune system func-
tion independently of vertebrate members
of the IgSF (6). Although its exact function
in insect immunity remains elusive, it
shares homophilic adhesion properties with
related neural CAMs; for example, hemolin
is found in a membrane form on hemocytes
and can mediate homophilic adhesion (7).
Secreted hemolin binds to hemocytes, in-
hibiting their aggregation (3, &), perhaps by
preventing homophilic interactions of the
membrane form (7). Hemolin also binds to
bacteria (3, 9) and to lipopolysaccharide
(LPS) (10), a component of bacterial outer
membranes.

We determined the 3.1 A crystal structure
of H. cecropia hemolin (Table 1) (11, 12).
Hemolin is composed entirely of B-structure,
consisting of four Ig-like domains (D1, D2,
D3, and D4) that adopt the I-set folding to-
pology (Fig. 1A) (/3). The D2-D3 interface
of hemolin includes a bound phosphate ion
near two positively charged residues (D2
Arg'>? and D3 Arg?®®) (Fig. 1B) and is pri-
marily associated with a loop between D3
strands D and E that contains residues typi-
cally found in phosphate-binding sites (Fig.
2A legend) (/4). The two arginines and the
sequence of the D-to-E loop are conserved in
hemolin sequences, but not in the related L1
family members (Fig. 2A). Phosphate bind-
ing may be a feature related to hemolin’s
interactions with negatively charged LPS
(10), such that this site, which is in a partic-
ularly basic portion of the protein (Fig. 1B),
could represent the binding site for phosphate
groups of LPS.

Although the individual hemolin domains
resemble IgSF domains in other proteins, they
are arranged into an unusual globular shape
resembling a horseshoe. A sharp bend at the
D2-D3 domain interface is responsible for the
horseshoe shape, such that the almost linearly
arranged D3-D4 segment folds back upon the
D1-D2 segment, which is also almost linearly
arranged. Hemolin’s shape resembles the four
domain structures of T cell receptors or the F,
portions of antibodies rather than the “beads on
a string” arrangement of domains in CD4, the
only other single-chain four-domain IgSF pro-
tein of known structure (/5). Unlike T cell
receptors and F_,’s, however, the interacting
segments of hemolin are antiparallel to each
other (Fig. 1A).

The angle relating the D2 and D3 do-
mains of hemolin is the most acute inter-
domain angle in the available structures of
IgSF or IgSF-related proteins. Specifically,
hemolin D2 and D3 are related by an angle
of 25°, whereas other bent IgSF structures
show interdomain angles of 65° or more
(Fig. 1A). As a result of the sharp bend
between D2 and D3, the hemolin domains
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interact strongly in pairwise combinations:
D1 with D4 and D2 with D3. A total of
1217 and 1382 A2 of surface area is buried
(12) at the D1-D4 and D2-D3 interfaces,
respectively; this is slightly more than is
buried at the killer inhibitory receptor
(KIR) D1-D2 interface (1076 A?) (15), but
less than is buried at the interfaces inanF
[the V-V, interface buries 1634 A2 and
the Cy1-C, interface buries 2051 A? in the
F,, (15) shown in Fig. 1A]. Both the D1-D4
interface of hemolin and the KIR interdo-
main interface are formed largely by con-
tacts between the p-sheets containing
strands G, F, and C (GFC sheets), whereas
the ABED sheets of hemolin mediate the
D2-D3 contact (Fig. 1A). The use of oppo-
site faces to mediate the two lateral inter-
domain contacts is reminiscent of the orga-
nization of an F_,. By contrast to the ex-
tensive interactions between the paired
hemolin domains, the adjacent hemolin in-
terdomain interfaces (D1-D2 and D3-D4)
bury little surface area: 576 and 280 A2,
respectively, similar to surface areas buried
between adjacent domains in elongated
rod-like multidomain IgSF structures such
as CD4, CD2, and VCAM-1 (~400 to 950
A?) (15). Thus in isolation, the D1-D2 and
D3-D4 segments of hemolin resemble more
elongated IgSF molecules such as CD4.
Hemolin’s unusual shape is therefore a di-

Hemolin

hGHR

Fig. 1. (A) Structure of hemolin compared with
other IgSF or IgSF-related structures (75) (ABE
sheets are green; GFC sheets are purple). Bend
angles (indicated with blue arrows between
domains related by the angle) were calculated
by determining the angle between the long
axes of adjacent domains, approximated by
ellipsoids calculated from the coordinates us-
ing the program Dom_angle (23). Arrows be-
side domain names indicate the NH,- to
COOH-terminal directions. KIR and human

rect result of the sharp D2-D3 bend and
pairwise interactions between the D2-D3
and D1-D4 domains.

