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The adhesion domain of human CD2 bears a single N-linked carbohydrate. The solution
structure of a fragment of CD2 containing the covalently bound high-mannose N-glycan
[-(N-acetylglucosamine),-(mannose), _o] was solved by nuclear magnetic resonance. The
stem and two of three branches of the carbohydrate structure are well defined and the
mobility of proximal glycan residues is restricted. Mutagenesis of all residues in the vicinity
of the glycan suggests that the glycan is not a component of the CD2-CD58 interface;
rather, the carbohydrate stabilizes the protein fold by counterbalancing an unfavorable
clustering of five positive charges centered about lysine-61 of CD2.

Human CD2 is a cell surface glycoprotein
present on T lymphocytes and natural killer
cells and is important in mediating both
cellular adhesion and signal transduction
through interactions with its counterrecep-
tor CD58 (1). Nuclear magnetic resonance
(NMR) solution studies of the NH,-termi-
nal domain of rat (2) and human CD2 (3),
and x-ray crystallographic studies of the
complete extracellular region of rat (4) and
human CD2 (5) have shown that the ex-

A

CD58 binding site
(C,CC’, C',C'C", F, FG)

\/f it
AN

Fig. 1. (A) Ribbon diagram of a single represen-
tative solution structure of hsCD2,,;, which is
composed of two B sheets containing three
(strands D, E, and B) and five (strands C", C', C, F,
and G) antiparallel B strands. An additional B

tracellular segment consists of two immu-
noglobulin superfamily (IgSF) domains: a
nine-stranded NH,-terminal V-set domain
lacking the first half of strand A (Fig. 1A),
and a seven-stranded membrane-proximal
C2-set domain. The NH,-terminal mem-
brane-distal domain mediates the adhesion
function of the molecule (6) by binding to its
counterreceptor CD58 in humans (7) and
CD48 in rodents (8). CD2, CD58, and
CD48 are thought to have evolved from a
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common precursor involved in homophilic
interactions (9). Mutational screening of the
human CD?2 surface indicated that the inter-
face with CD58 is located at the GFCC'C"
face of the protein (Fig. 1A) and is a highly
charged surface area (10, 11). Interestingly,
the same surface area identified as the recep-
tor interface forms a homodimeric contact in
the crystal structures of rat and human CD2
(4, 5). Based on mutations of human CD58
(12) and complementary mutations of rat
CD2 and rat CD48 (13), models for the
interactions of human CD2 with human
CD58 and rat CD2 with rat CD48 have
recently been proposed, suggesting that in
both cases the receptor-ligand interaction
involves the major B sheet surface of each
adhesion domain.

The NH,-terminal adhesion domain in
human CD2 contains a single consensus
N-glycosylation site (Fig. 1A) that is not
conserved in rat CD2. Thus, the signifi-
cance of the N-glycan for human CD2
function has been uncertain. Recny et al.
(14) reported that after treatment with pep-
tide:N-glycosidase F (PNGase F), the re-
sulting deglycosylated adhesion domain was
no longer recognized by monoclonal anti-
bodies (mAbs) to CD2 and failed to bind to
its natural ligand, CD58, on sheep red
blood cells (SRBCs), suggesting that N-
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strand, A, makes parallel NOE contacts to strand G. The overall fold is
characteristic of a V-set IgSF domain, but lacks the first half of strand A. A
single high-mannose N-glycan is attached to the protein at Asn®® at the tip
of the DE loop and is oriented toward the B sheet containing the strands D,
E, and B. Polypeptide residues that contact the N-glycan are highlighted in
red. The CD58 binding site, which includes residues in the C, C', and F
strands as well as in the CC”, C'C” and FG' loops, is located on the opposite
face of the glycoprotein. Lys®®, Lys®4, and Lys”™" are highlighted in purple,
and together with Lys®® form a clustering of positively charged residues
around Lys®'. The view is with the DEB face in front and the C"C'CFG face
in the back [figure prepared with the MOLSCRIPT program (29)]. (B) Sum-
mary of the NOE data obtained for the high-mannose N-glycan of

