deletions exist in the repertoire of the nor-
mal subjects (13) and show a pattern of
specific Vg deletion in retrovirally infected
humans. In mice, some V, clonotypes sus-
ceptible to clonal deletions mediated by
endogenous superantigens cross-react with
exogenous superantigens (4). Thus, elimina-
tion of these cells early in ontogenesis may
prevent the adverse effects that might occur
later in life if such antigens are encountered
(4). However, the absence of somatically
imposed Vg deletions suggests that this con-
cept cannot be applied to humans. Hence,
the evolutionary pressures that have favored
the advantages of maintaining a large T cell
repertoire in humans may be ultimately re-
sponsible for the devastating pathogenic ef-
fect of HIV infection.

In conclusion, our results lend support to the
hypothesis that HIV-encoded proteins may
deliver anergic signals to noninfected T cells
through interactions with specific Vi, se-
quences. The final proof of this model will
require the identification and the molecular
characterization of the HIV-encoded superan-
tigens. Such a characterization may also aid in
avoiding deleterious effects of candidate vac-
cines.
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Structure of a Le

e Lectin with an Ordered

N-linked Carbohydrate in Complex with Lactose

Boaz SHAANAN,* HALINA L1s, NATHAN SHARON

The three-dimensional structure of the lactose complex of the Erythrina corallodendron
lectin (EcorL), a dimer of N-glycosylated subunits, was determined crystallographi-
cally and refined at 2.0 angstrom resolution to an R value of 0.19. The tertiary
structure of the subunit is similar to that of other legume lectins, but interference by
the bulky N-linked heptasaccharide, which is exceptionally well ordered in the crystal,
forces the EcorL dimer into a drastically different quaternary structure. Only the
galactose moiety of the lactose ligand resides within the combining site. The galactose
moiety is oriented differently from ligands in the mannose-glucose specific legume
lectins and is held by hydrophobic interactions with Ala®®, Tyr'%®, Phe'®!, and Ala?'8

and by seven hydrogen bonds, four of which are to the conserved Asp®®, Asn

133 and

NH of Gly'?’. The specificity of legume lectins toward the different C-4 epimers
appears to be associated with extensive variations in the outline of the variable parts of

the binding sites.

ECOGNITION OF COMPLEX CARBO-
hydrates by lectins (1) has been
implicated in important biological
processes such as protein targeting to cellu-
lar compartments (2), homing of leukocytes
(3), and host-pathogen interactions (). The
readily available plant lectins (4, 5) have
become a paradigm for protein-carbohy-
drate recognition at the cell surface because
of their ability to detect subtle variations in
carbohydrate structures found on proteins
and lipids from various sources. Structures
of several plant lectins specific for mannose-
glucose (Man-Glc), N-acetylglucosamine
(GleNAc)-sialic acid, and complexes of
these lectins with sugars have been deter-
mined by crystallographic methods (6-10).
We report the high-resolution crystal struc-
ture of the Erythrina corallodendron lectin
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(EcorL) (11), which is specific for galactose
and its derivatives, in complex with lactose
(12). This legume lectin is a dimer of a 30-kD
glycosylated subunit, homologous to other lec-
tins of the same family (5), with a plant-specific
heptasaccharide Mana6(Mana3)(Xyl32)Man-
B4GIcNAcB4(L-Fuco3)GIcNAcB N-linked to
Asn'7 of each subunit (13) (Xyl, xylose, and
Fuc, fucose). Each subunit contains Mn?* and
Ca®*, which are essential for the lectin activity
(11). Beyond aspects related to the basis of
sugar-binding specificity of the legume lectins,
this report deals with the effect of glycosylation
on protein assembly as well as with the inter-
actions that stabilize branched surface carbohy-
drates in a single conformation.

The crystals of the EcorL-lactose complex
are monoclinic C2, with cell dimensions a =
8440 A, b = 73.05 A, c = 71.40 A, and B
= 113.42°, and contain one monomer in the
asymmetric unit (14). The structure was
determined by molecular replacement (15)
by using the known structures of concanava-
lin A [Con A; (16, 17)] and pea lectin [PL
(9)] as models. The R value of the current
model is 0.190 at 2.0 A resolution (15).

