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ABSTRACT. Soybean agglutinin (SBA)@lycine max is a tetrameric GalNAc/Gal-specific lectin which

forms unique cross-linked complexes with a series of naturally occurring and synthetic multiantennary
carbohydrates with terminal GalNAc or Gal residues [Gugital. (1994)Biochemistry 337495-7504].

We recently reported the X-ray crystal structure of SBA cross-linked with a biantennary analog of the
blood group | carbohydrate antigen [Dessatnal. (1995) Biochemistry 344933-4942]. In order to
determine the molecular basis of different carbohydrétetin cross-linked lattices, a comparison has
been made of the X-ray crystallographic structures of SBA cross-linked with four isomeric analogs of the
biantennary blood group | carbohydrate antigen. The four pentasaccharides possess the common structure
of (B-LacNAckGal-R, where R is-O(CH,)sCOOCH;. Thef-LacNAc moieties in the four carbohydrates

are linked to the 2,3-, 2,4-, 3,6-, and 2,6-positions of the core Gal residue(s), respectively. The structures
of all four complexes have been refined to approximately-2.8 A. Noncovalent lattice formation in

all four complexes is promoted uniquely by the bridging action of the two arms of each bivalent
carbohydrate. Association between SBA tetramers involves binding of the terminal Gal residues of the
pentasaccharides at identical sites in each monomer, with the sugar(s) cross-linking to a symmetry-related
neighbor molecule. While the 2,4-, 3,6-, and 2,6-pentasaccharide complexes possess a Bésaion
space group, their unit cell dimensions differ. The 2,3-pentasaccharide cross-linked complex, on the
other hand, possesses the space gid2. Thus, all four complexes are crystallographically distinct.

The four cross-linking carbohydrates are in similar conformations, possessing a pseudo-2-fold axis of
symmetry which lies on a crystallographic 2-fold axis of symmetry in each lattice. In the case of the 3,6-
and 2,6-pentasaccharides, the symmetry of their cross-linked lattices requires different rotamer orientations
about their(1,6) glycosidic bonds. The results demonstrate that crystal packing interactions are the
molecular basis for the formation of distinct cross-linked lattices between SBA and four isomeric
pentasaccharides. The present findings are discussed in terms of lectins forming unique cross-linked
complexes with glycoconjugate receptors in biological systems.

Lectins are carbohydrate binding proteins that are widely folding patterns are conserved in nematodes, vertebrates, and
distributed in nature, including in microorganisms, plants, plants, suggesting the importance of their biological functions
and animalsY). Lectins with similar specificities and protein  (cf. refs 2, 3). In fact, the biological roles of animal lectins
have been established in many cases. A number of mam-
malian lectins are involved in receptor-mediated endocytosis
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transmembrane glycoproteins leads to changes in their inter- Ga B GieNAC < p1.2

actions with cytoskeletal proteins and concomitant alterations 2,3-Penta GaloR

in the mobility and aggregation of other surface receptors ca B2 gienac P

(13, 14). Thus, the carbohydrate cross-linking properties of

lectins appear to be a key feature of their biological activities. G B GioNAC < p1.2
Insights into lectir-carbohydrate cross-linking interactions 2,4-Penta GaloR

have been obtained by investigating the binding of lectins Ga 2% gionac <P

to the oligosaccharide chains of glycoproteins and glycolip-

ids. Many of these branch-chain oligosaccharides have been cal B4 _gioNAc ~_p1.3

shown to be multivalent and to bind, cross-link, and 3,6-Penta " g GaoR

precipitate with specific multivalent lectind%—20). Im- Gal ——GlcNAc 7 "

portantly, these interactions lead to the formation of homo-

geneous cross-linked complexes between lectins and oli- Ga B4 GloNAc ~_p1.2

gosaccharides and glycopeptide0{23). For example, 2,6-Penta GalOR

quantitative precipitation studies of binary mixtures of a cal B4 gionac 71

series of oligomannose glycopeptides and a bisected hybrid-FiGure 1. Structures of the 2,3-, 2,4, 3,6-, and 2,6-pentasaccha-
type glycopeptide with the Glc/Man-specific lectin, CohA, rides. The aglycon moiety R is(CH)sCOOCH. The core
indicate that each glycopeptide forms unique, homogeneou:;q""l"’lctose residue is in thizanomeric configuration.

cross-linked complexes with the lecti2l). Complexes
containing different glycopeptides bound to a single lectin
molecule fail to precipitate. Similar studies have shown that
mixtures of complex-type oligosaccharides and several Gal-
specific lectins including SBA also form homogeneous cross-
linked complexesZ3).

