correspondence

The three-dimensional structure of the
first domain of neural cell adhesion
molecule

* The structure of the N-term'nal Ig-superfamily (IgSF) domain of NCAM has a high similarity
with the intermediate set of lg-like domains: the first domain of the vascular cell adhesion
molecule (VCAM-1), the M!i domain in titin, and telokin.
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The three-dimensional structure of the
first domain of neural cell adhesion

molecule

‘The structure of the N-terminal Ig-superfamily (IgSF) domain of NCAM has a high similarity
with the intermediate set of Ig-like domains: the first domain of the vascular cell adhesion
molecule (VCAM-1), the M5 domain in titin, and telokin.

Sir—The neural cell adhesion mol-
ecule (NCAM) is a cell surface gly-
coprotein!=®, which plays a key role
in development of the nervous sys-
tem and in learning*®. NCAM con-
tains five immunoglobulin (Ig) and
two fibronectin type III (FIII)
homology domains. It is known to
mediate cell-cell interactions by
homophilic and heterophilic bind-
ing mechanisms®1%, NCAM trans-
duces extracellular signals probably
by interaction with the fibroblast
growth factor receptor, leading to
tyrosine phosphorylation and an
increase in intracellular calcium
concentration!!. It has been shown
that the first domain of NCAM
promotes attachment of neurons,
stimulates migration of neural cells
and affects intracellular calcium
concentration?, No binding inter-
actions of the first Ig-like domain
have been reported. However, sur-
face plasmon resonance studies
show that the first Ig-like NCAM
domain binds in a homophilic
interaction to the second Ig-like
NCAM domain (V.VK. et al
unpublished results).

Domain 1 structure

The three-dimensional structure of
NCAM domain 1 (99 residues) was
determined by 'H, N and “C
NMR spectroscopy (Table 1). The
structure has the classical Ig-SF fold
with two P-sheets forming a
f3-sandwich (Fig. 1a,b). It consists of
nine B-strands sequentially labelled
AA'BCCDEEG, that are
arranged with strands A,B,D,E in
one sheet and strands A',C,C",EG in
the other sheet. The strands are
antiparallel, except the A' strand
and C-terminal part of the G
strand, which run in a parallel fash-
ion. A cysteine bridge between Cys
24 in strand B and Cys 79 in strand
F connects the two sheets. A type II
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B-turn from Ser 15 to Glu 18 con-

nects the A' strand and the B strand.
A strong hydrogen bond between
HN of Ala 74 to CO of Asn 70
between strands E and F indicates
that this is one turn of an a-helix.
The carboxylate of Asp 73 in the
o-helix forms a salt bridge with the
amino group of the otherwise
buried Lys 20. Another salt bridge
connects Lys 33 in the B—C loop to
Asp 60 in the D-E loop. The A and
A’ strands are connected by a cis-
proline, Pro 9, which makes it possi-
ble for the A strand to make an
antiparallel B-sheet with the B
strand and then bend to make a
parallel B-sheet with the C-terminal
G strand. The hydrophobic core
consists, in particular, of the side
chains of Ile 7, Lys 20, Phe 22, Trp
37, Leu 64 and Tyr 77.

Related structures

In a search for the best structural
alignment with other members of
known IgSF structures, the N-ter-
minal domain of VCAM-1%3, the
M5 domain of titin'4, and telokin'®
clearly superimposed with very
small rm.s. deviation of the Ca
atoms (Fig. 1¢). These three
domains are all members of the
recently identified I-set of the
IgSF6, The structure of NCAM
domain 1 is therefore a new mem-
ber of the I-set.

The pairwise sequence homology
between these four IgSF I-set
domains is below 30%. Conserved
in all four molecules are only five
residues corresponding in NCAM
domain 1 to Gly 17 in the tight turn
between strands A' and B, Cys 24
and Gly 28 in the B strand, Trp 37
in the C strand and Tyr 77 in the F
strand. In spite of the low sequence
homology between the four mem-
bers of the I-set a pairwise structure
comparison!’ shows that approxi-

mately 80 % of the Cal atoms occu-
py equivalent positions in the
aligned structures. For 58 Ca
atoms, mainly found in the
A',B,C,D,E and F strands, positions
in all four structures were equiva-
lent and formed a core that is com-
mon for the I-set fold (Fig. 2). The
five residue turn of o-helix (70-74
in NCAM domain 1) is present in
all four structures between strands
E and E Two of the I-set core
residues are located around the o-
helix; these are Ala 69 and Asp 73 in
NCAM domain 1. In NCAM
domain 1 the a-helix is a regular
N-cap box motif!8, The A and C'
strands vary more in spatial posi-
tions and in the titin M5 domain
the C' strand could not be detected
as a regular B-strand. Consequently
the A and C' strands were not
included in the I-set core.

