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X-ray Crystal Structure of a Galactose-Specific C-Type Lectin Possessing a Novel
Decameric Quaternary Structlife
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ABSTRACT. Rattlesnake venom lectin (RSL) from the western diamondback rattlesGattalus atroy

is an oligomeric galactose-specific C-type lectin. The X-ray crystal structure of RSL, in complex with
lactose and thiodigalactoside, at 2.2 and 2.3 A resolution, respectively, reveals a decameric protein composed
of two 5-fold symmetric pentamers arranged in a staggered, back-to-back orientation. Each monomer
corresponds to a single canonical C-type lectin carbohydrate recognition domain devoid of accessory
domains and is disulfide-bonded to a monomer in the other pentamer. The structure is the first example
of that of a carbohydrate complex of a vertebrate galactose-specific C-type lectin. The 10 carbohydrate-
binding sites, located on the rim of the decamer, suggest a role for multivalent interactions and a mechanism
for RSL'’s ability to promote receptor cross-linking and cell aggregation.

C-Type lectins play roles in a number of biologically position and orientation of the bound mannose and galactose
important processes, including, among others, lymphocyte moieties in these complexes and led to insight into the role
homing, innate immunity, serum glycoprotein clearance, and played by the calcium and carbohydrate-binding residues as
organization of the extracellular matrix<{4). Although determinants of specificity. In addition, the X-ray crystal
often mosaic in nature, they are characterized by the presencstructure of the galactose complex of the tunicate lectin from
of at least one canonical C-type lectin carbohydrate recogni- Polyandrocarpa misakiensisas been determined). This
tion domain (CRD}. The CRD itself is an~110-amino acid lectin binds galactose in an orientation that differs by 180
module that binds carbohydrate in a calcium-dependentfrom that seen in the MBP-A’s engineered to bind galactose,
fashion §), and among members of the family, both mannose a result that led to a rationalizatiod) for the observed
and galactose monosaccharide specificities have been obeorrelation between hydrogen bond donor and acceptor
served. The ability to bind saccharide distinguishes the CRD distribution and carbohydrate binding specificity shown by
from the evolutionarily related noncarbohydrate binding members of the C-type lectin famil);

C-type lectin-like domains (CTLDs)]. Many lectins are oligomers containing more than one