The ability of lectins to form homogeneous cross-linked
complexes with multivalent carbohydrates has been shown
to be due to the formation of highly ordered, unique cross-
linked lattices. For example, the precipitates formed be-
tween the Fuc-specific isolectin A frobotus tetragonolobus
(LTL-A) and three structurally related biantennary fucosyl
oligosaccharides show distinct, highly organized cross-linked
lattices for each carbohydrate when viewed by negative stain
or freeze fracture electron microscopy (EN2OJ. Similar
observations have been made of the cross-linked complexe
formed between the Gal/GalNAc-specific plant lectin SBA
and a variety of naturally occurring and synthetic multian-
tennary oligosaccharides with terminal Gal or GalNAc
residues including a series of blood group | antigen analogs
(24). Mixed guantitative precipitation experiments suggested MATERIALS AND METHODS
unique cross-linked complexes between the carbohydrates o )
and SBA, while negative stain EM images indicated the The four carbohydrates in Figure 1 were synthesized as

formation of highly ordered cross-linked lattices in many Previously described?g). The purity of the oligosaccharides
instances 24). was confirmed by*H NMR. Native SBA was purified as

eviously describedl()).

Crystallization The four SBA-pentasaccharide com-
plexes were crystallized by the hanging drop vapor diffusion
method, as previously describezb]. Single crystals of up

to 3.0 mm on each edge could be grown with this method.

action of the bivalent pentasaccharide. Association betweencryStal_s of _the 2,4- and 3,6-pentz_isaccharide complexes
tetramers of SBA involves binding of the terminal Gal crystallized in space group6,22, which was the same as

residues of the pentasaccharide at identical sites in eacl‘Tcz’r the 2,6-p|ent?sgcczharide complix p(;eviousl); describeld
protein monomer, with the sugar cross-linking to a symmetry- I( 9. Crystals of the ,3-pen'tasahcc aride corr}p ex”cfrysta—
related neighbor molecule. However, while the structural 112ed in space groupd;22. Unit cell parameters for all four

role of the cross-linking carbohydrate is clear in the case of complexes are given in Tf'ible 1
the 2,6-pentasaccharide complex, the structural basis for the Data Collection X-ray diffraction data were collected on
formation of different cross-linked complexes between SBA & Siemens area detector system coupled to a Rigaku RU-

and other related carbohydrates is the subject of the preseng90 rotating anode X-ray generator. The data were processed
investigation. with the XENGEN software package (Siemens Analytical

X-ray Instruments, Inc., Madison, WIR{). Table 2 gives

a summary of the data collection and data reduction

1 Abbreviations: SBA, lectin from soybeaGlycine may ConA, parameters for all four crystalline complexes
lectin from jack bean Ganavalia ensiformi3; N-linked, asparagine- . .
linked; LacNAc, GaB(1,4)GIcNAc; NMR, nuclear magnetic resonance; Structure and RefinementThe structure of SBA bound

EM, electron microscopy. All sugars are in theconfiguration. to the 2,6-pentasaccharid®5 was used to solve the

The present study compares the crystal structures of SBA
cross-linked with four isomeric analogs of the blood group
| antigen (Figure 1) as determined by X-ray diffraction
analysis. While complexes between SBA and 2,4-, 3,6-, and
2,6-pentasaccharides yield crystals belonging to the same
space group, the variations in unit cell dimensions reveal
differences that provide the molecular basis of the unique
cross-linked lattices of the carbohydrates with the lectin. The
more acute angle relating the arms of the 2,3-pentasaccharide
results in a crystalline lattice belonging to a space group
distinct from the other three sugalectin complexes and
serves to emphasize the unique role of the bivalent sugars
in mediating lattice formation. The results thus provide a
molecular basis for the formation of unique, homogeneous
cross-linked complexes between a single lectin and a series
of structurally related bivalent oligosaccharides. In turn, this
provides a mechanism for the formation of selective,
clustered arrays of lectinglycoconjugate receptors in bio-
logical systems.