SCIENCE, VOL. 254




The tertiary structure of the EcorL mono-
mer is similar to that of Con A and PL; most
of the variations are localized to regions of B
loops (18). Superposition of an EcorL
monomer on that of Con A (Fig. 1) reveals
that EcorL has the potential to sustain most
of the interactions essential for maintaining
the canonical legume lectin dimer first ob-
served in Con A (9, 16), particularly the
conserved B-sheet—type hydrogen bonds be-
tween main-chain atoms of the strands ad-
jacent to and related by the molecular two-
fold axis. However, physical interference by
the bulky carbohydrate chain emanating
from the glycosylation site at Asn'”, which
is part of the canonical monomer-monomer
interface of the legume lectin family (9, 16),
forces the EcorL dimer into a drastically
different quaternary structure (Fig. 1).
Rather than forming the conserved 12-
strand B sheet extending over twofold relat-
ed monomers, the two monomers of EcorL
dock to build an interface of a “handshake”
type similar in its general shape to that of the
contact between the variable heavy-chain
and light-chain (Vy4-V;) domains in F,,
fragments (19) (Fig. 1). The novel dimer
thus formed is the genuine molecular dimer
of EcorL (20). It is stabilized by hydropho-
bic and polar interactions, with a surface
area of 700 A2 per subunit buried at the
interface, but is probably less favorable than
the canonical dimer, in which 900 to 1100
A2 per subunit are buried at the dimer
interface and which is further stabilized by
the B-sheet-type hydrogen bonds (21). The
extreme effect of glycosylation on the assem-
bly of EcorL can be related to the modula-
tion of protein-protein interactions by an
exposed N-linked carbohydrate that has
been noticed in studies of the influenza virus
hemagglutinin (22).

Attempts to determine by crystallographic
methods the detailed structure of carbohy-
drate units on glycoproteins have been ham-
pered by the inherent mobility and chemical
heterogeneity of the oligosaccharides (23,
24). In the crystal of EcorL the N-linked
heptasaccharide is tethered by an intricate
network of intra- and intermolecular hydro-
gen bonds and as a result all of the seven
monosaccharides are seen with exceptional
clarity in the electron density map (Fig. 2A).
The branched carbohydrate projects out
from Asn'”, which is the last residue of a B
turn connecting strands from the two main
antiparallel B sheets characteristic of the
legume lectins (9, 16). It adopts an extended
conformation, with the Bl — 4 linked
GlcNAc (NAGI14 in Fig. 2B) and the ter-
minal trimannoside unit roughly coplanar
and nearly perpendicular to the mean plane
of the first, N-linked GIcNAc (N-NAG in
Fig. 2B). The latter monosaccharide and its
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Fig. 1. The relation between the canonical dimer of the legume lectin family and that of EcorL (stereo).
An EcorL monomer (yellow) is superimposed (18) on one monomer of the canonical dimer (two Con
A monomers, blue and purple). The N-linked carbohydrate of EcorL penetrates ~17 A into the second
Con A monomer. The EcorL dimer (viewed down its twofold axis) is formed by interaction with
another monomer (red) through three strands on the opposite side of the B sheet (metal ions and lactose
ligand of EcorL shown in light blue).

Fig. 2. The N-linked carbohydrate in EcorL (stereo). (A) 2F, — F, map (contoured at 1o) with the
protein molecule (light green; glycosylation site marked as ND2 301), the symmetry-related molecule
(red), and water molecules (crosses). The fucose partially covers the B1 — 4GIcNAc, and the xylose is
in the back. (B) The network of hydrogen bonds (dashed lines) stabilizing the N-linked carbohydrate
(empty bonds; water molecules omitted for clarity). One letter code (29) and a sequence number for
shown protein residues (full bonds); asterisks indicate symmetry-related residues.
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1 — 3 linked L-fucose are held tightly by
hydrogen bonds to side-chain atoms of
Asp’®, Tyr®%, and Lys®® of the parent pro-
tein molecule, while the other saccharides,
that is, the Bl — 4 GIcNAc, the trimanno-
side unit, and the xylose, form nine hydro-
gen bonds to main-chain and side-chain
atoms on three separate B turns in the
twofold related molecule [Fig. 2B (20)].
Discrete water molecules surround the
monosaccharides in regions not in direct
contact with the protein (Fig. 2A). Despite
their relative proximity, there are no direct
interactions between the two symmetry-re-
lated N-linked carbohydrate chains (20).