Structural studies have shown that direct calcium—on CRD, and in addition to their monosaccharide b|nd|ng
saccharide interactions are a hallmark of C-type lectin specificities, the way in which these CRDs are spatially
complexes 7). Moreover, in experiments aimed at probing  arranged is an important determinant of specificity7 12).
the determinants of carbohydrate binding specificity, a seriesThe need for multivalent interactions stems directly from
of mutant MBP-A proteins, engineered to bind galactose, the fact that the affinities of the CRDs for small saccharides
have been generate®-10). These studies defined the are weakKqy's in the low millimolar range) and that in most
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# The coordinates and structure factors for the Rgictose (13zZN  of CRDs into clusters or oligomers can be achieved via
and rljznsf.ent, respectively) and RSIDG (IMUQ and rimugsf.ent, ~ contacts between the CRD subunits themselves and/or by
respectively) complexes have been deposited in the Protein Data Bankinteractions of accessory domains such as the coiled-coil
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RSL NNCPLDWLPMNGLOE]K IFNQLKTWEDAEMFGRKVKPGOHLA@FHRYGESLEIAEYISDYH
PAL NNCPPD WLPMNGLCYK | FDELKAWED AERFCRKYK P GCHLASFHOYGES L E | AEYISDYH
Ll NNCPOQOD WL PMNGLCYK | FDEQKAWED AEMFCRKYK P GCHLASFHRYGES L E | AEYI SDYH
APL NNCPWD WL PMNGLECYK | FDELKAWED AERFCRKYK P GCHLASFHTYGES L E I AEYI SDYH
TSL SCCTND SLPMNGMCYK | FDEPKTWED AEMFCRKYK P GCHLASFHRLAES L DIAEYISDYH
HHL SCPND WL PMNGLCYK | FOERMAWED AEMSCRKYK P GCHLASLHLYGES L E | AEYI SDYH
BML YTCPID WLPKNGLCYK VFSKHKTWFD AEKYCRKFK P GCHLASLHSNADA VY E FSEYI SDY|L
BFL-1 YTCPID WLPKNBLCYK VFSKHKTWFD AEMYCRKFK P GCHLASLHSNADA V E FSEYISDYL
BFL-2 Y TCPI D WLPKNGLCYK VFSNPKSWFDAEMFCRKFK P GCHLASI HRDADS A D LAEYVSDY L
MBP-A SGKKFFV TNHERMPFS K VKALCSEL - RG-TVAI PRNAEENK A PQEVAK:- - -
RHL-1 CPI N WV EYEGBsSEOYwW FSSESVEPWTEADKYCO- - L ENAHEVVVTSIWEEQ R F MQQ- - - H
RHL-2 CPVN WV EFGGSCYW FSRDGLITWAE ADQYCQME! - - AHLLVINSREEGE F WVK- - - - - H
IXAX-bp (A) DICIL SG WS SYEGHECYKNAFIEKYKTWEID AERVCTEQA K BAHL VE] [E]s sEfE]Ap F VAIGLVMTONM
1X/X-5p (B) DCPISDUWS SYEBGHEYK [P ESEPKNWAD AENEICTOOH A BGGHLVEIRD]s seE[EJA 0D F MVKILAFQTF
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RSL K- GQEMN VWIGLRDKKK DFSW- - EWTO RS- -CTDYL T WDKNEIPEEHY @ N K- - - - - a
PAL K-GOAE VWIGLWDKKK DFSW--EWTDRS--CTDYL T WOKNQPDHY @ N K- - - - - E
Lmsl K-GOQAE VWIGLWDKKK DFSW- - EWTDRS--CTDYL T WOKNQPDHY E G K- - - - - E
APL K-GOAE VWI GLWDKKK DFSW.- - EWTDRS:--CTDYL T WDKNQPD VY Q@ N K- - - - - E
TSL K-ROQAE VWIGLLDRKK DFSW- - EWTDRS--CTDYL N WOKNQPD VY KD K- - - - . E
HHL K-GOQAE VWIGLOQDKKK DFTW- - EWTDRS. - CTDYL T - WDKNQPDHY QD K- - - - - E
BML T GRGH VWIGLRDTKK KYI W EWT D RS RTDFL P WRKNQPDHF N N N E
BFL-1 T GOGH VWIGLRDTKK kY| W EWTDRS RTDFL P WRKKQPDHF N N N E
BFL-2 KI DCOGHN VWIGL NDP QKK RTW vWSDRS SSNYF 8§ WNQGEPNNS K N K £
MBP-A - ---T8 AFLGlT[ID!]EvT FGOF-MYVTGGR--LT-YSN - - WKKOEPEND]H G 5 G- - - - - € |
RHL-1 M- GleLNITWEGLITE- - @ GPW- - KWV DEG- ---TBYE T GFKNWRPGRQPDDOW Y G HGL GGGE
RHL-2 RI-GAFH I'WIGLTD- - K DIGEIW- - KWV D GTEYRSMNF - - KNWAFTOPDNC GNc HEEGGSE
XXtpiA) KIRLOFY I WILGLRIVOGK VKQCNSEWSD GS--svsYEN - - WIEAE- - - - - - .- - 8K
Xbp(B) G HS I - - FWMGLISNIVWN - - QCNWAOWS N AA- - MLRY K A WEE------ - - - - .- 5
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RSL FCVELV SLTGYRLWENMaVvCESKDAF L cl@ckF
PAL FCVELV SLTGYRLWND QVCGSKNAFL CQCKF
Lmsl. FCVELV SLTGYRLWND QVCESKNAFL CQCKF
APL FCVELV SLTGYRLWND QVCESKNAFL CQCKF
TSL FCVMELV SLTGYRLWND QVCESKNSFL CQCKF
HHL FCVELV SLTGYRMWND KECKSKNAFL CQCKF
BML FCVEIV NFTGYLQWND DNCAALRPFEL CQCKY
BFL-1 FCVEIV NFTGBYLQWND DNCAALRPFEL CQCKY
BFL-2 YCVHLWAPTGYLKWND APCETLHPEI CRQCKY
MBP-A Plevriviong- - - BWEIEE' SCQASHTAV CEFPA
RHL-| DCAHFT T- of@H- - WND o MICRRPYRWW CE
RHL:2 DCAEIL §- --DRLWND NFCOQQVNRWA CERK
DXbp(A) T CLIGLE KEMOFRKWYN | YcGa@neFviclEa
IXXbp(B) M CMYFK - - STNNKWRS RJ\CRMMA@FVCEFG}\

Ficure 1: Sequence alignment of selected CTLD/C-type lectins with RSL. Secondary structural elements are represented with yellow
arrows forf-strands, yellow cylinders foa-helices, and green cylinders foigdhelices. Blue shading above the sequence indicates the
residues in RSL that are part of the basic face of the intrapentamer interface, red shading residues making up the acidic intrapentamer
interface, and gray shading residues involved in interpentameric contacts. Residues identical among all the sequences that are listed have
a blue background, while residues identical to that of RSL have a purple background. Residues similar to those of RSL have a green
background. Residues coordinating the calcium at the carbohydrate-binding site have a black background, while residues involved in
coordinating a sodium atom in the RSL structure, and additional calcium atoms in MBP-A and IX/X-bp are boxed. Abbreviations: RSL,
rattlesnake venom lectin; PAL, puff adder lectin; Lm4L ,muta stenophyrkectin; APL, A. piscivoruslectin; TSL, T. stenjnegerlectin;

HHL, Himehabu lectin; BML,Bu. multicinctuslectin; BFL-1, Bu. fasciatudectin 1; BFL-2, Bu. fasciatudectin 2; MBP-A, mannose

binding protein A; RHL-1 and -2, rat hepatic lectin 1 and 2, respectively; IX/X-bp A and B, factor IX/X binding proteirfréievoviridis.