Although the four structures are
closely similar, there are distinct
differences that divide the four
molecules into two groups. The two
cell adhesion proteins in the
I-set, NCAM domain 1 and
VCAM-1 domain 1, differ from the
two muscle proteins in at least three
places. The canonical cysteine
bridge of the IgSF is missing in titin
and telokin. In titin the cysteine
corresponding to Cys 79 in NCAM
domain 1 is absent, and in telokin
the cysteine bridge is not formed,
although the two cysteine residues
are both present!®, The cis-prolines,
Pro 9 and Pro 7 in NCAM domain
1 and VCAM-1 domain 1 respec-
tively, make a sharp bend between
strand A in the first B-sheet and
strand A’ in the other B-sheet. This
cis-proline is absent in the two
muscle proteins titin and telokin,
where a smooth connection is
made between the two respective
B-sheets. However, in the B-C loop,
titin and telokin have a cis-proline
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Fig. 1 Three-dimensional structure of NCAM domain 1. a, Superposition of Co,, N and C from 20 structures representing NCAM
domain 1. b, View of the backbone N, Co. and C atoms and B-strands of NCAM domain 1 residues 1-99 facing the A'CC'FG sheet
and C'-D loop. The ABDE (yellow) and A'CC'FG (red) B-sheets consist of residues 3-8, 19-28, 52-57, 61-67 and 11-15, 34-39,
43-45, 75-83, 87-98, respectively. The o-helix (green) consists of residue 70-74. (b) and (c) were produced using the computer pro-
gram MOLMOL. ¢, Alignment of the four Ig I-sets structures. View of the N, Ca and C atoms of VCAM-1 domain 1 residues 1-90
(purple), telokin residues 40-134 (green) and the M5 domain of titin residues 1-91 (blue) facing the A'CC'FG sheet and C’-D loop,
superimposed on NCAM domain 1 residues 1-99 (red) by a rigid body transformation. Pairs of Ca atoms with a distance after the
transformation less than 3 A were used in the target function of the transformation. The Protein Brookhaven Databank entries of
VCAM-1, telokin and the M5 domain of titin are 1vca, 1tlk, and 1tnm, respectively. d, Model of the antiparallel homophilic binding of
the two N-terminal Ig domains of NCAM. Surface potential maps were generated with GRASP33

at equivalent positions, Pro 27 and
Pro 69, respectively, that is followed
by an intervening residue and then
a trans-proline. This cis-proline-X-
trans-proline motif makes a sharp
turn possible in this loop.

A new sequence profile based
only on the four known I-set
structures was subsequently con-
structed according to previously
described principles'®?® and used

in a pattern search of the SWISS-
PROT protein sequence data bank
for potential members of the I-set.
The results of this pattern search
are in excellent agreement with the
study by Harpaz and Chothia!®,
who based their sequence profile
only on the core of one I-set
domain, telokin, and selected V
domains. In the new selection a
majority of the matching IgSF

domains belongs to cell adhesion
molecules of the nervous system
(Fig. 2) and a number of these—
for example NCAM, neural cell
adhesion molecule L1, axonin-1
and contactin—have been shown
to be involved in axonal growth
and fasciculation. Apparently the
new I-set sequence profile identi-
fies preferentially IgSF I-set
domains of neural origin.
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Apart from the large number of
IgSF domains of neural origin, a
few domains of muscular and
other origins were found by the
profile. So far no common func-
tional properties have been

common features of the members
of the IgSF I-set comprise a struc-
tural platform for a common func-
tion, or whether they underlie a
diversity of molecular functions.
The o-helix between strands E and

F is a conserved motif of the V-set
and I-set domains, and are present

assigned to the I-set domains and
it remains to be seen whether the

Table 1 Structural statistics of the 20 structures of NCAM domain 1

Distance restraints (All)? 1445
intraresidue 119
sequential (li-l=1) 353
medium range (1<li—l<5) 161
long range (li—f1>5) 722
hydrogen bonds 90
Dihedral angle restraints (All) 91
0 53
x! 38
Deviations from experimental derived restraints
Distance restraints (A)
0.1-0.2 24.45
0.2-0.3 3.85
0.3-04 0.2
R.m.s. deviation 0.027 (= 0.002)
Hydrogen bonds >0.4 0
Dihedral angle restraints
>5° 0