SCIENCE ¢ VOL. 269

hsCD2, ... NOEs are indicated only if they were unambiguously assigned.
More NOEs to carbohydrate protons are expected, but they were either not
resolved in the NOESY spectra or could not be assigned because many of the
H2, H®, H4, H5, and H® sugar resonances exhibit similar chemical shifts (75).
Carbohydrate intraresidue and interresidue NOEs are shown by green and red
lines, respectively, and carbohydrate-protein contacts are indicated by blue
lines. Carbohydrate residues are labeled as in (30), and amino acid residues
are abbreviated with the single-letter code (D, Asp; F, Phe; K, Lys; N, Asn; and
T, Thr) and residue numbers. The composition and abundance of the glyco-
mers present in our sample as determined by NMR and electrospray mass
spectroscopy methods are also indicated. The exact composition of the resid-
ual 20% [-(GlcNAc),-(Man) ] glycomers was not obtained by either method.
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glycosylation is required for human CD2
adhesion function. Moreover, transmem-
brane CD2 variants with mutations in the
consensus N-glycosylation sequence Asn®-
Glys°-Thr®7 [(N65Q (14) or T6TA (10)]
that preclude attachment of the high-man-
nose N-glycan at Asn®® could be normally
expressed on cell surfaces, but showed nei-
ther antibody- nor ligand-binding activity.
These data suggest that the N-linked adhe-
sion domain glycan on human CD2 plays
an important role in maintaining native
receptor structure.

Analysis of a soluble version of the CD2
extracellular segment expressed in Chinese
hamster ovary (CHO) cells (3, 14) showed
that the N-glycan in the adhesion domain
of human CD2 (hsCD2,,s) is heteroge-
neously occupied with high-mannose oligo-
saccharides [-(GlcNAc),-(Man)s_g| (Fig.
1B). In addition to NMR assignments of the
polypeptide (3), we recently achieved 'H-
and PPC-NMR assignments for all the resi-
dues of the N-glycan in hsCD2,y5 on the
intact glycoprotein (15). In conjunction
with electrospray mass spectroscopy, we de-
termined the exact composition of the gly-
comers present in the heterogeneous N-

glycan where [-(GleNAc),-(Man),] and
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Fig. 2. (A) Typical '°C line A
widths of C-H groups ob-
served for the anomeric
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[-(GlcNAc),-(Man);] are the dominant
forms of the glycan representing 34 and
40% of the molecules, respectively. We also
identified carbohydrate-polypeptide nuclear
Overhauser enhancements (Fig. 1B), which
clearly define the carbohydrate’s orienta-
tion with respect to the polypeptide. Here,
we present the solution structure of glyco-
sylated hsCD2,,5 and describe the interac-
tion of the N-glycan with the polypeptide.
On the basis of this information, we used
site-directed mutagenesis and additional
biochemical data to obtain a better picture
of the significance of the carbohydrate in
the adhesion domain of human CD2.

We have previously determined the
polypeptide structure of hsCD2, 45 using pre-
dominantly conventional two-dimensional
(2D) homonuclear experiments (3). We
have refined the polypeptide structure of
hsCD2,,5 on the basis of heteronuclear 3D
experiments on a '’N-labeled sample and
high quality homonuclear 2D nuclear Over-
hauser spectroscopy (NOESY) data ob-
tained on a Varian UNITYplus 750 spec-
trometer (16). Thus, we identified many
nuclear Overhauser effects (NOEs) within
the carbohydrate and between the first two
N-acetylglucosamine (GIcNAc) residues
and the polypeptide residues Asn'®, Asp?®,
Lys®!, Phe®, Asn®, Thr®?, and Lys®® (Fig.
1B). Many of the carbohydrate resonances,
in particular those in contact with the
polypeptide, differ significantly from values
reported for identical free model oligosac-
charides (15). Two NOEs between the
acetyl group of GleNAc2 and both the H!
and H? resonances of ManA(—D2) were

also observed, indicating that for a substan-
tial time the arm with the Man4’ residue is
folded toward the trisaccharide core. These
NOEs were not detected for the
ManA(+D2) residue, either because of the
low concentration of this glycan form or
because of a different conformation. Our
findings are in good agreement with those
based on a detailed comparison of spin-spin
coupling and chemical shift data for a series
of high-mannose oligosaccharides (17) and
molecular dynamics simulations for a model
of ribonuclease B (RNase B) containing a
[-(GleNAc),-(Man)s] glycoform (18).

