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A class of proteins, generally termed lectins, has the ability to
selectively bind to carbohydrates.1 Their sugar recognition is

critical for a diverse set of biological functions, from structural
and mechanical roles, such as cell adhesion,2 material transport
such as endocytosis,3�5 to signaling roles in the immune system.6

Thus, there is significant interest in studying the protein�carbohy-
drate interaction and sugar recognition process. It is not trivial to
design a protein that recognizes sugar with specificity. Unlike poly-
peptide recognition, there are less chemically distinct functional
groups in sugar that protein can interact with. Hydrogen bonds
and hydrophobic packing between the sugar ring and the aromatic
residues of proteins seem to be the only two types of important
interactions. In contrast to proteomics, glycomics has little direct
connection with genomics. The primary structures of sugars are
not determined by the genome and are subject to random events.7

The potential randomness of sugar sequences and the difficulty of
detection often are exploited by viruses; i.e., they use seemingly
harmless “sugar bushes” to evade antibodies.8 With a better
understanding of nature’s design, we may further engineer desired
molecular recognitions and signaling pathways involving carbohy-
drate�protein interactions.

To date, researchers have purified plenty of lectins from bacteria,
plants, and animals.9 Many of their three-dimensional structures
have been reported as well. Nevertheless, the actions ofmany lectins
are still poorly understood. Lectins can be classified according to the

fold of their carbohydrate-recognition domains (CRDs), such as
L-type, M-type, and R-type. One important class of lectins is R-type
(ricin-like) β-trefoil lectin. R-type lectin includes the plant toxins
such as type II ribosome-inactivating proteins (RIPs). A type II
RIP is made up of an A chain and a B chain.10 Chain B recognizes
cell surface sugar and helps chain A penetrate into the cytosol.
Once inside, chain A halts protein synthesis.11,12 Many plant
toxins, such as those from barley, have A chain alone.13 These
toxins are called type I RIPs. Compared to type II, type I RIPs are
much less toxic because they do not possess the delivery mechan-
ism executed by chain B.

In this work, we focused on the stability and binding properties
of R-type lectin’s CRDs. By studying two examples of chain B,
fromRicinus communis andTrichosanthes kirilowii lectin-1 (TKL1),
we will provide insight into lectin�sugar interactions and R-type
CRD binding specificity. Ricin, produced by castor beans, has two
chains that are linked by a single disulfide bond. As shown in
Figure 1, chain A (RTA), the catalytic domain of the toxin, is a
glycohydrolase that cuts an RNA component of ribosomes and
causes the shut down of protein synthesis. Chain B (RTB) is the
binding domain that recognizes the terminal sugar residues of
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ABSTRACT: Lectins are a class of proteins known for their
novel binding to saccharides. Understanding this sugar recogni-
tion process can be crucial in creating structure-based designs of
proteins with various biological roles. We focus on the sugar
binding of a particular lectin, ricin, which has two β-trefoil
carbohydrate-binding domains (CRDs) found in several plant
protein toxins. The binding ability of possible sites of ricin-like
CRD has been puzzling. The apo and various (multiple) ligand-
bound forms of the sugar-binding domains of ricin were studied
by molecular dynamics simulations. By evaluating structural
stability, hydrogen bond dynamics, flexibility, and binding
energy, we obtained a detailed picture of the sugar recognition of the ricin-like CRD. Unlike what was previously believed, we
found that the binding abilities of the two known sites are not independent of each other. The binding ability of one site is positively
affected by the other site. While the mean positions of different binding scenarios are not altered significantly, the flexibility of the
binding pockets visibly decreases upon multiple ligand binding. This change in flexibility seems to be the origin of the binding
cooperativity. All the hydrogen bonds that are strong in the monoligand state are also strong in the double-ligand complex, although
the stability is much higher in the latter form due to cooperativity. These strong hydrogen bonds in amonoligand state are deemed to
be the essential hydrogen bonds. Furthermore, by examining the structural correlation matrix, the two domains are structurally one
entity. Galactose hydroxyl groups, OH4 and OH3, are the most critical parts in both site 1R and site 2γ recognition.
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glycoproteins on the cell surface. The last two residues of the
nonreducing end of a cell surface polysaccharide are recognized by
ricin via direct interaction. In this case, the terminal sugar residue
(galactose) plays the central role, while the upstream neighbor
residue (glucose) assists in the recognition. Once attached, ricin
will accompany these glycoproteins during endocytosis. The
structure of chain B contains a tandem R-type CRD.11,12 The
R-type CRD, which folds as a β-trefoil of about 130 residues, is a
popular structural motif.6 This CRD can also be found in other
lectins, such as mannose receptors,14 bacterial hydrolases,15 and
GalNAc-transferases.16

Besides the disulfide bond which cross-links chains A and B,
there are four other important internal disulfide bonds (two in
each of the two CRDs) for stabilizing the structural integrity of
chain B.10 Each trefoil CRD consists of four subdomains: a stem
section, called λ, followed by three similar lobes, R, β, and γ. The
β-trefoil fold is quite interesting. Each lobe, shown as containing
four β-strands which has a very short persistence length (just a
few residues), has an important sugar recognitionΩ-loop in the
middle. It appears that the two disulfide bonds maintain the
overall structural stability of each CRD.