Recently, the structure of SBA cross-linked with an analog pr
of the blood group | carbohydrate antigen (2,6-pentasaccha-
ride in Figure 1) has been determined by X-ray crystal-
lography at a resolution of 2.6 28). The structure shows
that lattice formation is promoted uniquely by the bridging
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Table 1: Space Group and Unit Cell Parameters of SBA Cross-Linked with the 2,3-, 2,4-, 3,6-, and 2,6-Pentasaccharides

complex space group a(d) b (A) c(A) o (deg) B (deg) y (deg)
SBA—2,3-pentasaccharide 14,22 122.6 122.6 90.6 90 90 90
SBA—2,4-pentasaccharide P6,22 144.6 144.6 107.2 90 90 120
SBA-—3,6-pentasaccharide P64,22 143.3 143.3 107.8 90 90 120
SBA—2,6-pentasaccharide P6,22 144.9 144.9 109.4 90 90 120
Table 2: Data Collection and Reduction for SBA Cross-Linked side chains and waters were built into the new models where
Carbohydrate Complexes there was clear density in omit maps for them. The final
SBA—2.F SBA—24 SBA-36 models for the 2,4-pentasaccharide and 3,6-pentasaccharide
- complexes hadR-factors of 20.5% and 21.0% and included
scan width 0.25 0.25 0.25

45 and 20 waters, respectively. The 2,4-pentasaccharide

L?‘ﬁ?g?,@;‘ﬂjﬁg 2'54}3{394 2'15122590 2'23134 model has final rms bond length deviations of 0.017 A and
no. of unique reflections 12224 19406 16633 rms bond angle deviations of 2.:34 The corresponding
redundancy 4.74 5.80 3.73 numbers for the 3,6-pentasaccharide model are 0.013 A and
meanYlol 13.9 158 4.1 2.50°. Due to the absence of electron density, the region
Rsym ON intensity (%) 12.8 14.0 13.9 . . . !
ReymON intensity in last 30 41 54 from Serl116 to Aspl18 is not included in the 3,6 model.
resolution shell Residues Serl116 and Glyl117 are not included in the 2,4
completeness of data (%) a1 85 84 model. Residues with poor electron density for their side
completeness of data (%) in last 85 49 67 chains are modeled as alanine. All models include a cis-

resolution shell

a2,3-Pentasaccharidé€SBA complex.” 2,4-Pentasaccharie€SBA
complex.¢ 3,6-Pentasaccharie€SBA complex.

peptide bond between Ala87 and Asp88 as found in all
legume lectins (cf. refs 31, 32).

The structure of the 2,3-pentasaccharide complex was
) solved by molecular replacement using the protein portion
structure of the 2,4- and 3,6-pentasaccharide complexes.y¢ihe 2 6.sugar complex as the search model. Cross-rotation
Since all three of these complexes crystallized in space group,ng sybsequent translation functions were calculated using
P6,22, molecular replacement was not required to solve the A\MoRE (33). The rotation angles and translation functions

other two structures. Rather, each was first submitted t0 5iculated on 85 A data yielded a solution at 1Gr@bove
rigid-body refinement using X-PLORG). Rfactors of 24% e mean and an initiak-factor of 40%, with the next best

and 30% were thus obtained for the 2,4- and 3,6-pentasaceak heing 4.4 above the mean. The rotated and translated

charide complex structures, respectively. Refinement of the ,,o4e| was then rigid-body refined using X-PLOR, which
two structures was then continued by using the rigid-body o ceq ther-factor to 31%. At this point 10% of the data
minimized model. The process of refining the starting model ;- randomly chosen for calculation Rffree. TheR-free