In solving the glycoprotein structure of
hsCD2,y5, we addressed the question of
whether parts of the carbohydrate are tight-
ly folded similar to the polypeptide. The
NOEs we observed between the N-glycan
and the protein could have resulted from
transient encounters of the otherwise flex-
ible carbohydrate with the polypeptide.
Therefore, we measured the carbon line
widths of C-H groups in the sugar and the
polypeptide units in a highly resolved 2D
"H-’C spectrum recorded on a Varian
UNITYplus 750 spectrometer (19). The
line widths are directly related to mobility
and provide a qualitative comparison of the
relative flexibility of carbohydrate and
polypeptide groups. Here, larger and smaller
line widths indicate lower and higher inter-
nal mobility, respectively (19).

Significant variations in the *C line
widths were observed in the glycoprotein
(Fig. 2). Like the backbone of terminal
polypeptide residues, carbohydrate residues
at the ends of the N-glycan are highly flex-
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sentative for polypeptide residues in terminal, surface-exposed loop and B-strand

regions, respectively. The line widths of anomeric carbons of the N-glycan (top)
illustrate a significant reduction in the mobility of sugar residues close to the
N-glycosylation site. Notably, the carbohydrate exhibits a range of mobility similar
to that of the polypeptide. (B) Summary of carbon line widths for the anomeric
sugar carbons (top) and most polypeptide a carbons (bottom) in hsCD2, 5 as a
function of residue number. No values are given for glycines and residues whose
cross peaks were either not unambiguously assigned, overlapped, or were not
observed because of slow conformational exchange processes (79). Filled, dot-
ted, and empty bars indicate error estimates of 0.2, 0.5, and 1.0 Hz, respec-
tively. The values 15.4, 14.5, and 11.6 Hz correspond to the average line widths
measured for polypeptide a carbons of B-strand residues, turn residues, and
terminal residues, respectively. Within a carbohydrate residue, similar carbon line
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widths were observed for the C-H groups. Horizontal bars represent B-strand
residues. B strands are labeled according to an IgSF V-set domain (Fig. 1A).
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ible [Fig. 2B, compare residues 1 to 5 (bot-
tom) with ManC and ManD3 (top)]. How-
ever, GlcNAcl, which shows many NOEs

to the polypeptide, has a highly restricted
mobility similar to that of a carbons of the
protein core, whereas GIcNAc2 exhibits a

Fig. 3. (A) Stereo diagram of backbone atoms of the polypeptide (red) and heavy atoms of the trisac-
charide core [-GlcNAc1-GlcNAc2-Man3-] (blue) for 16 NMR structures of hsCD2, 5 superimposed on
the NMR mean coordinates. The orientation is the same as in Fig. 1A. (B) DEB sheet and part of the
high-mannose N-glycan of 16 model structures based on the superposition of backbone heavy atoms of
all residues (16 to 20, 60 to 71) in the DEB sheet and heavy atoms of the trisaccharide core [-GIcNAc1-
GIcNAc2-Man3-]. The backbone, the side chains for the contact residues, and the high-mannose
N-glycan are shown in black, red, and blue, respectively. Glycoprotein structures were calculated for the
[-(GIcNAC),-(Man),] glycomer (the glycomer shown in Fig. 1B minus ManD2), but for clarity the more
disordered arm [-ManB-ManD3] is not shown. The sugar residues are annotated as in Fig. 1B. (C)
Representative glycosylated model structure of hsCD2, 5 showing the polypeptide backbone in black,
the side chains of the polypeptide residues that contact the glycan in red, the side chains of the
polypeptide residues that together with Lys®® form a clustering of positively charged residues around
Lys®' in purple, and the high-mannose N-glycan {[-(GIcNAc),-(Man),] glycomer} in blue. This carbohy-
drate is located on the opposite site of the CD58 binding site, and a conformation in which its [4’-A] arm
is oriented toward the trisaccharide core [-GIcNAc1-GIcNAc2-Man3-] is significantly populated.

1 SEPTEMBER 1995

SCIENCE + VOL. 269 -«

mobility identical to the average mobility of
a-carbons of the polypeptide. Man3 and
Man4 have a mobility comparable to that of
the backbone of surface-exposed loops of
the polypeptide. ManA(—D2), which
shows NOEs to GlcNAc2 (Fig. 1B) and
hence is folded toward the trisaccharide
core [-GlcNAc1-GlcNAc2-Man3-], has a
slightly lower mobility than ManA(+D2),
for which such NOEs were not observed.