devoid of accessory domains, and it is one of a family of erythrocyte agglutinatioril@) and platelet aggregatio29).
C-type lectins isolated from viperid and elapid venoms that  T¢ fyrther our understanding of the structural basis for
includes thrombolectin (frorBothrops atro, cottonmouth  monesaccharide binding specificity and the role played by
lectin (fromAncistrodon pisaiorus), copperhead lectin (from multivalency among members of the C-type lectin family,
Agistrodo_n contortrix contortrix B. jaracqralectin (from we have determined the X-ray crystal structure of RSL in
Bothrops jaracarg, L. muta stenophyrictin (LmsL, from  ¢omplex with lactose, the first example of a carbohydrate
Lachesis muta stenophyrsHimehabu lectin (HHL, from  ¢omplex of a galactose-specific vertebrate C-type lectin.
Trimeresurus okingensiy, T. stejnegeriectin (TSL, from Although the galactose moiety of the lactose makes the

Trimeresurus stejneggripuff adder lectin (PAL, fronBitis characteristic calcium ion interactions typical of a C-type
arietang, A. piscborus lectin (APL, from Agistrodon pis-  |ectin, both its orientation and the interactions it makes with
civorus pisciorus), B. fasciatudectins 1 and 2 (BFL-1and  the protein provide new insights into the basis for galactose
BFL-2, respectively, fromBungarus fasciatys and B. recognition by members of the family. Moreover, the
multicinctuslectin (BML, from Bungarus multicinctyg(20— structure reveals a novel decameric oligomer composed of
27). Of these lectins, eight have been completely sequencedyyo 5-fold symmetric pentamers, a structural arrangement
and shown to be very similar to RSL (682% identical;  gyggesting the possibility of making multivalent interactions

see Figure 1). These venoms also contain CTLD proteins, with opposing cell surfaces.

examples of which include Botrocetin (froB. jaracarg

and Habu IX/X bp (fromT. okinavensig, proteins found to  MATERIALS AND METHODS

bind coagulation factors2@). Although their physiological

roles have not been fully characterized, both the C-type RSL Purification.RSL was purified from western dia-
lectins and the CTLD proteins found in venom are thought mondback rattlesnak&( atroX) venom (Sigma) essentially
to play roles in disrupting the blood coagulation pathway as described previousl2@). Up to 5 g oflyophilized venom
(28). RSL, for example, is a potent inducer of both was dissolved on ice with 30 mL of Tyrode buffer (137 mM
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Table 1: Data Collection, Phasing, and Refinement Statistics

Data Collection

resolution no. of unique completeness (%) Reym (%6)°
data set unit cell (&) range (A) reflections (total/last shell) (total/last shell)
RSL-TDG1 117.2 153.1 95.8 40-2.8 21147 98.0/79.9 9.8/30.2
RSL-TDG2 110.4 151.2 95.0 40-2.2 33477 94.8/82.9 10.9/40.2
RSL-Ho 119.6 156.3 98.0 30-2.8 23196 95.2/95.9 12.9/33.1
RSL-Gd 117.1 152.7 96.6 18:24.0 7612 99.1/99.7 17.8/29.7
RSL-Lac 63.3 178.5 137.8 40-@2.2 38575 96.2/79.8 6.3/15.6
Phasing Statistics for the RSITDG1 Complex
holmium gadolinium
no. of sites 5 5
resolution (A¥ 3.0/3.0 5.0/4.0
Rmergé® (%) 11.7/4.0 14.2/7.6
figure of merit 0.19/0.28 0.20/0.26
phasing powee 1.94/2.23 1.29/1.70
Refinement Statistics
RSL-TDG2 RSL-Lac
resolution range (A) 35:02.3 40.0-2.2
no. of reflections in working set 30154 37405
no. of reflections in test set 3323 1170
Reryst 0.21 0.20
Rired 0.26 0.25
averageB values 48.6 35.8
rmsd bond lengths (&) 0.007 0.010
rmsd bond angles) 1.4 15
rmsd dihedral angles) 23.5 24.0
rmsd improper torsion’§ 0.76 0.84

3 Reym = Ynyillith) — (N3 nyi3 1i(h), whereli(h) is theith measurement anid(h)Cis the weighted mean of all measurements(bf. ® Both

crystal forms in space group222;. ¢ The isomorphous and anomalous values are given as isomorphous/anomiugs= 5 (5illir —

)/

> [n(r)@ [, wheren is the number of unique reflectionk; is theith measurement of theth reflection, andh(r) is the number of measurements
of the rth reflection in the data setPhasing power= [3 (Fn)¥yEFY2 whereSE? = 5 (|Fpulobs — |Frrlcad? f Reyst = Ynl|F(Mobd — [F(N)card |/
ShIF(h)obd for reflections in the working set.Ryee = Y nl|F(h)obd — |F(h)cad|/>nIF(h)obd for reflections in the test set.

NaCl, 12 mM NaHCQ, 2.7 mM KCI, 0.3 mM NaHPO;,
H,O, 1.8 mM CaC), 1 mM MgChL, and 3 mM Nal),