Each homologous lobe contains a potential binding site. Alto-
gether, RTB has six potential galactose binding sites. Revealed by
crystal structure (PDB: 2AAI) (Figure 1), it turns out that only two
(site 1R and site 2γ) of these sites actually retain binding ability.17

There is a conserved motif Gln-X-Trp in each lope that is critical to
the sugar recognition. One of the key conserved protein�ligand
interactions is that of Trp residue with the terminal sugar ring.10,18

There is a long history of conflicting reports on the binding
properties of RTB. In an equilibrium dialysis study by Zentz and
co-workers,19 the results can be fitted into two models: (a) an
independent binding model with one site stronger than the other
and (b) two binding sites with equal binding strengths but with
negative cooperativity between sites; i.e., the early binder inhibits
the late binder. There were some very early speculations that
cooperativity between the two binding sites do exist.20

Researchers believe that if these two sites exhibit cooperative
binding, then there should be an accompanying allosteric effect

that could be detected with fluorescence polarization or circular
dichroism. However, the lack of a significant change in the
fluorescence polarization signal upon binding19 led previous
researchers to the conclusion that binding induced conforma-
tional changes are quite local at best. Thus, some studies favor
model (a) over model (b) and conclude that the binding sites are
of different strengths and are independent of each other. In
contrast, another experiment involving fluorescence polarization
and equilibrium dialysis on ricin�galactosides indicated that the
two sites have similar affinities.21 A quantitative picture of the
binding is gradually emerging with recent experiments. Results
from mutagenesis investigations have finally pinned down that
site 1R has a lower affinity for sugar binding than site 2γ.7 Our
current study will demonstrate that there are some level of
positive binding cooperativity between the sites even though
there is no major global conformational transitions.

Although the crystal structures have been solved,22 the binding
difference between site 1R and site 2γ is still puzzling, since there
are fewer hydrogen bonds between 2γ-lactose (higher binding
affinity) than between 1R-lactose (lower binding affinity). In addi-
tion, while the experimental study7 shows that site 2γ is stronger
than site 1R, a previous short time free energy perturbation
calculation gave an opposite conclusion and strongly favors site
1R.23 Here, we want to take advantage of long-time molecular
dynamics (MD) simulations to provide a dynamic picture of the
protein�ligand interaction beyond the crystal structure.

There are many rewards for these types of quantitative studies.
To date, there have been some successful vaccines24,25 that target
the relatively well-understood RTA, but vaccines against RTB
have been less successful. A further study on the structure and
sugar binding of RTB may provide clues on vaccine designs
against RTB. Also, fine understanding of the interaction could
potentially provide insight into tailor-design lectins for specific
cell targets (such as in cancer cells). This may lead to a selective
operation of enzyme delivery into targeted cells with distinct
surface sugar properties. Available crystal structures of ricin-like
CRD extracted from various plants, such as TKL1 (1GGP),
abrin-a (1ABR), mistletoe lectin (2MLL), and ricin (2AAI), are
valuable to this endeavor.26 Multidomain lectin seems to be a
common feature of many sugar receptors. In fact, the use of
cooperative multidomain proteins has many possible advantages,
especially in the field of signal transduction.27,28

’METHODS

In this work, we performed a series of molecular dynamics
simulations of ricin�sugar complexes. The systems examined are
(1) apo: apo form of RTB, (2) cplx: RTB complexed with
lactoses at both site 1R and site 2γ, (3) l1: RTB with one lactose
at site 1R, and (4) l2: RTB with one lactose at site 2γ. We also
investigated another RIP-II, (5) tkl1, the chain B of TKL1 for
comparison. Crystal structures of ricin chain B complexed with
two lactoses(PDB 2AAI17) and TKL1 chain B (PDB 1GGP29)
were used. The initial structures of monoligand (l1 and l2) and
apo forms of the ricin were generated by deleting the comple-
mentary ligand(s) in the cplx structure.