In general, the side chain carbons of the
polypeptide are more mobile than the «
carbons (19). In particular, the y carbons of
leucines, which are further away from the
polypeptide backbone than the B carbons of
isoleucines and valines, exhibit significant-
ly higher mobility than the a carbons of the
same residue (20). All measured side chain
carbons in loop regions of the polypeptide
have a mobility similar to that of terminal-
polypeptide a carbons and anomeric car-
bons at the ends of the N-glycan. Moreover,
most of the side chain carbons in B strands
showed line widths similar to that of the
anomeric carbons of GIcNAc2, Man3, and
Man4. Thus, the glycan exhibits a range of
mobility similar to that of the polypeptide.

Structures of the intact glycoprotein
composed of the [-(GleNAc),-(Man),] gly-
comer (the glycomer shown in Fig. 1B minus
ManD2) were computed by addition of in-
tracarbohydrate and carbohydrate-polypep-
tide NOE distance restraints to the intra-
polypeptide restraints and forcing the sugar
residues into their lowest energy chair con-
formations (21). Figure 3A shows a stereo
diagram of the polypeptide backbone atoms
and the heavy atoms of the well-defined
trisaccharide core for the 16 best model
structures of hsCD2, 5 superimposed on the
NMR mean coordinates. The DEB sheet and
the structured parts of the high-mannose
N-glycan are shown superimposed in Fig. 3B.
The degree of disorder observed in the cal-
culated model structures is in good agree-
ment with the mobility data (Fig. 2A). As
a result of the interactions with the
polypeptide, the carbohydrate core resi-
dues [-GlcNAc1-GlcNAc2-Man3-] and
Man4 are well defined. In addition,
ManA(—D2), which is folded toward the
carbohydrate core, shows a lower degree of
disorder than the outer branches of the
carbohydrate. In particular, the [~ManB-
ManD3] arm is largely disordered.

A representative model structure (Fig.
3C) illustrates the orientation of the glycan
with respect to the protein. The solution
structure reveals specific interactions be-
tween part of the N-glycan and several
residues on the DEB surface opposite to the
CD58 binding site, suggesting that the car-
bohydrate increases the rigidity and stabil-
ity of the molecule rather than being direct-
ly involved in the contact with CD58. This
structure shows that there is no direct in-
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teraction between the carbohydrate and the
proposed CD58 binding site on CD2 be-
cause the glycan is oriented toward the BED
sheet of hsCD2,y;, opposite to this site.
Moreover, the [-Man4’-ManA(—D2)] arm
of the N-glycan is folded toward the trisac-
charide core [-GlcNAc1-GlcNAc2-Man3-].
This conformation might play an important
role in N-linked oligosaccharide biosynthe-
sis (17), processing, and transport (22).

To probe the contribution of the N-
glycan to the stability of the glycoprotein,
we studied both enzymatically treated CD2
(23) [endoglycosidase H (endo H)-treated
hsCD2,,5 (only GleNAcl retained) and
PNGase F-treated hsCD2, . (fully deglyco-
sylated)] and a series of mutants of full-
length human CD2 (Table 1) (24). Consis-
tent with plasmon resonance analyses on
endo H-treated two-domain human CD2
(hsCD2) (25), endo H-treated hsCD2 s
was functional, although anti-CD2 immu-
noreactivity and CD58-binding activity
were present at a slightly reduced level (20).
Moreover, the CD spectrum of endo
H-treated hsCD2,,5 showed only minor
differences to the hsCD2 . spectrum (Fig.
4). In contrast, fully deglycosylated
hsCD2, s bound neither antibodies to CD2
(anti-CD2) nor CD58 (14, 20) and showed
a CD spectrum markedly different from that
of fully glycosylated hsCD2,,s (Fig. 4). It
also showed a strong tendency to aggregate,
consistent with observations by Davis et al.
for the two-domain PNGase F-treated
hsCD2 (25). These data suggest that com-
plete deglycosylation of the adhesion do-
main of human CD?2 results in a significant
destabilization of both hsCD2,,s and
hsCD2.