2.5uL of well solution containig 5 M sodium formate, 100
mM HEPES (pH 7.0), and 10% glycerol. The crystals were

centrifuged, and then loaded onto a Sepharose 4B (Pharmaallowed to equilibrate to room temperature before being

cia) column (100 mL). Following washing with Tyrode
buffer, RSL was eluted with Tyrode buffer containing 100

flash-frozen in the Bgas stream. RSETDG2 crystals were
prepared the same way as RSIDG1 crystals except that

mM lactose and dialyzed against a solution containing 10 over the 1 mL well solution was placed 500 of a 50:50

mM Tris (pH 8.0) and 1 mM CaGl The purified yield was
typically 7 mg of RSL/g of venom.
Surface Plasmon Resonance Analy§lee relative inhibi-

mix of paraffin and silicon oil. After 1 month, the crystal-
lization plate was transferred to room temperature and the
crystals were allowed to equilibrate to this temperature. Five

tory properties of sugar ligands were determined by inhibition days later, the coverslip containing the crystals was placed
analyses on a BIACORE 1000 surface plasmon resonanceover a well solution containgn 6 M sodium formate and

instrument (Biacore AB), at 23C. The surface of a CM5

20% glycerol, and the crystals were allowed to equilibrate

research-grade sensor chip was modified with approximately over this solution for 1 day before being flash-frozen in the

500 RU of lactose-substituted bovine serum albumin, ac-

N, gas stream. RStHo crystals were grown at room

cording to the manufacturer's recommended amine coupling temperature by mixing RSL (8 mg/mL) in buffer containing

procedure. Samples (13f.) of the lectin [6.25 nM in 10
mM HEPES (pH 7.4), 150 mM NacCl, and 0.005% P20]
mixed with various concentrations of ligand were injected
at a flow rate of 2QuL/min, and followed by elution with
the same buffer. The inhibition plots were constructed from

10 mM Tris (pH 8.0), 1 mM CaG] 100 mM thiodigalac-
toside, and 25 mM HoGlwith an equal volume of well
solution containig 4 M sodium formate, 10 mM Hogland

100 mM HEPES (pH 7.0). These crystals were cryoprotected
in well solution to which 30% glycerol and 50 mM

the bound amounts determined immediately after the buffer thiodigalactoside had been added. R&kd crystals were
wash was begun. The sensorgrams showed linear bindingprepared by soaking RSITDG1 crystals in a droplet
but dissociation was very slow because of the multivalency containing®1 of their well solution and/;, of 75 mM GdCb.

of the lectin. The surface was regenerated by washing for RSL—lactose crystals were grown at room temperature by

30 s with 10 mM lactose in the running buffer.

Crystallization and Data CollectiorRSL—thiodigalacto-
side (RSL-TDG1) crystals were grown at 4C using the
hanging drop vapor diffusion method by mixingi2. of
RSL (5 mg/mL), in buffer containing 10 mM Tris (pH 8.0),
1 mM CaC}, and 100 mM thiodigalactoside, with 08

equilibrating a hanging drop composed of equal volumes of
RSL (5-7.5 mg/mL) in buffer containing 10 mM Tris (pH
8.0), 1 mM CaCJ, and 100 mM lactose with well solution
that was made up of 1-3L.5 M NacCl, sodium acetate (pH
4.6), and 40 mM CaGl RSL—lactose crystals were cryo-
protected in a solution containing 25% ethylene glycol, 1.25

of Cymal-3 at 10 times the CMC (Hampton Research), and M NaCl, 20 mM CaCJ, 50 mM sodium acetate (pH 5.0),
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and 50 mM lactose. All crystals were frozen in loops in the
N2 cooling stream at 100 K.

All diffraction data except those of RSLGd crystals were
collected at the Cornell High Energy Synchrotron Source
(CHESS). RSE-Ho data were collected at beamline Al
using the Princeton 1K CCD. RStlactose and RSETDG
data were collected using the Quantum-4 CCD at beamline
F2. RSL-Gd data were collected using a 345 mm MAR
Research image plate detector at the @u¥avelength using
a Rigaku FR-C generator. DENZO and Scalepack were used
to process the dat&().

Structure Determination and Refinemenrthe crystal
structure of RSL was determined in a complex with thiodi-
galactoside and lactose in two differe222 crystal forms
(Table 1). Holmium and gadolinium derivatives were used
to determine phases for the RSIDG1 complex by the
MIRAS method. Heavy atom sites were determined using
the program SOLVEQJ1). Solvent flattening, heavy atom
positional refinement, and 5-fold noncrystallographic sym-
metry averaging were performed using PHASER)( A
further improvement of the phases was achieved with
SHARP @3) and DM 34). An initial chain tracing, made
using O B5), allowed for placement of the lithostathine
model @6), which is 33% identical to that of RSL, into the
electron density. The sequence of lithostathine was altered
to that of RSL and the model adjusted to fit the density.
Knowledge of the 5-fold symmetry operators allowed the
other four copies of the monomer in the asymmetric unit to
be positioned. This preliminary model of the pentamer was
used to determine the structure of the R$actose complex
by molecular replacement using CNS7). The resolution
of the RSL-TDG structure was extended to 2.3 A by using
higher-resolution data from the TDG2 crystals. Both the
RSL—-TDG2 (2.3 A) and RSklactose (2.2 A) structures
were refined independently using a combination of manual
rebuilding using O and the simulated annealing and energy
minimization protocols found in CNS. NCS restraints were
used only in the initial stages of refinement.

