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The crystal structure of meso-tetrasulfonatophenyl-
porphyrin complexed with concanavalin A (ConA) was
determined at 1.9 A resolution. Comparison of this struc-
ture with that of ConA bound to methyl a-D-mannopyr-
anoside provided direct structural evidence of molecu-
lar mimicry in the context of ligand receptor binding.
The sulfonatophenyl group of meso-tetrasulfonatophe-
nylporphyrin occupies the same binding site on ConA as
that of methyl a-pD-mannopyranoside, a natural ligand. A
pair of stacked porphyrin molecules stabilizes the crys-
tal structure by end-to-end cross-linking with ConA re-
sulting in a network similar to that observed upon ag-
glutination of cells by lectins. The porphyrin binds to
ConA predominantly through hydrogen bonds and wa-
ter-mediated interactions. The sandwiched water mole-
cules in the complex play a cementing role, facilitating
favorable binding of porphyrin. Seven of the eight hy-
drogen bonds observed between methyl a-pD-mannopyr-
anoside and ConA are mimicked by the sulfonatophenyl
group of porphyrin after incorporating two water mol-
ecules. Thus, the similarity in chemical interactions was
manifested in terms of functional mimicry despite the
obvious structural dissimilarity between the sugar and
the porphyrin.

Specificity is a key aspect of molecular recognition. In mo-
lecular mimicry, however, the specificity is obviously violated
by completely unrelated molecules exhibiting functional equiv-
alence. The functional mimicry involving unrelated molecules
is often used as an effective control during various regulatory
mechanisms (1, 2). However, sometimes the accidental struc-
tural similarities lead to aberrations such as autoimmune dis-
orders (3, 4). Molecular mimicry has wide applications in ra-
tional drug design as well (5, 6). Extensive experimental as well
as computational studies have been carried out to analyze and
exploit functional mimicry associated with chemically dissimi-
lar molecules (7-9). It is generally believed that the molecular
mimicry occurs when the topological features associated with
two chemically independent molecules exhibit obvious resem-
blance. However, the precise structural basis of molecular
mimicry remains a puzzle.
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Concanavalin A (ConA),! a lectin from Canavalia ensiformis,
has been exploited for addressing the structural basis of mo-
lecular mimicry (10-13). The mannose-containing carbohy-
drates on the cell surface have been characterized to be the
specific ligands of ConA (14). In addition to the carbohydrate
ligands, ConA was also shown to bind a number of peptides
sharing a common sequence motif Tyr-Pro-Tyr derived from
phage display library (15, 16). These peptides exhibit struc-
tural as well as functional mimicry of sugars but were found to
bind at a site adjacent to the well characterized monosaccha-
ride-binding site on ConA (10, 11). The conserved Tyr-Pro-Tyr
region of the peptides shares excellent similarity with the tri-
mannose moiety in terms of structural superimposition and
their surface hydrophobicity profiles. Both the peptide and the
trimannose moiety showed similarity in the energetics of bind-
ing when docked into the reciprocal sites on ConA (12). Re-
cently ConA and a few other lectins were shown to bind to
certain porphyrin derivatives (17-19). The prominent hydro-
phobic character of the porphyrin molecules had been invoked
to explain their binding to these lectins, including ConA.

In the present study, meso-tetrasulfonatophenylporphyrin
(H,TPPS), which binds to ConA with an association constant
(K,) of 1.22 X 10* m™ !, was co-crystallized with this lectin, and
the structure of the complex was determined by x-ray crystal-
lography. H,TPPS is a free base porphyrin having four aryl
side groups attached to a closed tetrapyrrole ring known as the
porphine core. Each aryl side group bears a sulfonate group at
the para position. It was observed that the porphyrin binds to
the monosaccharide-binding site on ConA mimicking the inter-
actions of the monosaccharide moiety. The porphyrin, being a
symmetric molecule, also shows multivalency in terms of con-
canavalin A binding and results in cross-linking similar to that
observed in the agglutination of cells. Thus, we demonstrate
here that two completely unrelated molecules, obviously hav-
ing independent chemical properties, bind at a common site on
a receptor and exhibit similar functions.

MATERIALS AND METHODS

Preparation of ConA-H,TPPS Complex Crystals—8 mg/ml ConA (Sig-
ma) was cocrystallized with H,TPPS (Alfa Inorganics) using the hang-
ing drop method. The reservoir solution contained 1.25 m (NH,),SO,,
0.75 M NaCl, and 1 mM Mn?* and 1 mM Ca?" ions in 10 mMm Tris buffer
(pH 7.4). The crystals appeared after about 3 weeks.