The significant sequence identity be-
tween hemolin and the first four domains of
neuroglian ensures that the hemolin-related
domains of L1 family members fold into
tertiary structures resembling their counter-
part hemolin domains (/6). To determine if
the four hemolin-related domains of LI
proteins share a common interdomain qua-
ternary arrangement with hemolin (that is,
an antiparallel interaction of D1 with D4
and D2 with D3), we compared residues at
the hemolin D1-D4 and D2-D3 interfaces
with their L1 and neuroglian counterparts.
Many are identical or chemically similar
in hemolin, neuroglian, and human L1 (Fig.
2, A and B). Sequence conservation is no-
table in the strand F and G regions of DI
and D4, the strand D to E region of D2, and
the strand B to C region of D3, which are
main areas of interdomain contacts. The
length (but not the sequence) of the D2-D3
linking region is conserved between hemo-
lin and the L1 family, allowing the third
and fourth domains of L1 proteins to fold
back and make antiparallel interactions
with the first two domains. The conserva-
tion of critical residues at the hemolin and
L1 interdomain interfaces justifies use of
the hemolin structure as a model for the

CD4

growth hormone receptor (hGHR) were oriented based upon the superposition of their D1 domains
upon the hemolin D2 domain. (B) Bound phosphate ion is shown on the molecular surface of
hemolin (left) [colors highlight the electrostatic potential calculated by GRASP (72); negative
potential is in red and positive potential is in blue] and on a 3.1-A 2F_,_ — F_ annealed omit electron

density map (72) (right; contoured at 0.9¢).
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organization of the first four domains of L1
family proteins.

By using velocity sedimentation analyti-
cal ultracentrifugation to compare the shapes
of hemolin and a soluble version of the relat-
ed portion of Drosophila melanogaster neu-
roglian (Nrg-4D) (/!), we also obtained ex-
perimental evidence that domains 1 through 4
of an L1 family member are arranged simi-
larly to hemolin. Sedimentation coefficients
for each protein were determined and used to
calculate frictional coefficients (/7). The re-
sulting comparison of hemolin and Nrg-4D
with elongated and globular proteins of sim-
ilar molecular masses (/7) supports the con-
clusion derived from the sequence data, cor-
roborating that the solution structures of both
hemolin and Nrg-4D are the horseshoe shape
observed in the hemolin crystal structure. In
addition, recent studies of homophilic adhe-
sion mediated by Drosophila neuroglian are
consistent with the hypothesis that the hemo-
lin-related domains of neuroglian are folded
into a shape requiring all four domains for
structural stability and function. In these
studies, the first four neuroglian domains
were both necessary and sufficient to mediate
homophilic adhesion when expressed at the
surface of S2 cells, whereas single domains
alone or molecules in which any single do-
main was deleted did not mediate significant
adhesion (/8). The final confirmation of the
postulated structure of Nrg-4D awaits a crys-
tallographic analysis, because the limited res-
olution of electron microscopic studies pre-
cludes detailed structural interpretations of
interdomain arrangements (/9).

Having obtained sequence-based and exper-
imental evidence that hemolin and the related
domains of L1 proteins are structurally similar,
we can use the hemolin structure as a first-order
model to predict the structural effects of patho-
logical missense mutations in this region of
human L1. L1 mutations were previously
mapped onto models of individual domains (5).
The structural consequences of substitutions
can now be interpreted, assuming a horseshoe
shape for the hemolin-related L1 domains. Six
of 13 mutations within the D1 to D4 region of
L1 (all six of which affect residues that are
identical or chemically similar in hemolin and
human L1) fall at the predicted D2-D3 or D1-
D4 interfaces (Fig. 2, A and B), consistent with
the hypothesis that pairwise D1-D4 and D2-D3
interactions are important for the functions of
L1 proteins in cell adhesion.