for each structure was divided into several macrocycles, eachyecreased in all subsequent X-PLOR refinement steps.
of which involved manual rebuilding of the model using the - appjication of simulated annealing and individugdfactor
program TOM @9), displayed on a Silicon Graphics yefinement reduced thi-factor to 23.3% R-free = 33%),
workstation. “Omit” maps were employed in model bullding ¢ cajcylated maps were of sufficient quality to allow
and used to modify areas of poor geometry. Manually yan5] incorporation of the two terminal sugars from the
adjusted models were refined using the least-squares posiyoncovalent saccharide, as well as the two divalent metal
tional refinement algorithm of TNT30). Refinement and ~jong ang their water ligands. Another round of simulated
model building were judged to be complete when no further annealing reduced th&factor to 22%, at which point

assignable density was apparentibg| — |F maps and no  yjtiple rounds of model building using the program3a)(
further reduction inR-factor could be produced without ;.4 positional refinement with the program TNT improved

deleterious effects on the geometry. In a final stage of yhe model to its finaR-factor of 18.7% with rms bond length
refinement, advantage was made of the superior quality of 5,4 hond angle deviations of 0.011A and°1/@spectively.
the data for the 2,3-pentasaccharide complex. A matriXx WasThe final model contains 22 water molecules.

calculated using the TNT program OVERLAY which

superimposed the €Cbackbone of the 2,3-pentasaccharide RESULTS AND DISCUSSION

complex onto that for the 2,4 or the 3,6 complexes. The

models, which contained all protein atoms for which density ~ Protein Structure Examination of the @ coordinates of
was unambiguous for both the complex being fitted and the SBA in the cross-linked complexes with the 2,3-, 2,4-, and
2,3-pentasaccharide complex model, were put into the 2,43,6-pentasaccharides shows that the coordinates are similar
or 3,6 complex’s unit cell and used as targets for simulated to one another as well as to the structure of the lectin in the
annealing using the X-PLOR routine SLOWCOOL with an 2,6-pentasaccharide compleg25]. The Gx coordinates of
initial temperature of 3000 K. All 122.52 and 8.6-2.8 A SBA in the 2,3- and 3,6-pentasaccharide complexes, for
data were used to refine the 3,6 complex and the 2,4 complex,example, can be almost perfectly superimposed (Figure 2).
respectively. Simulated annealing (4000 K) omit maps for The root mean square (rms) differences between pairswof C
each 10 residues were also calculated to assist in mappositions for the four structures are listed in Table 3. The
interpretation and prevent the incorporation of model bias superimposed structures in Figure 2 show that the main
into the rebuilt models for the 2,4 and 3,6 complexes. Use differences lie in the loop areas, the major secondary
of the simulated-annealed models in conjunction with the structural elements being nearly identical. The polypeptide
omit maps for the 2,4 and 3,6 complexes resulted in fold consists of two separate sheets of antiparglisirands.
improved model clarity, especially for loop regions. Missing There are si3-strands in the first sheet, and seven in the
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Table 3: RMS Difference betweeno(Positions of
SBA—Pentasaccharide Structures

complex complex rms (A)
SBA—-2,3 SBA—2,4 0.341
SBA—-2,3 SBA-2,6" 0.368
SBA—-2,3 SBA-3,6° 0.383
SBA—-2,4 SBA—-2,6 0.275
SBA—2,4 SBA-3,6 0.328
SBA-2,6! SBA—-3,6 0.349

a2,3-Pentasaccharie€SBA complex.” 2,4-PentasaccharieSBA
complex.© 3,6-Pentasaccharidé&SBA complex.d 2,6-Pentasaccharide
SBA complex.