The EcorL structure accentuates the capa-
bility of proteins to force convergence to a
particular conformer out of the vast, al-
though somewhat restricted (25), ensemble
of conformations accessible to exposed oli-
gosaccharides, provided that the overall dy-
namic structure of the latter fits the contact-
ing protein environment. Although the
“frozen” conformation of the N-linked car-
bohydrate in the EcorL crystal is selected
during the crystallization process by fortu-
itous interactions between the terminal sac-
charides and a complementary surface pre-
sented by a symmetry-related molecule, all
of the dihedral angles associated with the
glycosidic bonds of the heptasaccharide, ex-
cept for the ¢/ angles of the Manl — 6
branch, fall within the angular range de-
duced from solution studies on similar or
identical oligosaccharides (25, 26) (Table 1).
In the EcorL crystal the flexible Manl — 6
branch adopts an @ = —67° conformation
about the C-5-C-6 bond, which differs from
the conformation observed in (26) but was
observed in other studies (Table 1) (24, 25,
27) with @/ angles that optimize the inter-
actions with the protein.

As in other legume lectins, the combining
site of EcorL is a shallow depression on the

Table 1. Comparison of ¢/ dihedral angles of
the N-linked carbohydrate in the EcorL crystal
and solution.

) @/ (degrees)
Linkage
Crystal  Solution*
L-Fuca(l — 3)GIcNAc 45/19 45/30
GIcNAcB(1 — 4)GIcNAc  47/11 50/10
Mang(1 — 4)GIcNAc 41/-37t 60/0
XylB(1 — 2)Man 45/19  45/30

Mana(1 - 6)Man -62/76t —40/170§
Mana(1 - 3)Man 5/-154 —15/-160

*The ¢/ values in solution are based on studies of the
bromelain hexasaccharide, which lacks the al — 3 Man
(26). The last entry is from a study of the ccharide
of Erythrina cristagalli (25), which is identical to that of
EcorL. Sec (25) and (26) for definitions of the dihedral
anﬁmm,:p,and#. 1tWithin 3 kcal/mol from the
solution conformation (26). 0 = —67°. Sw=
180°.
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protein surface that shares residues with the
calcium binding site that is essential for
sugar binding (6-9, 16, 17). The galactose
moiety is well resolved in the electron den-
sity map of the EcorL-lactose complex,
whereas the glucose, which resides mostly
outside the binding pocket, is barely detect-
able beyond the glycosidic bond (Fig. 3A).
Hydrophobic interactions with Ala®%,
Tyr'%, Phe'3!; and Ala®'3, as well as seven
cooperative hydrogen bonds (28) to protein
atoms and to a bound water, hold the
galactose in the combining site. Four hydro-
gen bonds are from the galactose 3-OH and
4-OH to 032 of Asp®®, Ne2 of Asn'33, NH
of Gly'%7, and 031 of Asp®®, which, along
with the hydrophobic side chains of Ala®®
and Phe'3!, occupy similar relative positions
in the combining sites of other legume
lectins and constitute the framework neces-
sary for binding sugars (4) (Figs. 3B and 4).
Two additional hydrogen bonds are be-

tween 4-OH and NH of Ala®!®, whose
relative position in the binding pocket ap-
pears to vary somewhat between the legume
lectins (Ala*'! in PL and Leu®® in Con A;
Figs. 3B and 4) and between 6-OH and Ne2
of GIn?'® (Glu?'? in PL and Tyr'® in Con
A; Fig. 3B). The 6-OH is also hydrogen
bonded to a water molecule that is bound
tightly to the main-chain O of Leu®® (Figs.
3B and 4; sec legend to Fig. 3B for hydro-
gen-bond distances between the ligand and
protein atoms).