Structure-based models proposed for cell
adhesion mediated by other proteins include
head-to-head interactions, as postulated for
CD2-related proteins (/5), or formation of a
zipperlike structure, as proposed for ho-
mophilic recognition by cadherins (20).
These models were based on interactions ob-
served in crystals, in which the millimolar
protein concentration environment was as-
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sumed to reproduce weak adhesive interac-
tions that would normally occur only at the
cell surface. The packing in the hemolin crys-
tals does not suggest any obvious mechanism
for homophilic adhesion that would be in-
duced solely by high concentrations of pro-

tein (27). However, the significance of the
antiparallel packing of tandem Ig-like do-
mains observed in hemolin and predicted for
L1 family members may lie in the potential
ability of such structures to form oligomers
that could function in homophilic adhesion
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Fig. 2. (A) Sequence alignments (3, 24). Numbers refer to H. cecropia hemolin. Locations of
B-strands in hemolin are indicated above the sequences with letter names. Residues at the D2-D3
and D1-D4 interdomain interfaces (those that contribute more than 10 A2 of buried surface area
to the interfaces) are indicated with an asterisk and are green if they are identical or chemically
similar in L1 and a hemolin and neuroglian sequence, blue if they are identical or chemically similar
in a hemolin and neuroglian sequence, and red if they are identical or chemically similar in a
hemolin and L1 sequence. Many of the highlighted residues at the D2-D3 and D1-D4 interfaces are
also conserved in axonin 1, a vertebrate axon surface protein with which hemolin shares significant
sequence identity (28%) (7). Substituted residues in L1 mutants (4, 5) are indicated be-
low the L1 sequence. Hemolin's interactions with the bound phosphate ion include the side chains
of His?6%, Arg'%3, and Tyr?43, and the main-chain nitrogens of Asn®%%, Arg2%¢, Thr267, and Ser2%8, (B)
Stereoview of the Ca backbone of hemolin. Highlighted residues at the D2-D3 and D1-D4
interfaces [color-coded as in (A)] are identical or chemically similar in hemolin and L1 family
proteins. Ca atoms at positions corresponding to pathological mutations in human L1 (4, 5) are

marked with a black sphere.
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events. Hemolin dimers and oligomers with
the same interdomain contacts as observed in
the monomeric version that was crystallized
could form by the mechanism of three-di-
mensional (3D) domain swapping, which has
been documented for a variety of protein
structures as occurring when a domain from a
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monomeric protein is replaced by the same
domain from an identical protein chain (22).
A domain-swapped dimer of hemolin or an
L1 family member would consist of intermo-
lecular (rather than intramolecular) D2-D3
and DI1-D4 pairs, which could be formed
between open (straight) monomers with a

Fig. 3. Schematic rep-
resentation of a mech-
anism for homophilic
adhesion mediated by
3D domain swapping
(22) in hemolin and re-
lated proteins. On the
left, the four NH,-ter-
minal domains of an
L1 protein or the
hemolin monomer
(color coded interfaces
as in Fig. 1A) are de-
picted in the closed
(bent) conformation.
The black line indicates the remaining Ig-like, fibronectin type Ill, and transmembrane domains in the
case of the L1 proteins (4) or attachment to the membrane by posttranslational modification in the case
of hemolin (7?. Transient formation of an open form would lead to formation of domain-swapped
dimers {middle) or multimers (right) through homophilic interactions with open proteins on another
cell. This model predicts that formation of a ribbon of domain-swapped proteins is more likely on a
membrane than in solution: on a membrane where molecules are tethered to a surface, a ribbon of
domain-swapped proteins could be nucleated through interactions of neighboring molecules with open
proteins, rationalizing why soluble hemolin and Nrg-4D are monomeric (27) and soluble versions of
homophilic IgSF-containing CAMs are generally monomeric. An antiparallel interaction of IgSF domains
may be a general mechanism for homophilic adhesion mediated by neural CAMs in addition to proteins
in the L1 family. For example, recent studies of homophilic adhesion mediated by N-CAM are consistent
with an interaction of its five IgSF domains to create antiparallel D1-D5, D2-D4, and D3-D3 pairs (25),
resulting in N-CAM dimers or multimers similar to those depicted in this figure.

closed open
monomer monomer

domain-swapped
dimer

domain-swapped multimer

minor repositioning of the loop joining the
D2 and D3 domains (Fig. 3). Repositioning
of the D2-D3 loop would also allow forma-
tion of higher-order domain-swapped mul-
timers of hemolin-related proteins.

Formation of domain-swapped multim-
ers of hemolin and L1 family proteins is an
attractive model for a structural mechanism
of homophilic adhesion between two cell
membranes, which can be stated as follows:
(i) At the cell surface, the closed (bent) and
open (straight) forms of the protein are in
equilibrium favoring the bent form. (ii)
Transient formation of the open (straight)
form (perhaps in response to an extra-
cellular signal) results in pairing with an
open (straight) protein on another cell. (iii)
Formation of additional domain-swapped
dimers is facilitated by the close proxim-
ity of the adhering cell membranes. Alter-
natively, unpaired domains of the open
(straight) proteins could nucleate forma-
tion of a ribbon of domain-swapped pro-
teins, resulting in cell adhesion. Structural
features of hemolin and L1 family mem-
bers that are relevant for this model are
that the D2-D3 linker is long enough to
allow repositioning to form dimers or oli-
gomers, or both, and that the D1-D4 and D2-D3
domain interfaces are fairly hydrophilic (Fig.
2A) and could therefore tolerate transient
formation of open (straight) proteins before
oligomerization.