Ficure 2: Ribbon diagram of the decamer and pentanfa)
Ribbon diagram of the decamer viewed down the pseudo-5-fold
- . rotation axis. The two pentamers are colored pink and blue. The
Overall Structure. The lactose and thiodigalactoside |actose molecules are represented by stick figures with carbon atoms
complexes, refined at 2.2 and 2.3 A resolution, respectively, colored gray and oxygen atoms red. Calcium, sodium, and chloride

are structurally very similar, and unless indicated otherwise, ions are represented with orange, small black, and large black
reference to the structure pertains to that of the lactoseSPheres, respectively. Disulfide bonds are shown in yellow. (B)

| All 135 id h b deled i h Ribbon diagram of a single pentamer in the same orientation as in
complex. resiaues nhave been modeled In €ach n,nq| A Molecular images shown here and in subsequent figures

monomer of the lactose complex, while residuesl35 are were generated using SPOCK®], Raster3D 47), and Molscript
observed in each monomer of the thiodigalactoside complex. (48).

As shown in Figure 2, RSL was found to be a decamer

formed by two pseudo-5-fold symmetric pentamers. The RSL was found to have a molecular mass~df50 kDa as
pentamers themselves are related by a 2-fold rotation axisdetermined by gel filtration in the absence of?C§19).

that in both the lactose and thiodigalactoside complex crystals The five monomers of both pentamers are oriented such
is coincident with the crystallographic 2-fold rotation axis that their N- and C-termini are near the 5-fold rotation axis
running along theb-axis. The 2-fold rotation axis is ap- and the carbohydrate-binding sites are toward the rim of the
proximately perpendicular to the pseudo-5-fold rotation axis, disk (Figure 2). Each monomer possesses the canonical
and it is positioned such that the two pentamers of the C-type lectin fold and as shown in Figure 3 is comprised of
decamer are oriented in a staggered, back-to-back fashiontwo four-stranded3-sheets flanked by twat-helices, two
Since each monomer of the pentamer is disulfide-bonded toshort 3¢-helices, and a considerable amount of coil structure.
a monomer in the 2-fold related pentamer, the pentamersThe monomers show an average rmsd of 1.5 A an C
are linked to each other by five disulfide bonds. The decamer positions compared with that of MBP-A (PDB entry 2MSB).
has an overall thickness of 64 A and a diameter of 104 A. The three intrachain disulfide bonds (€814, C31-C131,
Consistent with the decamer seen in these two crystal forms,and C106-C123) are found in the corresponding positions

RESULTS AND DISCUSSION
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Ficure 3: Ribbon diagram of the RSL monomer. Helices are
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The X-ray crystal structures of a number of CRD/CTLDs
have revealed calcium ion-binding sites, in addition to the
one involved in carbohydrate binding (discussed below),
thought to be important in stabilizing these proteins. Al-
though RSL does not possess additional calcium ion-binding
sites, it does bind a sodium ion (see Figures 2 and 3) where
both IX/X bp and HL-1 bind calcium ions. This site is
exposed to the internal cavity of the RSL decamer, and the
ion is coordinated in a distorted octahedral geometry by
residues Y15, S42, and Q132 and a water molecule. The
designation of this ion as a sodium ion is based on several
factors, including its octahedral coordination, an average
ligand—ion bond length of 2.5 A, site valency, electron
density, and the presence of only oxygen atoms within a 3.4
A sphere 88). In MBP-A, calcium ion-binding site 1 (site 2
is the carbohydrate-binding site) is thought to play a role in
structuring residues adjacent to the carbohydrate-binding site
(39). In RSL, H99 and F105 replace two of the key calcium
ion-coordinating residues found in site 1 of MBP-A. These
residues in conjunction with D72, which makes a relatively
buried salt bridge with H99, are found in a number of the
venom lectins, and structurally, they appear to represent an
alternative means by which the loop betwe&h and 35,
the carbohydrate binding site, afid can be stabilized.

Electrostatic surface calculations (Figure 4) show that the
decamer has an asymmetric charge distribution. The flat outer

colored blue ang-strands magenta, and cysteine side chains are Surface is predominantly neutral to positive in charge, while
shown in stick representation in yellow. The asterisk labels C86, the outer rim and the interior of the decamer are predomi-

the residue involved in formation of the disulfide-linked dimers.

nantly negative, even with the calcium ions included in the

Calcium and sodium ions are represented as orange and black-5|cylation.

spheres, respectively, and lactose is shown in stick representation
with carbon and oxygen atoms colored gray and red, respectively.

in the structures of lithostathine, 1X/X-bp, CD94, and the
hepatic lectin (HL-1), but neither the intrachain disulfide

Intrapentameric InterfaceRSL is the first example of a
C-type lectin exhibiting pseudo-5-fold rotational symmetry.
It is devoid of accessory domains, and therefore, all inter-
actions stabilizing the decamer involve residues of the CRD.

bond (C38-C133) nor the disulfide bond between monomers Within the pentamer, each monomer has a buried surface
(C86-C86) has been previously observed. The observedarea of~1250 & formed by contacts with its two adjacent
disulfide bonding pattern is in complete agreement with that monomers. The buried surface is V-shaped and extends from

determined by peptide analysis9j.
RSL is a so-called long form CRD/CTLDs, molecules

one side of the monomer to the other. Residuedd (i.e.,
the N-terminal extension, includingt), 47, 50, 51, 54, 55,

characterized by an approximately 10-residue N-terminal 58, 59, and 61 (most a#2), which include one basic and

extension that typically forms a disulfide-cross-linked (€3
C14 in RSL) hairpin §). These extensions are involved in
subunit interactions in a number of CTLDs, and in RSL,

four acidic amino acids, constitute the more acidic face of
the V-shaped surface. The more basic face, which includes
one acidic and six basic amino acids, is made up of residues

these residues make important contacts between monomerg—4, 29, 32, 33, 3537, and 39 from the carboxyl end of

of the pentamer.