The analysis of CD2 mutants created by
site-directed methods was in agreement
with the biochemical data. Elimination of
the N-linked glycan on the human CD2
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Fig. 4. Comparison of the CD spectra of
hsCD2,,5 (1) with endo H (2)- and PNGase F
(3)-digested hsCD2, 5. Samples were 10 uM in
10 mM NaP (pH 7), and the pathlength was 2 mm.
(Inset) SDS—polyacrylamide gel electrophoresis
gel (15%) stained with Coomassie. Lane 1,
hsCD2,; lane 2, endo H-digested hsCD2,;
and lane 3, PNGase F-digested hsCD2, 5.
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adhesion domain by a single N65Q (14) or
T67A (10) mutation resulted in a loss of
CD58-binding activity as well as immuno-
reactivity of each of three mAbs tested
directed at distinct epitopes on the native
adhesion domain (Table 1). However, sin-
gle Ala mutations of residues whose side
chains are in close proximity to the glycan
(Asn'®, Asp?®, Lys®!, Phe®, and Lys®) (Fig.
3B) had no significant effect on CD58
binding and did not disrupt mAb binding
(Table 1). Similarly, removal of a methyl
group from Thr®, which contacts the gly-
can, was without effect in the T67S muta-
tion. The double mutation F63A/T67S also
did not disrupt binding of mAbs 8B5 and
35.1 or CD58 binding. The effect of K61A
and F63A on mAb binding was predictable
on the basis of earlier mAb footprinting
data [(10) and legend to Table 1]. Collec-
tively, these results imply that no single
contact between the amino acid side chain
and the glycan is crucial for CD58- and
mAb-binding activity.

Rat CD2, unlike human CD2, does not
require a glycan for maintenance of its
stable protein fold. To test the possibility
that one or more rat amino acid residues
might confer glycan independence, we

compared sequences of rat, human, mouse,
and horse CD2 in the region surrounding
the N-linked glycosylation site (26). Hu-
man CD2 differs from CD2 of all the other
species at positions 61 (Lys versus Glu)
and 63 (Phe versus Leu) (Fig. 5). Assum-
ing that one or both of these sequence
differences might determine glycan depen-
dence, we constructed a triple human
CD2 mutation (K61E/F63L/T67D) in
which the corresponding rat residues were
substituted in place of the human residues
at each of these two positions as well as at
Thr. The latter substitution deletes the
N-linked addition signal. Remarkably, this
glycan-minus human CD2 variant bound
to both mAb 8B5 and mAb 35.1 and
retained full CD58-binding activity. To
further dissect which residues confer gly-
can independence, we produced addition-
al mutations. The F63L/T67D double mu-
tant highlights the critical role of Lys®! in
the K61E/F63L/T67D triple mutant be-
cause the F63L/T67D molecule did not
show a level of binding with any mAb
tested that was equivalent to wild-type
CD?2 binding and demonstrated only low-
level (<25%) CD58 binding. To examine

whether exposure of an aromatic phenyl

Table 1. Effects on CD2 structure and function of human CD2 point mutations at glycan contact sites.

Anti-CD2 cD58
. Level of CD2 mAb bindingt - N-glycan at
Mutation expression* bl(l;\)/d)l;g position 65
885 35.1 Ti1, °

N65Q 0.49 - - - 0 -
T67A 0.60 - - - 0 -
N18A§ 1.22 + + + 103 +
D20A§ 0.98 + + + 106 +
K61A$§ 1.30 + + - 135 +
FB3A 1.20 + + - 75 +
T67S 1.02 + + + 88 +
KB9AS 1.14 + + + 109 +
FE3A/TB7S 1.37 + + - 75 +
K61E/FE3L/TE7D 1.42 + + - 95 -
K61E/FE3L/TE7A 1.12 + + - 137 -
F63L/T67D 1.73 + + - 22 -
FB3A/NB5Q 0.44 - - - 0 -
KB4A/NB5Q 0.92 - - - 0 -

*Level of CD2 expression is shown as the ratio of mean fluorescence intensity of M32B staining of mutant CD2 to that

of wild-type (wt) CD2.

TPrevious studies demonstrated that 3T4-8B5 maps to K34, R48, K91, and E95 on the CD58

binding face of CD2; 35.1 maps to K64 on the BED face of CD2; and T11, maps to F54, K55, K61, and K64, a region

orthogonal to the GFCC'C” face and extended to the BED surface (70).

$CD58 binding is expressed as the

percentage of the total SRBC rosette number for each mutant relative to that for wt CD2. The binding of each anti-CD2
mAb on mutant CD2 molecules was compared as the mutant CD2:wt CD2 ratio of the mean fluorescence intensities of

mADb binding to M32B binding (70). Ratio <0.2 (), 0.2 t0 0.5 (x), and >0.5 (+).