R.m.s. deviation 0.49 (= 0.108)
Deviations from idealized geometry

Impropers (°)

>5 0.35

R.m.s. deviation 0.59 (+0.045)
Bonds (A)

>0.05 0

R.m.s. deviation 0.0075 (= 0.0002)
Angles (°)

>5 10.9

R.m.s deviation 0.82 (+ 0.016)

Energies (kcal mol!)2

NOE 51.35(+ 8.40)
Dihedral angle restraint 1.54 (+ 0.63)
Bond 84.79 (+ 4.15)
Angle 276.68 (+ 10.78)
Improper 41.00 (* 6.34)
Repel 0.30 (+ 0.22)
van der Waals -460.98 (+ 4.26)
Hydrogen bond restraint 94.85 (+ 4.19)
Hydrogen bond -39.62 (+ 2.95)
R.m.s. deviations of atomic positions (A)3
Backbone (Co,N,C) 0.33 (+ 0.20)
Ali heavy atoms 0.59 (+ 0.38)

The number of experimentally derived restraints used in the structure calculations
and average values per structure of the deviations between the 20 accepted struc-
tures and the experimental restraints or idealized geometry are shown.

INumber of non-redundant distance restraints.

2The energies were calculated using final force constants of: kyoe = 50 keal mol! A2,
K 4in=200 keal mol rad?, k., 4=1000 kcal mol! A2, k,, =500 kcal mol'! rad?,
Koroper=500 keal molt A2, k ..=4.0 keal mol! A2 with the van der Waals hard sphere
rédius set to 0.825 of the values calculated from the X-PLOR parallhdg.pro parame-
ter file. The van der Waals energy and hydrogen bond energies were calculated
using the X-PLOR switched Lennard-Jones van der Waals energy function and
hydrogen bond function using the parmallh3x.pro parameter file, but they were
not included in the target functions used in the simulated annealing procedure.
3R.m.s. deviations from an average structure of the 20 structures of NCAM domain 1.
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in some of the C2-set structures.
In E-cadherin, a distant member
of the IgSE, a similar turn of a-
helix is present between strands E
and F?1, Most of the domains have
the proline-X-proline motif in the
B—C loop and are therefore expect-
ed to be similar to telokin and titin
in this region. The C'-D loop, the
D strand and the A strand are the
regions where major differences in
the fold are expected.

Of the four I-set Ig-domain
structures known so far only
VCAM-1 domain 1 has a potential
binding site—the integrin binding
consensus sequence (Q38IDSPL)
located in the region between the C
and D strands!3, For the M5
domain of titin it has been pro-
posed that the binding site for
myomesin and M-protein also are
in this region!®. In a search for
potential homophilic binding sites
in NCAM a model was made of
NCAM domain 2 with the comput-
er program Modeller?? using the I-
set as a template (NCAM domain 2
contains most of the I-set sequence
profile characteristics shown in
Fig. 2). The two N-terminal
domains of NCAM were then
assembled using VCAM-1 domain
1 and 2 as a template. The surface
charge map of the model suggests
an antiparallel homophilic binding
between the acidic cluster of
residues at the N-terminal of
domain 1: Asp 29, 32, 34 at loop
BC, Asp 58, 59 at loop DE, Asp 84,
Glu 85 at loop FG, and a basic clus-
ter of residues of domain 2: Lys 135,
137 at the C strand, Arg 139 at the
C strand, Arg 171 at the F strand,
Lys 185 at the G strand (Fig. 1d).
This is in agreement with the find-
ing that NCAM domain 1 and 2
bind to each other in plasmon sur-
face resonance analysis experiments
(V.VK. et al., unpublished data).