al, an intervening type IB-turn, a portion ofs3 (residues

RSL contains a roughly spherical cavity, with a diameter 82 and 84), and the two C-terminal residues.

of ~40 A, between the two pentamers. The cavity has a

surface area of~10000 & (the exterior surface of the
decamer has an area-©50000 &) and is accessible to the

Interactions between the acidic face of one monomer and
the basic face of an adjacent one constitute the interface
between monomers within the pentamer. As shown in Figure

bulk solvent through the central opening located along the 5, four salt bridges (E51K134, E54-H39, E54-R84, and
5-fold axis, as well as through channels between the lobesD58—R32) are made across this interface. Several direct and
of the pentamers. The central opening, formed by the two water-mediated hydrogen bonds also bridge the interface.
N-terminal residues of the five monomers, has a diameter In addition, important apolar contacts %0 A2 per residue)

of ~8 A, while the channels are approximate A in
diameter. The higheB-factors of the N-terminal residues

involving residues N1, L5, P9, E54, D58, and Y59 on the
acidic face and K33, K35, P36, R84, K134, and F135 on

suggest that the diameter of the central opening may the basic face are made. Shape complementarity can be seen
fluctuate, and indeed, in the thiodigalactoside complex, the in the wedgelike nature of the interface, as well as by the
lack of interpretable electron density prevented us from protuberance of P36 into a pocket betwgdrando2, where
modeling the first residue in each chain. Fourteen residuesit interacts with L8, Y59, and Y55.

from each of the monomers, positioned throughout the RSL

Interpentamer InterfaceAs discussed above, each mono-

sequence, contribute to the solvent accessible surface of thener of the pentamer is disulfide-bonded (C8886) to a

internal cavity.

monomer of the opposing pentamer (Figure 4C,D). For
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FiGURE 4: Electrostatic surface potential images of RSL. (A) The decamer viewed down the pseudo-5-fold rotation axis. (B) A single

pentamer viewed down the pseudo-5-fold axis from the interior of the molecule. (C) The decamer viewed down the crystallographic 2-fold

rotation axis. (D) A ribbon diagram of the-G@C' dimer in the same orientation as in panel C (slightly enlarged). Electrostatic surface
potentials range from-20 (red) to 20 kT (blue).

discussion purposes, the monomers in one pentamer havée readily reduced by 10 mM dithiothreitol at room tem-
been labeled from A to E and their crystallographically perature, and this does not disrupt the decameric structure
related mates labeled from' Ao E (see Figure 2). The asjudged by size-exclusion chromatography in EDTA (data
specific pairing of monomers (AE', B—D', C-C', D—B’, not shown).

and E-A') stems from the position of the 2-fold rotation Carbohydrate- and Calcium-Binding Sitall 10 carbo-
axis relating the pentamers which intersects theQC hydrate-binding sites of the RSL decamer are occupied by
disulfide bond. Besides this covalent bond, the monomers lactose p-b-galactopyranosyl-(1,4)-glucopyranose]. There
disulfide cross-linked to each other also interact across theis good electron density for both the galactose and glucose
pentametpentamer interface, most notably through hydro- moieties, although the averaBeactor for glucose (55.3 &

gen bonds (involving residues K74, D76, F77, and S78) and is higher than that of galactose (43.3)AThe galactose

a salt bridge (residues K74 and D76). Interactions acrossmoiety is found to interact directly with a bound calcium
the pentametpentamer interface are also made between ion, a hallmark of the C-type lectircarbohydrate interaction.
monomers that are not disulfide cross-linked to each other The calcium ion itself is coordinated by eight ligands (Figure
(A—A', B—E, C-D’, D—C', and E-B'; residues 4547, 6A) with the distorted pentagonal bipyramidal geometry seen
88, and 89). In addition, a chloride ion bridges the main chain in other C-type lectin-carbohydrate complexes. In addition
nitrogen atom of Y46 of monomers B and See Figure 2)  to the galactose 3- and 4-OH groups, protein residues Q96,
in the lactose complex. In total, the surface area buried on aD98, E104, N119, and D120 are found to coordinate the
given monomer, by interactions with monomers in the calcium ion.

opposing pentamer, is relatively small (336/donomer, In addition to their calcium coordinating roles, Q96, D98,
averaged over 10 monomers). Were it not for the covalent N119, and E104 also make direct hydrogen bonds to the
bonds between the pentamers, the interface would have togalactose 3- and 4-OH groups (Figure 6A and Table 2). In
be described as weak. Nevertheless, the disulfide bonds carsubunit D, N119 and Q121 make additional hydrogen bonds
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Ficure 5: Salt bridges and apolar contacts in the intrapentamer
interface. Amino acid side chains involved in ion pairs and/or those
which contribute to more than 50%%f the buried surface area

between monomer A (pink ribbon) and monomer E (blue ribbon)

are shown in stick representation. Carbon, oxygen, and nitrogen D98 _ - G193
atoms are colored gray, red, and blue, respectively. Hydrogen bonds oy Ay

are represented with green dashed lines. K103 A\
with the galactose 2-OH group, while in subunits A, B, and ' H1 92 (

