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Crystal structure of the peanut
lectin — T-antigen complex. Carbohydrate
specificity generated by water bridges
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Peanut lectin binds with high specificity to the tumour-
associated disaccharide Galf1-3GalNAc, generally
known as T-antigen. The crystal structure of the
complex of the lectin with the disaccharide has been
determined at 2.5 A resolution. Comparison of the
structure with that of the corresponding complex with
lactose reveals that the specificity of the lectin for
T-antigen is generated primarily by two specific water-
mediated interactions, probably the first instance where
water-bridges have been demonstrated to be responsi-
ble for generating specificity in protein-carbohydrate
interactions. The elucidation of the structure of peanut
lectin—-T-antigen complex also provides a framework
for exploring peanut lectin-based prognosis and diag-
nosis of certain types of carcinoma.

THomsen-FRIEDENREICH —antigen, generally known as
T-antigen (Galf1-3GalNAc), is a chemically well-defined
tumour-associated antigen of non-oncofetal origin with
a well-documented link to malignancy in man. This
structure is generally expressed as O-linked glycans
(GalB1-3GalNAc—aSer/Thr), prominently so in more than
85% of human carcinomas such as those in colon, breast,
bladder, buccal cavity and prostate, as well as on poorly
differentiated cells' . It is, however, cryptic or absent
in normal cells. Among the proteins that recognize
T-antigen, peanut (Arachis hypogaea) agglutinin (PNA)
is most widely used. Unlike other anti-T probes such
as amranthin and jacalin, it does not bind to the more
abundant cryptic T- and Tn-antigens (GalNAce-O-
Ser/Thr) which are the sialylated derivatives of the T-
and Tn-antigens respectively™. It is for this exclusive
specificity of PNA and its consequent usefulness as a
diagnostic tool, that its importance has not diminished
even after the advent of other T-antigen specific proteins
including monoclonal antibodies’. The specificity of PNA
is exploited widely for monitoring the differential
expression of T-antigen for both the prognosis and the
diagnosis of malignancies'""”. PNA has also found ex-
tensive use in the early detection of T-polyagglutinability
which has proven to be life saving in numerous instances.
Ability of PNA to differentiate between immature
thymocytes and their mature counterparts has found
applications in bone-marrow transplantations'®,
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PNA is a 110kDa homotetrameric non-glycosylated
legume lectin with an unusual quaternary structure'®,
We report here the 2.5 A crystal structure of the lectin
complexed with T-antigen, refined to an R-value of
17.5%. The complex provides a detailed description of
the geometrical features of PNA-T-antigen recognition
and illustrates, perhaps for the first time, how water
molecules could be largely responsible for carbohydrate
specificity'®. It also provides a framework for designing
better tools for monitoring the expression of T-antigen.

Methods
Experimental

The protein was prepared by affinity chromatography
on cross-linked arabinogalactan'’, Crystals of the complex
were grown from a hanging drop of 5 mg/ml protein
in 0.05M sodium phosphate buffer, pH 7.0, containing
:O.Z'M sodium chloride, 0.02% sodium azide, 1.5 mM

‘Galp1-3GalNAc and 12% (w/v) PEG 8000, equilibrated'

against 40% (w/v) PEG 8000 in the same buffer. A
2.5 A data set was collected from a single crystal (space
group. P222, a=129.892A, b=1266764A, c=
76.516 13&) on a Siemens-Nicolet area detector mounted
on a GX20 Marconi Avionics Rotating anode X-
ray generator. Data were processed using XENGEN'
(Table 1).