However, in EcorL, and presumably in
other galactose-binding legume lectins (10),
the orientation of the hexose ring with
respect to the framework for ligand binding
differs from the orientation observed in
complexes of glucose-mannose specific lec-
tins, probably as a result of the different
stereoclectronic effects associated with the
C-4 configuration of the ligands. The galac-
tose is rotated in the combining site so that,

Fig. 3. The combining site of EcorL (stereo). (A) F, — F. map (purple; lactose omitted from the
model) superimposed on 2F,, — F, map (both maps contoured at 10). (B) The hydrogen bonds (dashed
lines) and hydrophobic residues stabilizing the ligand (empty bonds) in the combining site of the
EcorL-lactose complex. Only the galactose (3-OH and 4-OH as O3 and O4, respectively) makes
hydrogen bonds to protein residues (full lines; marked as in Fig. 2B). Hydrogen-bond distances: 3-OH
to 052 of Asp®®, to NH of Gly'%, and to Ne2 of Asn'3? are 2.8, 2.9, and 3.1 A, respectively; 4-OH

to 081 of Asp® and NH of Ala®'® are 2.8 and 2.9 A,

respectively; and 6-OH to Ne2 of GIn®'?, 3.1

A. Note the cis-peptide bond between Ala®® and Asp® (4, 6, 9).
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Fig. 4. Comparison (stereo) of the combining sites of EcorL (full bonds), Con A (empty bonds), and
PL (single line). Residues were superimposed by using the transformation matrices derived in (30).
Shown are EcorL residues in contact with the ligand and the corresponding residues in Con A and PL
in the framework for ligand binding (other residues in the Ca: tracing), the galactose (full bonds; 3-OH
and 4-OH marked) with hydrogen bonds (dashed lines) to EcorL residues and the glucose (empty

bonds, C-1 marked as Cl’) as positioned in the Con A combining site (7). The C-1

é glucosc —

CB(Ala?'8) distance is 2.2 A. The residues of the framework for ligand binding (Ala®8, Asp®”, Phe!!,
Asn'33, and the NH of Gly'%” in EcorL) overlap within error with the equivalent residues in PL (Ala%°,
Asp®!, Phe’?3, Asn'?5, and Gly®) and Con A (Ala?"7, Asp®°®, Tyr'?, Asn'%, and Arg??8, the latter

shown without its side chain).

for example, its 3-OH and 4-OH groups

make hydrogen bonds to Ne2 of Asn'33 and
031 of Asp®, respectively, whereas the
glucose-mannose forms hydrogen bonds to
the equivalent protein atoms through 4-OH
and 6-OH (7, 8). The 6-OH of the galactose
is accommodated in EcorL by a radically
different trace of the B turn constituting the
more structurally variable edge of the com-
bining site around residues Ala®*® and
GIn?'? and opposite the conserved frame-
work (Figs. 3B and 4). Furthermore, model
building (Fig. 4) suggests that steric hin-
drance by the side chain of Ala®'8 in EcorL
plays a major role in discriminating against
binding of glucose-mannose as it prevents
optimal positioning of ligands with an equa-
torial 4-OH [such as glucose; (11)].

Thus, the adjustable topology of the com-
bining sites of the legume lectins enables
them to optimally align the specific ligands
with respect to the conserved constellation
of residues that are involved directly in
hydrogen bonds and hydrophobic interac-
tions with the bound sugar (Ala®®, Asp®,
Gly'%7, Phe'®!, and Asn’*? in EcorL; Fig.
4). However, although subtle variations in
the shape and size of residues lining the
combining sites can account for variations in
ligand affinity among the glucose-mannose
specific lectins (4), the EcorL structure sug-
gests that extensive differences in the outline
of the variable parts of the binding pockets
are associated with specificity toward the
different C-4 epimers.
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of 0.31 for all of the data between 3.5 and 6.0 A (B.
Shaanan, unpublished results). The intermolecular net-
work of hydrogen bonds stabilizing the N-linked hep-
tasaccharide forms between two independent mono-
mers related by the 0,y,0 twofold axis.

A detailed description of the interface and the
structure will be published elsewhere.
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A Phosphorylation Site in the Na* Channel Required
for Modulation by Protein Kinase C
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Voltage-gated sodium channels are responsible for generation of action potentials in
excitable cells. Activation of protein kinase C slows inactivation of sodium channels
and reduces peak sodium currents. Phosphorylation of a single residue, serine 1506,
that is located in the conserved intracellular loop between domains III and IV and is
involved in inactivation of the sodium channel, is required for both modulatory effects.
Mutant sodium channels lacking this phosphorylation site have normal functional
properties in unstimulated cells but do not respond to activation of protein kinase C.
Phosphorylation of this conserved site in sodium channel « subunits may regulate
electrical activity in a wide range of excitable cells.