Nearly all of the amino acids in the three structures have
¢ andy angles that fall within energetically allowed regions
of the Ramachandran plot. Two exceptions for all structures
FIGURE 2: Superimposed € coordinates of SBA for the cross are Asps8 and Asn136. AsnlS9is also in an unfavorable
linked compleges Wﬁh the 2,3- and 3,6-pentasaccharides (blue and'€9'on N the models fqr the 2,4- anq the 3,§-pentgsaccharlde
red, respectively) in Figure 1. The Minand C&* ions in the protein ~ cOmplexes.  Asp88 is involved in a cis-peptide bond
are designated by green and magenta balls, respectively. The rooconserved among lectins (cf. refs 31, 32). Asn136 and 159
mean square (rms) differences between each pair of structures werare in surface loops, and their poor geometry is enforced by
measured by calculating the rms difference betweearpGsitions numerous hydrogen bond interactions with neighboring

of both structures (Insight II) and are given in Table 3. The : L P
superimposed structures reveal that the main differences lie in therESIdues. The only remaining area of poor geometry is in

loop areas, the major secondary structural elements being nearlyol near the loop enc_ompassing residues-11P9. Portions
identical. of this loop are not included in the models for the 2,4- and

the 3,6-pentasaccharide complexes because of weak electron
sheet which provides the framework for support of the metal density.
binding region g-sheet Il), as has been previously described  Protein—Carbohydrate Contacts and Conformations of the

for SBA bound to the 2,6-pentasaccharid25)( This Bound Pentasaccharidedn all four cross-linked complexes,
framework is common for legume lectins as well as certain the two LacNAc arms of each carbohydrate are sym-
animal lectins (cf. refs 2, 32, 35). metrically related by a crystallographic 2-fold axis through

ko2 %D

g R

Ficure 3: Conformations of the bound 2,3-, 2,4-, 3,6-, and 2,6-pentasaccharides shown as stereo CPK models in their respective cross-
linked complexes with SBA. For clarity purposes, the core Gal residue in each oligosaccharide is shown in one of two nonsymmetric
orientations, while the outer two LacNAc residues are related to each other by 2-fold symmetf{1®)earm of the 3,6-pentasaccharide
oligosaccharide is bound in the = 60° (gt) conformation, while th@(1,6) arm of the 2,6-pentasaccharide oligosaccharide is bound in the

o = —60° (gg) conformation. The dihedral angteis defined by O-5, C-5, C-6, and O-6. The core Gal residue was manually positioned

into the structure for each complex on the basis of the electron density map for one of its two orientations. O1 of the core Gal is not shown,
since C1 is bound to the aglycon moiety. These figures were generated with Insight.
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Table 4: Glycosidic Torsion Angleg, v for the LacNAc Residues

of the Pentasaccharides in Their Cross-Linked Complexes with SBA
and Distances between C6 Atoms of the Terminal Gal Residues
between Symmetry-Related Cross-Linked Monomers

¢ (0-5,C-1,0-4 1y (C-1,0-4,C-4, distance
complex C-4) (deg) C-5) (deg) A
SBA-2,3 -91 —-135 15.0
SBA—2,4 —127 —89 19.2
SBA—-3,6° —-97 —129 19.7
SBA—2,6¢ —87 —130 20.6

a2,3-Pentasaccharidé€SBA complex.? 2,4-Pentasaccharie€SBA
complex.¢ 3,6-Pentasaccharie€SBA complex.

the core Gal residue. All four pentasaccharides therefore
possess a pseudo-2-fold axis of symmetry in their respective
complexes since the core Gal residue in each oligosaccharide
lacks 2-fold symmetry44). This is reflected in the poor
electron density maps for the central Gal residue in each
case. However, the LacNAc arms of the carbohydrates in
all four complexes are well defined and establish the
conformation of the cross-linking oligosaccharides.

Atl)l LOI:; aentasta.cchan?esi p_ostshessb.eg_sentlﬁlly }hSeBiamq:IGURE 4: CPK models of the 3,6- (top) and 2,6-pentasaccharides
carbohydrateprotein contacts In the binding site o *  (bottom) in their respective cross-linked complexes. The LacNAc