Table 1. Data collection, phasing, and refinement statistics. Purified hemolin
(77) was crystallized (space group P2,2,2,, two molecules per asymmetric
unit) using macroseeding from protein solutions at ~6 mg/ml in 50 mM
phosphate, 0.15 M NaCl, and 1.8 M NaK phosphate (pH 8.1). Native and
heavy-atom derivative data sets were collected at room temperature on a
Xentronics multiwire area detector mounted on a Siemens rotating anode
generator. Crystals soaked in 1.6 M (NH,),SO, (Native ;a = 85.0A, b = 903
A, ¢ = 143.1 A) diffract to higher resolution but are nonisomorphous with
untreated crystals (Native Il; a = 87.3 A, b = 90.3 A, ¢ = 141.3 A). Untreated

crystals were used for MIR phase determination, and the data from
(NH,),SO,-soaked crystals were used for refinement. Crystals derivatized
with xenon were collected as described (72). Data were processed with XDS
and merged and scaled using CCP4 programs (72). Heavy-atom refinement
and phasing were performed with the CCP4 version of MLPHARE to a figure
of merit of 0.398 to 3.5 A resolution. The MIR map was improved using NCS
averaging and solvent-flipping using the program Solomon (72). The program
O (72) was used for all model building, and the model was refined as
described (72). Statistics in parentheses refer to the highest resolution bin.

Derivative Resolution (A) Unique*/Percent completet Rrerge (%)1 I/ol MFID (%)§ Irms £, /E
Data collection
Native | 29-3.1(3.3-3.1) 19,430 (1,241)/92 (56) 7.7 (24.6) 9.4(3.1) - -
Native Il 30-3.5(3.7-3.5) 14,380 (1,998)/98 (96) 13.8(35.0) 5.1(2.0) - -
Xenon | (30 atm) 30-4.4 (4.6-4.4) 6,740 (427)/88 (39) 17.3(183) 4.3(4.0) 15.7 0.8
Xenon Il (26 atm) 30-3.6 (3.8-3.6) 12,309 (1,215)/91 (64) 13.7(27.0) 55(2.7) 120 0.8
K,PtCl, | (0.2 mM) 30-4.0 (4.2-4.0) 9,789 (1,279)/98 (92) 25.0 (43.0) 30(1.7) 23.1 1.6
K,PtCl, Il (0.1 mM) 30-3.3(3.5-3.3) 16,738 (2,230)/96 (91) 11.8(34.7) 6.2(2.2) 249 13
Refinement statistics
Resolution 200-3.1A rms AB bonded atoms 15.6 A2
Reflections in working set 17,966 rms A all NCS residues 3.2°
Reflections in test set 1,110 rms A¥ all NCS residues 9.3°
Reystl 21.8% Number of nonhydrogen atoms
free 26.4% Protein 6,098

rms deviations from ideal Phosphate ion 10

Bond lengths 0.010 A Non-glycine residues in allowed

Bond angles 1.4° regions of Ramachandran plot as defined (72) 93%

*Unique, number of unique reflections.

>
closure error. YR, = S, IF pslB)]
obs

tComplete = (number of independent reflections)/(maximum number theoretical).
intensity and (/) is the average intensity from several measurements.
amplitude and F,, = heavy-atom derivative structure factor amplitude.

Fops(M)I—IF (h
M, where F_,_ and F_ are the observed and calculated structure factor amplitudes, respectively, for the hkl reflection.

calculated for a set of reflections that were not included in atomic refinement (72).

14 AUGUST 1998 VOL 281

R oerge = 211 = (D[/51, where [ is the observed

§MFID (mean fractional isomorphous difference) = 3| F,, - F,,rF/EF,,, where F, = protein structure factor
[rms £, /E (phasing power), where f,, = heavy-atom structure factor amplitude and £ = residual lack of
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The hemolin structure reveals a new ar-

rangement of IgSF domains that may be
shared by related portions of neural CAMs.
The antiparallel arrangement of tandem [gSF
domains observed in hemolin and hypothe-
sized to occur in L1 family members suggests
a testable model for the mechanism of ho-
mophilic adhesion.
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