Refinement

The structure of the PNA-lactose complex refined to
225 A resolution was used as the starting model for
refinement after removing water and sugar molecules
from it. Refinement was initially carried out using
3 A resolution data employing PROLSQ" in the CCP4*"
suite of programs. Data in the higher shells were
introduced step by step. Restraints for non-
crystallographic symmetry -were used in all but the final
cycles. A difference map calculated after a few cycles
of refinement showed clear density for the T-antigen in
all the four monomers. All maps were inspected using
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Table 1. Crystallographic data and refinement statistics

Data collection statistics

Resolution _ 25A

Number of observations 65934

Number of unique reflections 33952

Data completeness 82%

R-merge* 0.128
Refinement statistics

Resolution range 1025 A
Number of protein atoms 6976

Number of carbohydrate atoms 104

Number of solvent atoms 517

Other ions 4 Mg*, 4 Ca**
Total number of atoms 7605

R-cryst (F > 20F) 0.175

R-free 0.251
Root-mean-square deviation from ideal geometry
Bond lengths 0.009 A

Bond angles 172

*R-merge =X | I - (I)/E (1) .

FRODO?. In the absence of the crystal structure, the
initial model of the T-antigen was constructed using the
‘carbohydrate builder’ routine in the ‘biopolymer’ module
in the Biosym/MSI package, interfaced with InsightIl.
After fitting the T-antigen, water molecules were added
in steps using 2Fo-Fc and Fo-Fc maps. Further refinement
was carried out using XPLOR?. Engh and Huber
parameters- were used throughout the refinement. Omit
type maps were used to inspect the model*?' The
model converged to a final R-value of 0.175 and the
corresponding R-free was 0.251. The relevant refinement
statistics are presented in Table 1.

Reliability and geometrical parameters

The stereochemistry of the model was checked using
PROCHECK?®, More than 90% of the residues are in
the most favourable region in the Ramachandran map®
(Figure 1) with no residue in the disallowed region.
The Luzzati plot”’ calculated at the end of the refinement
showed the coordinate error to be around 0.2 A. The
displacement parameters of the main chain atoms have
the maximum, the minimum and the average values of
68.7, 2.0 and 10.9 A? respectively. The corresponding
values for the side chain atoms are 73.0, 2.0 and 12.9 A%
Those for the sugar atoms and solvent atoms are 36.8,
20 and 17.6 A% and 91.3, 2.0 and 257 A? respec-
tively. Hydrogen bonds and interactions involving water
molecules were identified using the criteria employed
in the case of the PNA-lactose complex®.

The coordinates and structure factors have been
deposited in the Brookhaven Protein Data Bank, with
accession codes, 1TEP and RITEPSF respectively.
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Results and discussion
General features

The four subunits in the tetrameric complex have the
same structure. The root-mean-square (r.m.s.) deviations
between the a-carbon positions when pairs of sub-units
are superposed, range between 0.15 and 0.18 A The
range for all atoms is 0.23 to 0.25 A while that for the
atoms in the disaccharide is 0.15 to 0.24 A. The tertiary
and quaternary structure of the lectin in the T-antigen
complex is the same as that in its complex with lactose?.
The same is true about the location and the geometry
of the carbohydrate binding site (Figure 2). Each subunit,
236 amino acids long, has the typical legume lectin
fold and is made up of a six-stranded flat S sheet, a
seven-stranded curved sheet, a small five-stranded sheet,
which has a major role in connecting the other two
large sheets, and a number of loops with differing length
and conformation. The carbohydrate-binding region is
generated by redidues in four loops, 91 to 106, 125 to
135, 75 to 83 and 211 to 216, at one edge of the
subunit.

PNA—disaccharide interactions

The electron-density for the bound T-antigen is well-
defined in all the four subunits and it permits an
unambiguous description of the PNA-T-antigen inter-
actions (Figure 3 and Table 2). The four hydrogen bonds
found in other legume lectin—galactose complexes occur

, in the present complex as well. They are Asp 83
~ ODl-galactose O3, Gly 104 N-galactose O3, Asn 127

ND2-galactose O3 and Asp 83 OD2-galactose O4
(Figure 3 b)." The other invariant features of legume
lectin—carbohydrate interactions, namely, the stacking of
an aromatic residue, Tyr 125 in PNA, against the
galactose ring and the proximity of Ala 82, are also
observed in the complex'®. These invariant interactions,
involving the first three of the four loops mentioned
earlier, define the primary common requirements for the
binding of the galactose moiety to a legume lectin. The
specificity of individual lectins to different sugars is
determined mainly by interactions involving the fourth
loop (211-216) (refs 29-31).