The preparation and molecular dynamics (MD) production
runs were performed using Amber10.30 AMBER99SB force field31

was used to model the protein and counterions Naþ. GLYCAM
06.f force field32 and TIP3P33 were used for the sugar ligands
(lactose, a disaccharide β-D-galactopyranosyl-(1�4)-D-glucose)
and water molecules, respectively. Hydrogens were added to the

Figure 1. Ricin structure from PDB 2AAI. The two-chain protein
(RTA: blue; RTB: red and green) is shown in the ribbon form. Disulfide
bonds are shown in yellow. Two ligands are bound at the CRD domains.
The bottom view of the subdomain structures of the two β-trefoils is
shown in a cartoon representation.
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PDB structures via the LEAP module of AMBER. The protein
chain RTB used in the simulation is 257 residues long. The first
five residues of theN-terminus of RTB (a very floppy region linked
to RTA) were not included in the system. There are 3948, 4038,
and 3993 atoms in apo, cplx, and l1 or l2 systems, respectively.
Each system was solvated initially with at least 1 nmwater layer on
each side. That is, 11 281, 11 284, 10 685, and 10 683 water
molecules were added to the apo, cplx, l1, and l2 systems,
respectively. There are two histidine residues in RTB. One of
them, His251, is important for binding site 2γ. Both are set to be
singly protonated at Nε2. Finally, systems were neutralized by
adding 10 Na þ counterions. Minimization was performed to
remove the bad contacts in the initial structure. After the initial mini-
mization and heating to 300 K, a constant pressure (1.01 � 105

Pa) run (NPT) allowed the system to reach equilibrium at
1 atm. The final box dimensions (in Å) are 65.5 � 70.6 � 82.0,
65.5� 70.6� 82.0, 64.7� 70.3� 79.0, and 64.7� 70.3� 79.0
for apo, cplx, l1, and l2 systems, respectively. In the final stage, we
performed a 54 ns constant volume simulation (NVT) at 300K for
each ricin system (apo, cplx, l1, and l2). Langevin thermostat34

was used to regulate the temperature. Bond lengths between
hydrogens and heavy atoms were constrained using SHAKE.35

The particle mesh Ewald method was employed to calculate the
long-range interactions. A 2 fs time step was used. Frames were
collected at 1 ps interval. The first 4 ns of production runs was not
used in the analysis. Each analysis was based on the final 50 ns
(50 000 snapshots). Another 50 ns simulation was further per-
formed in the case of cplx.

The MM-GB/SA (molecular mechanics, generalized Born model
plus solvent-accessible surface area) approach was used to estimate
the binding energies.30 The MM-GB/SA calculation was performed
on each snapshot of the complex form. The default surface tension of
0.005 kcal/(mol Å2) is used for the SA calculation. We calculated the
direct potential energy between ligand and protein using Amber force
field, the so-called molecular mechanics (MM) part. It is also termed

the bare energy as no solvent interaction is directly included. For polar
and nonpolar solvation free energy, we separated the complex to its
two components and performedGB and SA calculations three times,
the difference between the complex and the sum of the components
gives the values of the solvation energy. The binding energy,
ΔG =G

_
(complex)�G

_
(ricin)� G

_
(lactose), for the ricin�lactose

interaction was obtained.

’RESULTS AND DISCUSSION

In this work, we performed 50 nsMDsimulations on different apo
or ligand-bound states of ricin (cplx, l1, and l2). We further
performed another 50 ns on the double-ligand form, cplx, to check
the statistics.We examine all three aspects of lectin�sugar interaction
in the following order. First, we want to investigate whether there are
any important features of the protein conformations before and upon
ligand recognition. Second, we study the direct interaction between
the sugar and the lectin. The ligands in cplx and l2 stayed in the
pocket throughout the corresponding simulations. However, in the
course of the simulation, at∼13 ns, the ligand in l1moved away from
the pocket. This prompted us to impose a ligand�protein distance
constraint to finish the remainder of the 50 ns sampling of this single
ligand-bound form. The constraining force was turned on when the
distance between the galactose-C4 andAsp17-CR exceeded 10Å.We
present the changes of lactose conformations uponbinding at the end.
Protein Stability. One interesting question is how these two

binding pockets are altered upon (multi)ligand binding. Does the
binding pocket change its flexibility or remain the same? There
are various mechanisms that could monitor potential configura-
tional changes upon binding, such as “lock and key”, conforma-
tional selection, and induced fit models. Is the property of one
pocket affected by the other one? To answer these questions, the
flexibility changes of ricin induced by ligand(s) were monitored
using the B-factor (Figure 2a). The Debye�Waller factor,
commonly known as B-factor, indicates locality of an atom and