These interactions have been described before in detail forresidues of the 3,6- and 2,6-carbohydrates are in similar positions
the 2,6-pentasaccharide compleb), Further refinement  in the respective cross-linked complexes. Bli 3)-linked LacNAc
of the 2,6-pentasaccharid&BA complex as well as the residue of the 3,6-pentasaccharide and/ffe2)-linked LacNAc
other three complexes has changed the assignment 0]teS|due_of the 2,6-pentasaccharide are on opposite sides of the core
. Gal residue due to differences in the configuration of the hydroxyl
hydrogen bonding of the Gal O-3 from O Alal05 to NH  g16,ps at the 2- and 3-positions of Gal. Since these two LacNAc
Gly106. arms in the 2,6- and 3,6-pentasaccharides are in similar orientations
Figure 3 shows space-filling models (CPK) of the four in their respective cross-linked lattices (Figure 3), fit#,6) arms
carbohydrates in their cross-linked complexes. As can be for each oligosaccharide must be on opposite sides of the core Gal
. . ' residue ¢ = —60° and 60, respectively) in order to provide the
seen, the relz_itlve conforma_tm_ns of the 2’4'_' 3,6-, and_2,_6- same pseudo-2-fold axis of symmetry for the two carbohydrates.
pentasaccharides are very similar. The terminal Gal moieties
of the 2,4- and 3,6-carbohydrates are bound in the SBA (1,6) of the pentasaccharide byl—2 kcal mot? (26). In
binding site in approximately the same orientation as the Gal the case of the 3,6-pentasaccharide, gtie6) arm of the
residues of the 2,6-pentasaccharide previously descr#id ( core galactose is fixed in the more stable “gt” orientation
(Figure 2). Figure 3 also shows that the orientations of the (w = 60°), based on the following. As can be seen from
B-LacNAc arms of the 2,3-pentasaccharide are at a moreFigure 3, both the LacNAc residues in the cross-linked

acute angle than those of the other three carbohydrates.
Values of thep, y torsion angles for th8(1—4) glycosidic

bond in the Gag(1—4)GIcNAc (LacNAc) linkage (defined

as¢ = 0-5, C-1, O-4, C-4; v = C-1, O-4, C-4, C-5) for

complexes of 2,6- and 3,6-pentasaccharides with the lectin
are in similar positions with a pseudo-2-fold axis of sym-

metry about the crystallographic axis. This is despite the
opposite geometry of the 2- and 3-hydroxyls of the core

the four pentasaccharide complexes are given in Table 4.galactose which places the LacNAc units connected to these
The ¢, y values for the LacNAc residues of the 2,3-, 3,6-, secondary hydroxyls in the 2,6- and 3,6-carbohydrates in
and 2,6-pentasaccharides are similar to those reported fotopposite orientations. Therefore, the only way for the 3,6-
LacNAc bound to the Gal-specific 14 kDa bovine spleen pentasaccharide to exhibit the observed 2-fold axis of

lectin (36). The ¢, y values for the G#@l(1—-4)GIcNAc

symmetry similar to the 2,6-pentasaccharide is to have its

linkage in the 2,3-pentasaccharide are similar to those of thej(1,6) arm of the core galactose in the gt orientatien=

2,6-pentasaccharide. Differences in thapy angles for the

60°, Figure 4). Thus, crystal packing constraints in the cross-

2,4-pentasaccharides appear to be due to the different cordinked lattices require different rotamer orientations of the

Gal linkages, as well as the constrained binding geometry
of the outer Gal residues in the cross-linked complex. The
¢, ¥ angles for the G&(1—4)GIcNAc linkages in all four

p(1,6) arms of the 2,6- and 3,6-pentasaccharides. This
suggests that the rotation flexibility of th#1,6) arms in
these carbohydrates is an important structural determinant

carbohydrates are within the torsion angle range reportedfor their cross-linking interactions with SBA. Indeed, the

for the disaccharide3().

The rotationally flexibles(1,6) arm of the bound 2,6-
pentasaccharide has previously been assigned ta tke
—60° (gg) conformation?5), wherew is the dihedral angle
defined by O-5, C-5, C-6, and O-6 (cf. ref 38). In this
conformation, the two LacNAc arms are symmetrically
related by a crystallographic 2-fold axis through the core
Gal residue. However, this is the least energetically favor-
able of the three allowed rotamer populations aroungsthe