The first structure determina-
tion of a neural IgSF domain
shows that NCAM domain 1 is
related to a number of neural IgSF
domains all predicted to be mem-
bers of the I-set. A precise descrip-
tion at the molecular level of cell
adhesion in neuron-neuron and
neuron-glia interactions is a pre-
requisite to an understanding of
neural cell differentiation and the
formation of complex neural
networks.
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B-strand AANAANA BBBBBB BB DDDDDD
core EREENE . HHBHEHH
N NCA1_MOUSE(1)t 10SQGERRS VEHE S Al A x D[N SPNQQRISVVWN
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Conserved

B p-strand B EEEEE aa FFFFFFFFF GEEEEEAEEAEGaAG 7Species
core #OHRRHEHH # LEREREE NN EEEEEEEEEEEE
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Buried ‘ Tt ot rot ot
Conserved *

Fig. 2 Alignment of structural equivalent residues of selected members of the I-set. In the first column N is indicating neural origin; M
is muscle origin; and R is other cell surface proteins. In the second column NCA1_MOUSE is mouse NCAM; VCA1_HUMAN is human
VCAM-1; AMAL_DROME is the fruit fly protein amalgam; LAR_DROME is fruit fly protein-tyrosine phosphatase; DCC_HUMAN is the
human tumour suppressor protein deleted in colorectal cancer;, CAML_MOUSE is mouse neural cell adhesion molecule L1;
NGCA_CHICK is chicken neuronal-glial cell adhesion molecule; AXO1_HUMAN is human axonin-1; CONT_MOUSE is mouse con-
tactin; NRG_DROME is fruit fly neuroglian; HEMO_HYACE is cecropia moth haemolin; PGBM_MOUSE is mouse perlecan; and
MPSF_CHICK is chicken M-protein. The proteins, except telokin and titin, are named according to the SWISS-PROT protein sequence
data bank identification codes indicating the linear order of the Ig-like domain where possible. In VCAM-1 domain 1, telokin and
titin, the first residues of the matches are numbered according to the Brookhaven Protein Database entries, in NCAM domain 1
according to the expression product, and in the remaining proteins according to the SWISS-PROT sequence data bank entries.The
last column lists the species in which the particular domains were found; H is human; B is cow; M is mouse; R is rat; C is chicken; T is
turkey; D is fruit fly; Hy is cecropia moth. The names marked with a () were previously assigned to the i-set'3-16. The first row shows
the B-strand labelling of NCAM domain 1 and the residues in the o-helix are labelled (o). The (#) label shows the 58 core residues of
the |-set. The core residues occupy equivalent positions in all the pairwise superpositions of NCAM domain 1, VCAM-1 domain 1,
telokin and the M5 domain of titin with a distance between the pairs of Co. atoms less than 3 A. The (#) indicates residues that have
less than 10% of water accessible side chain in all four proteins. The (*) indicates conserved residues. The black shaded residues
show matches with the I-set profile.

Methods

For production of murine NCAM
domain 1, a ¢DNA fragment corre-
sponding to residues 20-116 (SWISS-
PROT, accession number P13595) was
subcloned into a Xho I/Bam Hl site of
the pHIL-S1 plasmid. The recombi-

nant plasmid, linearized with Nsi I,
was used for transformation of a
Pichia pastoris strain His 4 GS-115
(Invitrogen Corporation, USA, San
Diego). The sequence numbering of
NCAM domain 1 refers to the expres-
sion product, which contains two N-

terminal residues from the vector.
Unlabelled, *N labelled, and '3C and
5N double labelled samples, respec-
tively, were prepared by growing P,
pastoris in minimal media with >N
labelled ammonium sulphate and 13C
labelledmethanol/ glucose as the sole
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5N and '3C sources in the appropri-
_ate preparations. The expression
media were desalted and subse-
quently NCAM domain 1 was purified
by gel filtration in 20 mM NaCl, pH
6.0 and concentrated to a final con-
centration of approximately 2 mM in
the sample of unlabelled NCAM
domain 1, and 1 mM in samples of
the 13N and '>N/'3C labelled protein.
For the structure determination,
the 'H, 13C and '5N resonances were
assigned from spectra of DQF-COSY,
TOCSY, 15N TOCSY-HMQC, HNCA,
HN(CO)CA and HCCH-TOCSY NMR
experiments?>-28 using the computer
program Pronto?®. All data were
acquired at 298 K. 100 structures
were generated with a distance
geometry/simulated annealing proto-
col using the X-PLOR3® computer pro-
gram. The structure calculations used
119 intra, 353 sequential, 161 short
range, and 722 long range NOEs
derived from 80 ms and 200 ms 2D-
NOESY3' and >N NOESY-HMQC32
spectra with upper bounds of 2.7,
3.3, 5.0 and 7.0 A increased by 0.5 A
if the NOE restraint included a
methyl group. 53 ¢ dihedral angle
restraints were applied with bounds
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