X-ray Diffraction Data Collection and Refinement—The x-ray inten-
sity data were collected on an image plate detector (Marresearch, Nor-
derstedt, Germany) installed on a rotating anode x-ray source (Rigaku,
Tokyo, Japan) operated at 40 kV and 70 mA (CuKa radiation). The
crystal to detector distance was 110 mm, and 1° oscillation frames were

! The abbreviations used are: ConA, concanavalin A; H,TPPS, meso-
tetrasulfonatophenylporphyrin; W, water; 5CNA, PDB code for methyl
a-D-mannopyranoside-ConA complex crystal structure.
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TaBLE 1
Crystal data and refinement statistics

r.m.s., root mean square.

Parameter Value

Cell constants (A) 106.0, 117.3, 126.0

Space group . F222
Maximum resolution (A) 1.9
Completeness (%) 94

No. of observed reflections 97,008
No. of independent reflections 31,014
Multiplicity 3.0
Average (I)/(Sig I) . 7.6
Completeness in last shell (1.97-1.90 A) (%) 88.4
Ryerge (%) 8.9
No. of solvent atoms 51
Solvent content (%) . 66
r.m.s. deviation bond length (A) 0.02
r.m.s. deviation bond angle (°) 2.00
Repys (%) 19.5
Ren. (%) 23.2

recorded. The diffraction data were collected from a single crystal and
processed using the DENZO (20) suite of programs and subsequently
scaled using SCALEPACK. Molecular replacement calculations were
carried out using the program AMoRe (21). The monomer of the ConA
with Ca?* and Zn?" ions (PDB code 1ENR) was used as a model for
rotation/translation function calculation between 8 and 4 A resolution,
which gave a correlation coefficient of 73.6% and an R-factor of 28.6%.
The model was subjected to refinement using CNS (22). The F, — F,
map made after rigid body refinement showed excellent electron den-
sity for the porphyrin ligand. Conjugate gradient minimization and
restrained individual B factor refinement were carried out. Water mol-
ecules were picked up using the F, — F, map with an electron density
cut-off of 3 o. After several rounds of refinement the R, and R,
converged to 19.5 and 23.2%, respectively, in the resolution range
of 100-1.9 A. The statistics of the final refined model are shown in
Table I.

Buried Surface Area and Interaction Energy Calculations—Since
only one sulfonatophenyl group of the porphyrin was involved in the
interactions with ConA, only that group was used for calculating
the buried surface area. The interaction energies were calculated using
the whole porphyrin as ligand for ConA monomer. Porphyrin in
association with two water molecules, namely W-7 and W-12, mimics
the monosaccharide. To quantitate the role of these two water mole-
cules in monosaccharide-porphyrin mimicry, the buried surface area
and interaction energies were also calculated considering the water
molecules as part of porphyrin ligand. In both the calculations, the
invariant water molecules between the ConA-monosaccharide and
ConA-porphyrin structures were considered part of ConA (W-56 and
W-15, respectively). The surface area and energy calculations were
performed using the HOMOLOGY and DOCKING modules of the MSI
Software (Molecular Simulations Inc.).

RESULTS AND DISCUSSION

Overall Structure of the ConA-Porphyrin Complex—The mo-
lecular packing in the unit cell of ConA-porphyrin complex is
shown as viewed along the a (Fig. 1A) and b (Fig. 1B) axes,
respectively. All four ConA monomers interacting with a pair of
stacked porphyrins are a part of different tetramers. This leads
to the cross-linking of ConA by porphyrin molecules through
the noncovalent interactions (Fig. 1) similar to those observed
in the complexes of biantennary oligosaccharides with different
lectins (26—31). The cross-linking of any lectin with a ligand
other than carbohydrates or glycopeptides has been observed
for the first time in this crystal structure. If porphine is con-
sidered as a cell surface and the protruding sulfonatophenyl
groups as the sugar moieties perched on it, then the interaction
of H,TPPS with ConA in crystals mimics the cross-linking of
cells by ConA, resulting in their agglutination.