B(1,6) arm of a biantennary complex type carbohydrate with
a terminal Gal residue has been observed to exist in three
different rotamer orientations in crystalline cross-linked
complexes with a Gal-specific 14 kDa animal lectBB)
Lattice Structures.Table 1 shows the space group and
unit cell dimensions of all four cross-linked complexes.
While the 2,4-, 3,6-, and 2,6-pentasacchari@BA lattices
belong to the same space group6{22), they manifest
distinct differences in their unit cell dimensions. The 2,4-
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Ficure 5: (A) The 6-fold axis of symmetry down theaxis is shown for the 3,6-pentasaccharide cross-linked complex with SBA, and (B)

the 4-fold axis of symmetry down theaxis is shown for the 2,3-pentasaccharide cross-linked complex with SBA. In these views, protein
molecules are shown as colored trace models (monomers), with the cross-linking oligosaccharides not shown. These figures were generated
with MOLPACK.

and 2,6-pentasaccharide lattices exhibit small differences (0.3symmetry, as shown in Figure 5B. The 4-fold axis of
A) along theira andb axes, with a larger difference (2.2 A)  symmetry results in a contracted lattice relative to the 6-fold
along thec axes. The 3,6-pentasaccharide lattice differs from symmetry lattices of the other three pentasaccharides. The
the other two lattices along tteeandb axes (1.3-1.6 A). diameter of the cavity shown in Figure 5B for the 2,3-
The lattice of the 3,6-pentasaccharid@BA complex also pentasaccharideSBA lattice is~45 A, while the diameter
differs along thec axis by 0.6 A relative to the lattice of the  of the cavity shown in Figure 5A for the 3,6-pentasaccha-
2,4-pentasaccharide€SBA complex. Differences in the ride—SBA lattice and other two lattices is100 A.
axes of all three lattices can be related to the distances Further differences in the lattice structure of the 2,3-
separating the C-6 carbon atoms of the terminal Gal residuespentasaccharide complex relative to the other three com-
of each cross-linking pentasaccharide in symmetry-relatedplexes can be seen in Figure 6. The structure of the 3,6-
SBA monomers. The distances of 19.2, 19.7, and 20.6 A pentasaccharide lattice in theplane, perpendicular to a
(Table 4) that separate the C-6 atoms of the terminal Gal 2-fold axis of the tetramer, is shown in Figure 6B. An SBA
residues of the 2,4-, 3,6-, and 2,6-pentasaccharides, respedetramer in the center is shown cross-linked to four other
tively, correlate with the order of the distances alongdhe SBA molecules (single subunits shown only) via four cross-
axes for all three complexes of 107.2, 107.8, and 109.4 A linking oligosaccharide molecules. The structure of the 2,3-
(Table 1), respectively. Thus, the axes of the three  pentasaccharide complex from nearly the same perspective
complexes reflect differences in lengths of the three carbo-is shown in Figure 6A. This view shows that there is a
hydrates. greater angle and distance separating cross-linked SBA
In the case of the 2,3-pentasaccharide, the distance betweemolecules in the 2,3-pentasaccharide complex (the separation
the C-6 atoms of the terminal Gal residues is 15.0 A, which between two monomers above and below the central tetramer
is considerably shorter than the respective distances of thein Figure 6A) relative to the other three complexes. There
other three carbohydrates (Table 3). More importantly, the is also a different twist angle between cross-linked SBA
angle between thg-LacNAc arms is sufficiently acute to  molecules in the 2,3-pentasaccharide complex and a shorter
force the lattice to adopt a different space groiy42). distance separating directly cross-linked SBA molecules
Differences in the structure of the 2,3-pentasacchariigA (indicated by the shorter distance between terminal Gal
lattice relative to the other three complexes can be observedresidues in Table 3). Thus, the greater acute angle between
in Figure 5. The crystal lattices of the 2,4-, 3,6-, and 2,6- the two LacNAc residues of the 2,3-pentasaccharide and
pentasaccharideSBA complexes possess a common 6-fold shorter distance between terminal Gal residues relative to
axis of symmetry, which is shown for the 3,6-pentasaccharide the other carbohydrates are responsible for the change in
complex in Figure 5A. In this view, the cross-linking space group of the 2,3-pentasacchatri88A lattice.
oligosaccharide is not shown. A salient feature of the lattice- We have previously reported that a series of blood group
(s) is the absence of a high degree of strong pretpnotein | related isomeric oligosaccharides, including the four
contacts and formation of large, solvent-filled cavities pentasaccharides inthe present study, induce different cross-
(~70%). By comparison, the 2,3-pentasaccharide complexlinked lattices with SBA, based on quantitative precipitation
(from nearly the same perspective) shows a 4-fold axis of analysis and electron microscopy studi2d)( The present
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Ficure 6: Structures of (A) the 2,3-pentasaccharide cross-linked lattice with SBA and (B) the 3,6-pentasaccharide cross-linked lattice with
SBA. The views are in the plane perpendicular to a 2-fold axis of the tetramer. Protein molecules are shown as trace models and the
cross-linking oligosaccharides as CPK models (the aglycon moiety is not shown). One SBA tetramer in the middle of each structure (shown
as yellow, magenta, green, and red trace models) is cross-linked by four pentasaccharide molecules to four SBA monomers (shown in aqua)
which are part of adjacent tetramers (not shown). One arm of a pentasaccharide molecule binds to the carbohydrate binding site on each
subunit of a tetramer and cross-links to a neighboring tetramer by binding to the corresponding site on another monomer. These figures
were generated with the program O.