Fig. 5. Comparison of

§Mutations are from (70).
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CD2. Residues con-

served in rat, mouse, and equine CD2 are boxed. Solvent-exposed amino acid residues of human CD2
that were mutated to rat CD2, resulting in a functional nonglycosylated human CD2 mutant, are circled.
Amino acid residues that contact the N-glycan are underlined.
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side chain at Phe®® might confer structural
instability in the absence of the glycan, we
generated the F63A/N65Q mutation. This
mutant failed to bind CD58 or any mAb
on the panel, thereby excluding the pos-
sibility that shielding from solvent of the
side chain of Phe®® by the glycan is impor-
tant for protein stability. Another expla-
nation for the stabilization effect of K61E/
F63L/T67D: might be that the incorporat-
ed T67D change could result in formation
of a hydrogen bond to Asn®, thereby sta-
bilizing a particular DE loop conforma-
tion. However, the K61E/F63L/T67A tri-
ple mutant shows that this is not the case
because its functional properties are virtu-
ally identical to those of K61E/F63L/
T67D. A Lys at position 64 in the DE loop
is present in human and equine CD2,
whereas an Ala is present in the corre-
sponding position of mouse and rat CD2.
Nevertheless, Lys®* alone has no direct
role in stabilization because the K64A/
N65Q mutation does not rescue CD2
structure or function.

Collectively, our results suggest that
the N-glycan at Asn® in the adhesion
domain of human CD2 is required for
adhesion functions by stabilizing the
polypeptide conformation. Trimming the
N-glycan to a single GlcNAc residue re-
duces the stability of the glycoprotein but
does not crucially destabilize the protein.
In contrast, complete removal of the sugar
leads to partial or full unfolding of the
protein possibly followed by aggregation.
However, substitution of Lys®! with a glu-
tamic acid eliminates the need for the
carbohydrate to stabilize the protein. This
results in a consistent picture for the role
of the carbohydrate. Human CD2 con-
tains an accumulation of five surface-ex-
posed lysines on the DEB face of the pro-
tein. Lys®! is situated in the center of this
patch surrounded by Lys®, Lys’!, Lys®,
and Lys®® (Fig. 3C). This grouping of pos-
itive charges is energetically unfavorable.
The glycan can stabilize the protein con-
formation through hydrogen bonds, van
der Waals contacts, and possibly entropic
contributions and thus counterbalances
the clustering of the positive charges. If
the central Lys®! is replaced with a nega-
tively charged glutamic acid, it may form a
salt bridge with Lys®” analogous to an
interaction of the corresponding side
chains that occurs naturally in rat CD2 (2,
4) where the protein is stable even with-
out the carbohydrate. It thus appears that
the unfavorable charge at position 61 of
human CD2 is responsible for its glycan
requirement. These data further show the
marked functional differences among
highly structurally related CD2 molecules
of different species that result from se-
quence changes during evolution. Given

the distinctive effects of point mutations
on protein stability, at least certain Ig
domains such as CD2 do not appear to be
rigid protein scaffolds, but rather appear to
maintain their stable conformation as a
result of dynamic interactions between the
polypeptide and its attached glycan. On
the basis of hydrogen exchange NMR
measurements, the presence of a carbohy-
drate in RNase B has been observed to
globally stabilize the polypeptide com-
pared to the glycan-free RNase A (27).

We have solved the solution structure
of a glycoprotein for which both the
conformations of the carbohydrate and the
polypeptide were defined. For comparison,
only a few x-ray structures of fully glyco-
sylated glycoproteins were obtained. In
these structures, usually only the first few
sugar residues are defined by proper elec-
tron density, presumably because of heter-
ogeneity and increased disorder of sugar
residues in the outer branches. Two nota-
ble exceptions (28) are the longer frag-
ments of carbohydrates resolved in the
x-ray structures of (i) an IgG CH2 domain
structure (2.8 A resolution), where the
complex oligosaccharides on each heavy
chain occupy the space between the
domains and by their interaction stabilize
a particular hinge conformation; and (ii)
the structure of a legume lectin (2.0
A resolution) in which the N-linked car-
bohydrate connects two proteins in the
crystal.