The H,TPPS molecule could be unambiguously defined in
the difference electron density map as shown in Fig. 2A. The
porphyrin molecule is located on a crystallographic 2-fold axis
occupying a special position. Thus, only one-half of the H,TPPS

Functional Equality in the Absence of Structural Similarity

Fic. 1. Stereo view of ConA-porphyrin cross-linking in the
crystals. A and B show the views of the molecular packing in the unit
cell along the crystallographic a and b axes, respectively. Multivalency
of the stacked porphyrin molecules (black) for ConA (gray) leads to the
end-to-end cross-linking, mimicking the cell-cell agglutination brought
about by ConA: A, B, and C represent the crystallographic axes.

molecule, consisting of one full pyrrole ring with the halves of
two other pyrrole rings that are adjacent to it and two sulfona-
tophenyl side groups, is part of the asymmetric unit. The phe-
nyl rings of H,TPPS are not coplanar with the pyrrole rings of
the porphine core as seen from Fig. 2B. The rotation of the
phenyl rings with respect to the plane of the porphine ring is
evident in the electron density map (Fig. 24). The asymmetric
unit of the crystals of ConA-H,TPPS complex also contains a
monomer of ConA comprising of 237 residues and two metal
ions (Mn2* and Ca2?"). It is evident that the binding of porphy-
rin does not affect the structure of ConA.

One H,TPPS molecule interacts with two monomers of ConA
via two of its side groups (Fig. 3). In other words, the two
stacked H,TPPS molecules interact with four ConA monomers
such that ConA molecules surround them on all sides. The
other two side groups do not show equivalent interactions with
ConA. The symmetry-related porphyrin molecules stack over
each other in a slightly staggered fashion (about 27°) to prevent
steric clashes between the side groups. The pair of stacked
porphine macrocycles maintains a distance of about 3.6 A with
respect to each other. The porphyrins are well known to have
an inherent propensity to undergo 7 stacking (23). However,
the self-stacking arrangement has not been observed in any of
the crystal structures of proteins containing porphyrins. The
closest examples of such stacking seen in porphyrins could be
the 18 overlapping Bchl a molecules forming a complete ring in
the light-harvesting complex from Rhodopseudomonas aci-
dophila (24) or the bacteriochlorophylls forming a primary
electron donor “special pair” that partially stack upon each
other (25). Neither of these stacking arrangements appears to
be as extensive and exclusive as observed in the present crystal
structure.

Specific Interactions of Porphyrin with ConA—Porphyrin in-
teracts with only six amino acid residues of each monomer of
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Fic. 2. The stereo view of the molecular conformation of
H,TPPS in the asymmetric unit of the crystals of the
H,TPPS-ConA complex. A, the F, — F, map in the ligand-binding site
on ConA, scaled at 3.2 o, showing half of the H,TPPS molecule corre-
sponding to the asymmetric unit. The porphyrin model has been built
into the map (¢hick black lines). The water molecules in the region have
also been shown as black spheres. The surrounding ConA residues are
shown as thin gray lines. B, a stereo view of the porphyrin conformation
as it appears in complex with ConA molecule. The non-carbon atoms
belonging to one asymmetric unit are labeled.

Fic. 3. A stereo view of the unique self-stacking arrangement
of the porphyrin molecules in the H,TPPS-ConA complex. The
stacked porphyrins are slightly staggered to prevent steric clashes
between the side groups (thick blue sticks). Two stacked porphyrins are
surrounded by four independent monomers of ConA. The porphyrin in
the asymmetric unit interacts with only six amino acid residues of
ConA. The ConA residues (sticks) and water molecules (spheres) of one
asymmetric unit involved in interactions with porphyrin are shown in
the same color.

ConA (Fig. 3). The porphine core shows no direct contacts with
ConA in the crystal structure of H,TPPS-ConA complex unlike
in the case of porphyrins bound to other proteins. The only
exception, however, is the hydrogen bond involving nitrogen of
one of the pyrrole rings (N4B) with a water molecule, W-5.
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Furthermore, this water molecule forms a hydrogen bond with
W-29 that, in turn, interacts with Tyr-12 of ConA. The core
porphine moiety contributes to binding predominantly through
hydrophobic interactions in other protein-porphyrin complexes
(32). Apart from binding to proteins, porphyrins are also known
to bind to DNA primarily by intercalation (33). However, the
nature of interactions in the present case is unique in the sense
that the porphine core provides only a support base for specific
interactions involving the sulfonatophenyl groups.