OLTAGE-SENSITIVE NA* CHAN-

g ; nels are responsible for the initia-
tion and propagation of the action
potential and therefore play a crucial role in
neuronal excitability (1). The Na* channel
isolated from rat brain is a heterotrimeric
protein consisting of a 260-kD « subunit
and 30- to 40-kD B, and B, subunits (2).
Expression of the a subunit is sufficient for
formation of functional Na* channels in
Xenopus oocytes (3) or mammalian cells (4).
Four rat brain Na™ channel subtypes have
been defined by cloning and sequencing
(5=7). Types Il and IIA are the predominant
Na™ channel a-subunit subtypes expressed
in adult rat forebrain (8, 9). Physiological
modulation of these Na* channels would
lead to significant changes in neuronal excit-
ability in the brain. Protein kinase C (PKC)
modulates the activity of many ion channels
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(10) and is known to phosphorylate the o
subunit of the Na* channel in rat brain
(11). Activation of PKC in Xenopus oocytes
expressing brain Na* channels decreases
peak Na* current (12). We have recently

Fig. 1. The transmembrane
folding model of the Na*
channel o subunit with ex-
perimentally  determined
cAMP-dependent  protein
kinase phosphorylation sites
(P enclosed in a circle) and
the putative PKC phospho-
rylation site (P enclosed in a
diamond). The single-letter
amino acid code of the pri-
mary sequence of the SP19
peptide in the intracellular
loop between homologous
domains IIT and IV of the
type IIA Na* channel a sub-
unit (6) is illustrated. The
arrow indicates the position

found that activation of PKC in rat brain
neurons or in transfected Chinese hamster
ovary (CHO) cells expressing type ITA Na*
channels (CNalIA-1) (13) causes rapid and
reversible slowing of Na™ channel inactiva-
tion and reduction of peak Na™ current
(14).

Both slowing of inactivation and reduc-
tion of peak Na* current were recorded in
every cell-attached patch (15) from
CNalIA-1 cells (16) treated with 40 to 75
uM  1-oleoyl-2-acetyl-sn-glycerol (OAG).
To quantify the slowing of inactivation
without fitting to a specific model, we
normalized the peak Na* currents, mea-
sured their integral, and expressed it as
percent of untreated controls. Treating the
cells with 40 to 50 uM OAG reduced the
peak Na* current to 33 = 7% of control
and increased the normalized peak cur-
rent integral to 206 * 68% of control
(SEM, n = 16); treating the cells with 65
to 75 pM OAG further reduced the peak
current to 6 *+ 0.3% of control (SEM, n =
6). PKC phosphorylation can almost com-
pletely inhibit Na* currents in these
CNalIA-1 cells.

The intracellular loop between domains
III and IV (Fig. 1) plays a critical role in
Na* channel inactivation (17, 18). The pres-
ence of a consensus PKC phosphorylation
site (19) centered at Ser'5°® in this intracel-
lular loop led us to consider whether phos-
phorylation of Ser’5°® might be involved in
modulation of Na* channel activity by
PKC. The synthetic peptide SP19 (17) (Fig.
1) represents a portion of the intracellular
loop between homologous domains III and
IV and contains the putative PKC site Lys-
Lys-Leu-Gly-Ser-Lys-Lys. Peptide SP19
was rapidly phosphorylated by purified PKC
(20) in vitro in the presence of diolein and
phosphatidylserine (240 nmol/min per mil-
ligram of enzyme) but not by adenosine
3’,5’-monophosphate (cAMP)—dependent
protein kinase (<2 nmol/min per milligram
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of the oligonucleotide-directed mutation of Ser'3% to alanine. Abbreviations for the amino acid
residues are as follows: A, Ala; E, Glu; M, Met; N, Asn; Q, Gln; T, Thr; and Y, Tyr.

SCIENCE, VOL. 254