Our findings indicate that through the
interaction with the polypeptide, large parts
of the attached glycan can be conforma-
tionally restricted, as compared with free
oligosaccharides with similar or identical
composition. The structural detail herein
should prove helpful for further analysis of
other glycoproteins, including those where
the glycan moiety, unlike that of CD2, is
part of a recognition site.
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Commitment of CNS Progenitors Along the
Dorsoventral Axis of Drosophila Neuroectoderm

Gerald Udolph,* Karin Luer,* Torsten Bossing,
Gerhard M. Technauf

In the Drosophila embryo, the central nervous system (CNS) develops from a population
of neural stem cells (neuroblasts) and midline progenitor cells. Here, the fate and extent
of determination of CNS progenitors along the dorsoventral axis was assayed. Dorsal
neuroectodermal cells transplanted into the ventral neuroectoderm or into the midline
produced CNS lineages consistent with their new position. However, ventral neuroec-
todermal cells and midline cells transplanted to dorsal sites of the neuroectoderm mi-
grated ventrally and produced CNS lineages consistent with their origin. Thus, inductive
signals at the ventral midline and adjacent neuroectoderm may confer ventral identities
to CNS progenitors as well as the ability to assume and maintain characteristic positions
in the developing CNS. Furthermore, ectopic transplantations of wild-type midline cells
into single minded (sim) mutant embryos suggest that the ventral midline is required for

correct positioning of the cells.

The development of the CNS in insects
begins shortly after gastrulation, when
about 30 neuroblasts (NBs) per hemiseg-
ment delaminate from the neuroectoderm
according to a stereotypical spatial and tem-
poral pattern (1-3). Each of these NBs gives
rise to a characteristic cell lineage (4-6).
Although the genetic network that regu-
lates NB formation is well understood [re-
viewed in (7)], the mechanisms leading to
the specification of the individual NBs are
unknown. Candidate genes for NB specifi-
cation include segmentation genes (8, 9),
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homeotic genes (10), and dorsoventral pat-
terning genes (11, 12). Here, we investigat-
ed to what extent the fate of progenitors is
determined before their delamination from
the ectoderm.

By labeling individual early gastrula cells
with the lipophilic fluorescent tracer Dil
(6) or by isotopic transplantation of single
cells labeled with horseradish peroxidase
(HRP) (13) at the same stage, we have
clarified the embryonic lineages of the mes-
ectodermal midline progenitors (6) and of
several NBs. The type of lineage formed by
the various NBs is clearly identifiable by the
morphology, number, and position of the
neuronal or glial progeny (or of both) and is
dependent on their dorsoventral site of or-
igin from the neuroectoderm (Fig. 1, A
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1-hour incubation at 37°C followed by four PBS
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sette formation. A rosette-positive cell was defined
as one COS 7 cell binding to = five SRBCs. Vector
alone-transfected COS-7 cells served as the neg-
ative control.
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through E) (Table 1) (5, 14).

To examine the degree to which neuro-
ectodermal progenitor cells (nPCs) and
midline cells of the early gastrula [stage 7;
stages are described according to (15)] are
specified to produce specific neural lineages,
we performed heterotopic transplantations
(Fig. 2 and Table 1). The experiments were
designed to test determination as a function
of dorsoventral but not of anteroposterior
position in the ectoderm. In one experi-
ment (I in Fig. 2), single nPCs were trans-
planted from dorsal sites [30 to 50% ven-
trodorsal perimeter (% VD)] of -HRP-la-
beled donors to ventral sites (O to 20% VD)
of unlabeled hosts that were allowed to
develop until late embryonic stages (stage
17). From these transplantations, 129 CNS
clones were obtained; 81 of these lineages
corresponded to ventral NBs (16), and 38
clones corresponded to midline lineages
(17) (Fig. 1, A, B, and E). In 10 cases,
identification of the lineage was not possi-
ble. The switch to ventral fates of trans-
planted dorsal nPCs is also corroborated by
the expression of a molecular marker. The
enhancer-trap line X55 spdcifieally express-
es the lacZ reporter gene in ventral midline
cells (18). Dorsal nPCs (30 Yo 50% VD),
which normally do not express the marker,
were taken from HRP-labeled X55 donors
and transplanted into ventral midline posi-
tions of wild-type hosts. Midline clones de-
rived from these transplants stained positive
for lacZ expression (Fig. 1G) [for single
minded (sim)-lacZ expression, see (19)].
Thus, dorsal nPCs of the early gastrula are
not firmly specified, inductive signals exist
at ventral sites to confer ventral neural
identities, and dorsal nPCs are receptive to