The sulfonate group attached at the end of the phenyl ring of
H,TPPS occupies the known monosaccharide-binding site on
ConA (Fig. 4A). The oxygen atoms of this sulfonate group are
involved in water-mediated and direct hydrogen bonding inter-
actions with ConA (Fig. 4B). The direct hydrogen bonding of
porphyrin with ConA is through O-13 of the porphyrin and
backbone amide of Arg-228 of ConA. Another hydrogen bond is
mediated by W-15 bridging Thr-226:0G1 of ConA and O-11 of
porphyrin. Similarly W-12, which is also networked with W-7,
forms a bridge between O-13 of porphyrin and the side chains
of Asp-208 and Asn-14. The role of water-mediated interactions
in cementing the empty spaces between the receptor and the
ligand has long been appreciated (34, 35). Carbohydrate-bind-
ing proteins modulate their substrate specificity and affinity
with the help of bound water molecules (36-38). The multiple
ligand specificity of periplasmic lysine-, arginine- and orni-
thine-binding protein for various amino acids is also optimized
by relocation of protein-bound water molecules (39). These
observations corroborate the role of water in defining the mode
of interaction of H,TPPS in its binding to ConA.

H,TPPS and Methyl a-pD-Mannopyranoside as Molecular
Mimics—The ConA-porphyrin and ConA-sugar crystal struc-
tures were superimposed in the ligand-binding region (Fig.
4A). It was observed that H,TPPS shows only partial comple-
mentarity with the binding site. On the other hand, the
mannopyranoside shows a much more snug fit within the
binding site on ConA. However, in the interaction of H,TPPS,
the water-mediated hydrogen bonds create a network similar
to that observed in the case of methyl a-D-mannopyranoside
binding to ConA. The interaction of methyl a-pD-mannopy-
ranoside with ConA involves eight hydrogen bonds. The bind-
ing of the sulfonatophenyl group of porphyrin mimics seven
among them. The geometrical relationship of the hydrogen
bonding networks of the porphyrin‘ConA and mono-
saccharide-ConA complexes is depicted in Fig. 4B. The hydro-
gen bonds involving the O-4 atom of the sugar are in this case
taken over by the water, W-12. Similarly the interactions of
the O-6 atom of the sugar are replaced by another water
molecule, W-7. These two water molecules together account
for five hydrogen bonds. The O-13 of porphyrin takes over the
hydrogen bonding function of O-3 of the sugar ligand. The
hydrogen bond of O-11 of the porphyrin to residue Thr-226 of
ConA through W-15 corresponds to the hydrogen bond in the
case of methyl a-D-mannopyranoside-ConA complex, where a
water molecule (W-56 in 5CNA) bridges the hydrogen bond
between O-2 of the sugar and residue 226 of ConA. Thus,
0-11 of H,TPPS acts as the mimicking counterpart of the O-2
atom of the monosaccharide. The hydrogen bond involving
0O-5 of the sugar and the backbone amide of Leu-99 of ConA
is the only interaction, which does not have a counterpart in
the ConA-H,TPPS complex. The equivalence of the hydrogen
bonds in the ConA-sugar structure and the ConA-H,TPPS
structure is described in Table II. The porphyrin-ConA com-
plex also takes advantage of the external bound water W-15
in a fashion similar to the binding of methyl a-D-mannopy-
ranoside to ConA where W-15 has a counterpart in W-56.
Similarity of hydrogen bonding has been suggested to be

GTOZ ‘ST Jequides uo 1senb Aq /610°0g ['mmmwy/:dny wouy pepeojumoq


http://www.jbc.org/

39280
A

Fic. 4. Sugar (green) and porphyrin
(blue) share a common binding site
on ConA. A, superimposition of ConA-
porphyrin and ConA-sugar crystal struc-
tures in the ligand-binding region. Molec-
ular surface of ConA is decorated with
color to indicate charge distribution (red
for negative and blue for positive). It is
evident that porphyrin binds to ConA
through the sulfonatophenyl group in a
groove in which methyl a-D-mannopy-
ranoside is known to bind. B, stereo view
of the hydrogen bonding interactions of
ConA with both sugar and porphyrin li-
gands. The hydrogen bonds are shown as
thin lines in the color of their respective
ligands. The residues of ConA (brown) in-
volved in hydrogen bonding are high-
lighted. The bound water molecules in-
volved in the interactions with ConA and
the ligands are also shown. This figure
was generated by GRASP (42).