Comparison with the lactose complex and the
structural basis of specificity

The structural basis for the specificity of PNA for
T-antigen is best described in relation to the protein—sugar
interactions in the lactose complex (Figures 3 and 4).
Both the sugars are disaccharides, with galactose as the
first residue. The second hexapyranose is f1-4 linked
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Figure 1. The Ramachandran map produced with PROCHECK, The squares and triangles represent non-glycine and glycine residues respectively,

glucose in the case of lactose while it is a #1-3 linked
N-acetyl galactose in T-antigen. PNA, however, binds
T-antigen 20 times more strongly than it binds lactose”.
The invariant interactions, outlined earlier, exist in both
the complexes. The other hydrogen bonds involving the
galactose moiety (Ser 211 OG-galactose O4, Ser 211
OG-galactose 05, Asp 80 OD2-galactose 06) are also
the same in the two complexes. In both the cases the
galactose moiety is additionally linked to the protein
through two water bridges (Gly 104 N-W2-galactose
02, Glu 129 OE2-W l—galactose 02). Thus the hydrogen
bonded interactions involving galactose are the same in
both the complexes. The same is true about the non-polar
contacts. In the lactose complex, the second ring is
connected to the lectin through two hydrogen bonds,
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both involving glucose O3, with Ser 211 OG and Gly
213 N. The differences in the linkage and the confor-
mation of the two disaccharides are such that O4 of
the second ring in the T-antigen occupies the same
position as O3 of the second ring of lactose does, with
respect to the lectin (Figure 4a). Therefore in the
T-antigen complex, 04 of N-acetylgalactosamine is
hydrogen bonded to Ser 211 OG and Gly 213 N. The
number and the nature of non-polar protein-sugar con-
tacts are also nearly the same in the two complexes.
Therefore, the direct interactions of PNA with the two
disaccharides are essentially the same and they do not
explain substantially the higher affinity of the lectin for
the T-antigen. The only additional interactions T-antigen
has with PNA are two water bridges, involving the
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carbonyl oxygen of the acetamido group. One water
molecule (W3) connects the oxygen atom to Ile 101 O,
while the other water molecule (W4) connects it to Asn
41 ND2 and to Leu 212 N. These two water molecules
exist in all the four subunits in the lactose complex as
well. However, they interact only with the protein atoms
in it, as there is no sugar atom in their immediate
vicinity. Thus the high specificity of PNA for T-antigen

and its 20-fold higher affinity for this saccharide than
that for lactose, are generated essentially by these water
bridges.

Comparison with other relevant lectin-
carbohydrate complexes

The only other known structurally well-characterized

Figure 2a. Stereo view of a peanut lectin monomier with the bound T-antigenic disaccharide shown
in cyan, ball and stick representation. The beta sheets and loops are coloured red and yellow respectively
J

(Insight, Biosym/MSI).

Figure 2 b, Solid van der Waals surface (oxygen in red, nitrogen in blue and carbon in pink} of the
carbohydrate-hinding region with the disaccharide shown in ball and stick (Insight, Biosym/MSI).
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Omit map corresponding 1o the tigar molecule and the water molecules involved in

protein—carbohydrate water bridges. The surrounding peptide stretches are also shown. The map is

contoured at 3.2¢ level.