study confirms these observations. Since the structure ofScheme 1

SBA itself does not significantly change in the four different (A) 1-Dimenslonal Cross-linking
complexes (cf. Figure 2), differences in the respective lattice QO Divalent Protein

structures of the lectin are due to differences in the structures —  Divalent Ligand

of the cross-linking carbohydrates. These results clearly

demonstrate that the molecular basis for the formation of OO0 000
homogeneous carbohydratgrotein cross-linked complexes

between SBA and the four isomeric carbohydrates in Figure (B)  2-and 3-Dimensional Cross-linking

1 is crystal packing interactions that are unigue in each cross- QO Tetravalent Protein

linked complex. Thus, the individual structures of the — Divalent Ligand

carbohydrates and protein are important structural determi-
nants in the respective cross-linked lattices.

Conclusions The present findings provide a molecular
basis for a new source of specificity in multivalent carbo-
hydrate-lectin interactions, namely, the formation of unique
homogeneous cross-linked lattices between multivalent car-
bohydrates and lectins. The present X-ray data demonstrateystalline-type packing constraints can exist (Scheme 1B).
that the cross-linked complexes formed between a series Ofgach lattice is thus different for each pair of interacting
structurally related divalent carbohydrates and a single molecules. In contrast, divalentiivalent protein-ligand
tetravalent lectin are structurally distinct due to crystal jnteractions give rise to one-dimensional cross-linked com-
packing interactions. These results confirm and extend plexes which can lead to the formation of heterogeneous
quantitative precipitation and electron microscopy experi- aggregation (Scheme 1A).
ments which suggested that SBA formed a unique Cross- | ectin—carbohydrate cross-linking interactions have been
linked lattice with these carbohydrate®4]. shown to be important in cellular recognition and signal

Importantly, since the driving force for the formation of transduction processes in both plants and animals. The
homoaggregates of multivalent lectins with carbohydrates present results together with studies of leetiftycoprotein
is solely thermodynamic, other multivalent liganchacro- interactions (cf. ref 40) indicate that the carbohydrate
molecular systems must possess similar properties. The onlymoieties of specific glycoconjugate receptors can be cross-
requirement is that the valency of one of the two interacting linked by a multivalent lectin into distinct homogeneous
molecules must be greater than 2 so that two- or three-complexes. These individual, segregated complexes may
dimensional noncovalent cross-linked lattices form and have unique signal transduction properties, for example, in
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the immunomodulatory activities of lectins via activation of
the T-cell receptor and its closely associated proteins by
lectins such as ConA and SBA (cf. ref 41). The crystal
structures of the four SBApentasaccharide complexes thus
represent models for lectircarbohydrate multidimensional
clusteringin vivo and a common thermodynamic mechanism
for selectively aggregating a dispersed population of mul-
tivalent receptors in biological systems.
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