Functional Equality in the Absence of Structural Similarity

TABLE II
Equivalence of hydrogen bonds seen in monosaccharide-ConA and porphyrin-ConA complexes
Distance Sugar Water® ConA Water? Porphyrin Distance
A A

3.03 0-5 Leu-99:N

2.82 W-56° Thr-226:0G1 W-15 2.65
2.72 0-2 W-56 W-15 0-11 2.66
2.88 0-3 Arg-228:N 0-13 2.82
2.63 0-4 Asp-208:0D2 W-12 2.66
2.99 0-4 Asn-14:ND2 W-12 3.09
2.88 0-6 Asp-208:0D1 Ww-7 2.84
2.97 0-6 Tyr-100:N W-7 2.94
3.06 O- Leu-99:N W-7 3.13

“ Bound waters in monosaccharide-ConA complex (5CNA).
® Bound waters in porphyrin-ConA complex.
¢ W corresponds to the bound water molecule.

involved in molecular mimicry in the case of anti-hen egg
white lysozyme antibody (D1.3) complexed with an anti-
idiotypic antibody and lysozyme binding to D1.3. However,
only 6 of 14 protein-protein hydrogen bonds are conserved in
this case (40). On the other hand, the mimicry between a
trimannose moiety and a peptide ligand of ConA is predom-
inantly modulated by hydrophobic features (12). The present
case is particularly interesting because almost all the hydro-
gen bonds, except one, are being mimicked by the porphyrin.

The surface areas of the ligand and the receptor that become
inaccessible to solvent on binding and the intermolecular in-
teraction energies are expected to be similar when the two
different ligands behave as mimics of the same receptor. The
buried surface area of porphyrin ligand increases from 137.9 to
224.4 A? in the presence of W-7 and W-12 and is closer to the
buried surface area of monosaccharide ligand, which is 228.7
A2, The buried surface area of ConA, however, does not show
any substantial difference, increasing from 102.2 to 125.9 A% on

inclusion of water molecules and being intermediate (119.5 A2)
in the case of monosaccharide ligand. The incorporation of the
two water molecules as part of the porphyrin ligand increases
the strength of interaction in terms of total energy from —22.6
to —48.8 kcal/mol. The total energy of interaction of the mon-
osaccharide ligand is about —34.3 kcal/mol. The major contri-
bution of the water molecules is to the electrostatic energy,
which increases from —0.6 to —24.9 kcal/mol in their presence.
The van der Waals interaction energy is very similar in all
cases, —21.1 kcal/mol for monosaccharide, —22.0 kcal/mol for
porphyrin, and —23.9 kcal/mol for porphyrin in the presence of
water molecules. Thus, it appears that the complementarity of
porphyrin binding to ConA, in terms of buried surface area and
interaction energy, enhances on incorporation of two bound
water molecules.

In conclusion, the accommodation of different but related
ligands at the common receptor-binding site using the extraor-
dinary cementing ability of water molecules has often been
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observed (38—41). However, the present study provides an
attractive example of equivalence between completely unre-
lated ligands. It is evident that both the ligands bind to the
same site on ConA using similar interactions. The binding of
H,TPPS to ConA resembles that of the monosaccharide by
virtue of it being able to mimic the interactions of the sugar
with the help of bound water molecules. This is contrary to the
sugar-mimicking peptides, which bind to ConA mimicking
the hydropathy features of the carbohydrate ligands (11-12).
The symmetrical nature and multivalency of porphyrin leads
to end-to-end cross-linking akin to that observed in cell-cell
agglutination by ConA. Therefore, H,TPPS binding to ConA
could be considered functionally equivalent to that of the nat-
ural carbohydrate ligands of ConA.

The similarity of sugar and porphyrin observed here has
direct implications to the structural basis of molecular mim-
icry. Molecular mimicry is understood and interpreted in many
diverse ways. It covers an entire gamut of quasi-equivalences
from sequence similarity in proteins to the similarity as seen by
the immune response to chemically different ligands. The sul-
fonatophenyl group of the porphyrin and the sugar are two
different ligands that do not share any obvious shape similarity
yet bind at a common site on ConA through a remarkable
correspondence of hydrogen bonding interactions. This is facil-
itated by the bound water molecules. However, it does not
mean that any functional group can adopt a particular topology
of specific binding through water of hydration. The incorpora-
tion of bound water molecules relates to the structural proper-
ties of the concerned molecules. In fact, the water of hydration,
like flexibility as in induced fit, has often been suggested to be
responsible for modulation of affinity (38—39). In the present
case, such a cementing role of water is reflected in terms of
mimicry.
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