E, a water molecule mediates the interaction between Q121 D188 =
and the 2-OH group. Water-mediated hydrogen bonds from L194 O\
the protein and the bound galactose help to define the = G1 95

position of the glucose moiety. No direct contacts are
observed between the glucose moiety and the monomer to —E198 G196

which itis bc_)und, an observation consistent W'th.the ability Ficure 6: Carbohydrate-binding site. (A) Stick figure representation
of RSL to bind galactose alone. Crystallographic contacts uf the carhohydrate-binding site with lactose, calcium, and critical
involving glucose at carbohydrate-binding sites D and E protein residues or side chains depicted. Bonds contributing to the
result in a change in the observed glycosidic bond angles,coordination of calcium (yellow sphere) from protein residues and

but in both cases, the disaccharide remains in the low-energythe O3 and O4 hydroxyl groups of galactose are shown as yellow
synconformation 40) dashed lines. Hydrogen bonds between galactose and Q96, D98,

. - - E104, and N119 are depicted as green dashed lines. The side chain
Determinants of Carbohydrate Binding Specificifihe of Y100 which makes packing contacts with galactose is also
X-ray crystal structures of a number of C-type leetin  depicted. Carbon, oxygen, and nitrogen atoms are colored gray,
carbohydrate complexes have shown that there are twored, and blue, respectively. Numerals-@ label the carbon atoms
general orientations for the monosaccharide bound to the©f the galactose moiety of the bound lactose. For clarity, water-

. . : . . i mediated hydrogen bonds have been omitted, including the inter-
primary calcium ion. In orientation |, typified by that seen i involving Q121. (B) Comparison between the carbohydrate-

in_ the MBP-A complexes, the monosaccharide ring is pinding site of chain A of the RSL structure and that of the
oriented such that the 3-OH group of the bound mannose galactose-binding mutant of MBP-A (PDB entry 1AFA). The two

moiety coordinates the calcium ion in the position that allows carbohydrate-binding sites have been aligned by superimposing the

; ; galactose moieties of each structure. The calcium atom of RSL is
it to simultaneously hydrogen bond to Glul85 and Asn187 depicted as a yellow sphere. The stick figure of residues-D98

(MBP-A numbering). In orientation II, seen here in this E104 of RSL is colored as in panel A, while residues D1&198
RSL—lactose complex, the 4-OH group of the galactose (including the glycine-rich loop) are colored a semitransparent
moiety coordinates the calcium ion at the equivalent position green. Residues of RSL are labeled in black, while residues of

(Figure 6A). In effect, the sugar rings in the two orientations 1AFA are labeled in green.

differ by an ~180° rotation, a result of “swapping” the

relative position of the 3- and 4-OH groups of the monosac- arrangement of hydrogen bond donors and acceptors that
charide coordinating the calcium ion. Recent analysis hasinteract with the calcium-coordinating hydroxyl groups of
shown that the orientation observed correlates with the the bound monosaccharidel1lj. MBP-A possesses an
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Table 2: GalactoseRSL Hydrogen Bond Distances (A) in the Lactose Complex

A B C D E
Gal 02 water53 (e} 2.5 N119 ND2 3.0 N119 ND2 2.9 water2l6 O 2.8
water204 O 3.0 water349 O 2.9 water396 O 26 water301 O 2.8
GalO3 N119 ND2 3.2 N119 ND2 3.0 N119 ND2 3.0 N119 ND2 3.2 N119 ND2 3.0
E104 OEl1 25 E104 OE1 25 E104 OE1 28 E104 OEl1 2.6 E104 OEl1 25
GalO4 Q96 NE2 3.0 Q96 NE2 2.9 Q96 NE2 3.1 Q96 NE2 2.7 Q96 NE2 2.9
D98 OD2 2.6 D98 OD2 2.6 D98 OoD2 2.7 D98 OD2 2.8 D98 OoD2 26
GalO5 water320 O 3.0
GalO6 water320 O 2.8 water513 O 3.1 water488 O 2.7
waterd71 O 2.7

a Atoms that make hydrogen bonds with the galactose moiety in the binding sites of each of the five monomers (laB¢liectiie asymmetric
unit of the RSL—-lactose complex.

acceptot-donor pair at positions 185 and 187 (Glul185 and 1009 ~—
A

Asnl187, respectively) and binds mannose in orientation I,
while RSL and human HL-1 possess donacceptor pairs
(GIn96 and Asp98 in RSL and GIn239 and Asp241 in HL-
1, respectively) at the equivalent positions and bind galactose
in orientation II.