Asp 80 | Ser 211 |

: HO’ CH OH

Asp 83 "

Gly 213J

“HO
CH,0H
e
0 \//‘W
OH H e oH

A

lGly 104]- (@' @ S5 \CH
a 4 5
w3
(—1 G L
Sl \/ [Leu 212
le 10 ] [
Asn 41 |

Figure 3b. Schematic representation of protein—carbohydrate interac-
tions in the complex.

protein complex with the T-antigenic disaccharide is
that involving the heat-labile enterotoxin (LT) from E.
coli’*. In this .complex, however, only the galactose
moiety interacts with the protein. The N-acetyl-
galactosamine moiety has virtually no interaction with
LT. This is not surprising as LT has evolved to recognize
the terminal sugars (galactose and sialic acid) of the
GMI1 pentasaccharide, and not T-antigen. Thus, the
complex of LT with the T-antigenic disaccharide does
not reflect the protein’s natural binding propensity unlike
in the case of the PNA complex of the disaccharide.

The crystal structure of jacalin®, the second lectin to
be demonstrated to have T-antigen specificity, has been
determined recently in our laboratory, in its complex
with methyl-a-galactose. This tetrameric protein with a
novel lectin fold has an unusual carbohydrate binding
site in which the specificity is generated by a post-
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‘GalO2- -W1--Glul29 OEl

Table 2, Protein—sugar interactions

Distance (A) in

Protein atom  Sugar atom Monl  Mon2 Mon3 Mond
Hydrogen Bonds

Gal03 Asp83 ODI 2.80 261 2.67 2.66

Glyl04 N 3225 2.98 2.88 2.91

Asnl27 ND2 2.76 2.97 2.78 2.96

GalOd Asp83 0D2 2.71 275 270 287

Ser2ll OG 2.97 3.18 2.81 2.54

GalOs Ser2l1 OG 3.02 3.00 2.83 2.95

GalO6 AspB0 OD2 2.83 2.94 3.43 3.19

GulNA:O3 Ser2ll OG 315 3.17 A2 3120

GalNAcO4 Ser2ll OG 3.33 298 3.08 289

! Gly213 N 3.29 3.06 314 281

Water mediated interactions (Distances (A) averaged over four
subunits)

(02- -W1=294; W1--0El = 3.36)
(02--W2=295 W2--N=297)
(07--W3=3.04; W3--0=294)
(07--W4=2.81; Wd--N=2.79)
(W4- -ND2=2561)

Ca102- -W2- -Gly104 N

GalNAcO7- -W3--llel01 O

GalNAcO7- -Wd--Leu212 N
- -Asn4l ND2

Residues less than 4 A from any sugar atom

Asp80, Ala82, Asp83, Glyl03, Glyl04, Tyrl25, Asnl27, Ser2ll,
Leu212 and Gly213

GALNAc

o7
04

Figure 4 a.
(light lines) as they occur in the respective complexes. The lactose
has been shifted slightly for clarity as the galactose rings superpose
almost exactly.

Superposition of the T-antigenic disaccharide and actose
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Figure 4b. Stereo view of the protein-T-antigen interactions in PNA. The crosses represent water

molecules and the broken lines hydrogen bonds.

Figure 4 ¢. Stereo view of the superposidon of the plrolein—suﬁar intéractions in the T-antigen (dark
lines) and the lactose (light lines) complexes. Only hydrogen bonds in the T-antigen complex are

indicated.

translational modification. The structure of its complex
with T-antigen has not yet been determined. However
the cérbnhydrat&binding site of jacalin bears no striking
resemblance to that of PNA. Furthermore, the protein—
galactose interactions in the two iectins are different in
nature, Thus the structural determinants of T-antigen
specificity in jacalin and PNA are entirely different.

Concluding remarks

Water in the hydration shell can be considered to be
an extension of the protein surface and structural water
can effectively mediate carbohydrate—protein interactions
by modifying the contours of the binding site. In addition
to providing a detailed characterization of the PNA-
T-antigen interactions, the crystal structure of the complex
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provides probably the first instance of carbohydrate
specificity generated by water bridges. In addition to
its intrinsic importance in relation to the growing body
of detailed knowledge on protein-carbohydrate inter-
actions, the information provided by the structure could
be invaluable for the design of a PNA-based carcinoma
marker.
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