In addition to probing the role played by the hydrogen
bond geometry, work aimed at engineering a mutant MBP-A 20
to mimic the galactose binding specificity of HL-1 has
defined the importance of Trp189 (HL-1 numbering) and a 0 .
glycine-rich loop that helps to position if.). Tyr100 in 0 100
RSL corresponds to Trp189 in HL-1, and as shown in panels [Inhibitor] pM
A and B of Figure 6, it makes a stacking interaction with Ficure 7: Sugar specificity of RSVL determined by BIACORE
the apolar face of the galactose moiety. These stackinganalysis. Inhibition of binding of the lectin to a lactesBSA
interactions are typical of galactose-binding lectins of many Surface by mannosaj, GalNAc (@), and lactosel).

different types, and they undoubtedly play an important role |, 5ter-mediated hydrogen bond with Q121, a residue con-
in defining specificity (2). Although RSL lacks the glycine-  geryeq in five of the six viperid venom lectins (see Figure
rich loop (Gly19F-Gly197, HL-1 numbering) found to be 1) The more divergent elapid venoms (BML, BFL-1, and
important in defining the orientation of Trp189 in HL-1,the  gg| 2) have either an aspartate or an alanine in this position.
3irhelix from H99-N102 (RSL numbering), which packs  consistent with the ability of RSL to bind GalNAc, modeling
against Y100 in RSL, may play a similar role (Figure 6B). (data not shown) shows that té-acetyl group can be
The importance of both the arrangement of the hydrogen 5ccommodated sterically while at the same time making a
bonding residues and the galactose ring stacking mteractlonhydrogen bond with Q121.
is further supported by the X-ray crystal structure of the "\t alency.The clustering of CRDs to give multivalent
tunicate lectir-galactose complext{). Notably, this lectin - 5ssemplies is a means by which many lectin types confer
binds galactose in orientation I, an observation that presum-¢inity and specificity on their interactions with multivalent
ably reflects the fact that the positions of both the hydrogen ligands {, 12). The decameric structure shown by RSL
bonding residues and the stacking aromatic residue aregyongly suggests that multivalency plays an important role
reversed” relative to that seen in RSL or the galactose- j, oy it mediates function. Unlike other C-type lectins such
binding MBP-A mutant. as MBP-A, tetranectin, SP-D, and HL-1, in which accessory
As shown in Figure 1, all of the related snake venom domains are responsible for promoting oligomerization, the
lectins except for BFL-2 possess the GIn96 and Asp98 pair RSL structure now shows that the C-type lectin CRD itself
as well as a tyrosine or phenylalanine at the equivalent of js capable of mediating higher-order structures. In fact, direct
position 100. As such, they would all be expected to show interactions involving the CRD alone are reminiscent of that
galactose binding specificity. In fact, BFL-2 is the only seen in the AB bacterial toxin B subunits4{) and the
example of a venom C-type lectin that is likely to bind pentraxins 42), pentameric carbohydrate-binding proteins
mannose Z7). whose subunit folds are unrelated to the C-type lectins. In
Various cell surface and soluble glycoconjugates contain both cases, multivalent interactions are thought to be
2-acetamido-2-deoxygalactose (GalNAc), and like HHL, important for function. In a model for the cholera toxin
RSL binds both galactose and GalNAc. Consistent with this host cell interaction43), for example, the five carbohydrate-
specificity is their ability to agglutinate red blood cells of binding sites, located in the face of the B subunit pentamer,
the A and B blood group typeg39), cells whose blood group  are proposed to simultaneously interact with itg; @an-
substances contain terminal GalNAc and galactose moietiesglioside receptor on the host cell surface.
respectively. Surface plasmon resonance analysis (Figure 7) As shown in Figures 2 and 4, the carbohydrate-binding
shows that thé&, for GalNAc inhibition of RSL binding to sites in RSL are located on the rims of the two pentameric
a lactose-BSA-coated gold chip is 10@M, while the K, disks. It follows that if all five binding sites of the RSL
for lactose is 80uM. As shown in this RSklactose pentamer were to simultaneously interact with a single cell
complex, the 2-OH group of the galactose moiety makes a surface, the glycoconjugates with which it binds would have

D [}
o o
1 1

RSVL bound (%)
=

200 300 400 500
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to extend significantly from the plane of the membrane. As 8.

such, RSL would be expected to interact with cell surface
glycoproteins or proteoglycans, rather than the relatively
“short” gangliosides found to mediate cholera toxin inter-
actions. Although edge-on modes of interaction might also

be possible, Figure 4 shows that the edge of the pentamer 10:

or decamer is very negatively charged and therefore not well
suited for interactions with the negatively charged cell
surface. The ability to mediate multivalent interactions
presumably accounts for the fact that RSL is a potent
mediator of platelet aggregation, a process involving receptor
cross-linking and downstream signalin@9). It is also
interesting to note that the induction of edemaBygodmani

(44) venom has been attributed to a calcium-dependent
galactose-binding lectin, in this case through a process
involving mast cell receptor cross-linking. Given that RSL
is composed of two back-to-back pentamers, an orientation
placing the face of the pentamer parallel to the cell surface
also leads naturally to a means of cross-linking opposing
cell surfaces during the process of agglutination.

The spacing between carbohydrate-binding sites has also
provided insight into the nature of the interactions mediated
by members of the C-type lectin famil@)( In RSL, the
carbohydrate-binding sites on each pentamer are located an
average of 52 and 83 A apart, distances consistent with a
role in binding the relatively widely spaced determinants
found on cell surface<]. In addition, however, certain pairs
of binding sites from the opposing pentamers (e.g., D and
C' in Figure 4C) come to within 27 A of each other
(measured from C4 to C4 of the galactose residues). These ;4
more closely spaced pairs of binding sites might be spanned
by a single N-linked oligosaccharide whose terminal galac-

tose residues are modeled to be between 15 and 31 A apart1®

(49).
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