Figure 2. (a) B-factors of CR from X-ray data and computation results for apo, cplx, l1, and l2. Residues involved in disulfide bonds are shown in boxes.
Homologous subdomains R, β, and γ for both domain 1 and 2 are marked accordingly. (b) CR B-factor ratios were shown in a tube representation by
color-coding for apo: cplx, apo: l1, and apo: l2. The values are labeled from smallest to largest by color, from blue to red, and by increasing tube width.
The corresponding ligands (red at site 1R and green at site 2γ), if present in the ligand-bound states, are shown.
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can be calculated from the mean-square fluctuation using
B = 8π2ÆΔr2æ/3. As shown in Figure 2a, we can easily gauge
the qualitative differences among the B-factors of CR for apo,
cplx, l1, l2, and X-ray. Here, we labeled (boxes) the cysteines
forming disulfide bonds. Not surprisingly, the regions near these
four bonds have lower B-factor values and support the structural
integrity of RTB. The peaks and valleys of B-factor curves of
X-ray and those of the simulations are overall consistent. The
difference between the B-factor data of X-ray and that of cplx
could be attributed to the crystal packing present in the X-ray
structure.36 We have used block analysis to ensure the conver-
gence of obtained B-factor values. These values reported from
different parts of the long simulation are quite consistent except
for those at the tip of the loop, which have large values and high
variance, e.g., around residues 156, 167, and 198.
Moreover, residues of the unliganded (apo) and monoligand

forms (l1 and l2) have higher B-factor values than those of the
double-ligand (cplx) form (Figure 2a). This holds true especially
at the binding sites of the two lactoses. The relatively higher
B-factor values in the apo form indicate that the corresponding
residues are more flexible than those in the cplx form. This would
suggest that the presence of the two ligands in the cplx form has a
stabilizing effect. Comparing the flexibility of the site 1R region in
the four systems, it is easy to see that their differences are subtle,
and the cplx is the most stable form. The differences among
different ligand-bound states are more significant in the 2γ
region. We see a decrease in flexibility upon ligand 2 binding,

especially at the regions around residues 237, 246, and 256. Overall,
one can also see that there is a cooperative effect of binding on
the flexibility change. For example, B-factors of site 2γ are further
decreased with the presence of the ligand bound to site 1R, and
vice versa.
We display the B-factor ratios—apo: cplx (Figure 2b left),

apo: l1 (Figure 2b middle), and apo: l2 (Figure 2b right)—of
CR for each residue. Instead of dividing the B-factor values of the
liganded systems (cplx, l1, and l2), with the B-factor values of the
apo form, we used the apo form value as the numerator to obtain
a more informative picture stressing the regions that are more
localized upon binding. Here, the ratio is color-coded on the
structure of the protein. The values are expressed from blue
(smallest) to red (largest). The portion rendered in red are
regions that are stabilizedupon ligandbinding.As such, it is interesting
tonote that sugar binding in all the liganded systems studiedherehave
a stabilizing effect on residues 120�126 (indomain1) and 196�212
(in domain 2). Also, ligand binding at site 2γ alone has a more
stabilizing effect on the overall structure of RTB than ligand
binding at site 1R alone.
Since TKL1 has a similar structure and function to ricin, its apo

form, tkl1, was also investigated to see how transferable are our
conclusions drawn from ricin dynamics for other type II RIP
toxins. Chain B, extracted from the tuber ofTrichosanthes kirilowii, is
58% identical to chain B of ricin. Their fold and disulfide bond
locations are identical as well.29 As shown in Figure 3, B factors of
both the side chain and backbone of tkl1 were larger than those of
ricin. It is still puzzling whether all the R-CRDs strongly favor the
same location (site 2γ for ricin) as a binding site. Since the
simulation indicates a very flexible site 2γ in this case, we speculate
that it is unlikely that site 2γ of TKL1 has high binding affinity.
Furthermore, we want to examine whether there are signifi-

cant ligand-induced conformational changes shown at the mean-
structure level. We thus calculated the displacement (Figure 4)
between the mean structure of apo ensemble and that of cplx, l1,
or l2. With respect to apo, the monoligand systems, l1 and l2,
have a bit higher displacement than the double ligand-bound
system, cplx in domain 1. This could again be attributed to the
stabilizing effect of the bound ligand mentioned above. But
overall, it appears that all three ligand-bound complexes retain
the apo structure well. In most regions, the differences are less
than 1 Å, especially at the binding sites. The observed insignif-
icant mean displacement (less than 1 Å) between apo and cplx
conformation ensembles, with the exception of the loops, is
consistent with observed B-factor values (Figure 2a). This is alsoFigure 3. Computed B-factors of CR and Cβ for chain B of TKL1.

Figure 4. Distance between CRs for the average structures of apo and cplx, apo and l1, and apo and l2.
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in agreement with experimental findings that there is no global
conformational change upon ligand binding using fluorescence
data.19 In that study, lacking of fluorescence change was further
used to support their conclusion of no allosteric effect. Instead,
we show in the current work that cooperativity still exists even
there is no change at the mean-structure level.
In terms of overall entropy, mass-weighted covariance matrices

of heavy atoms (atoms other than H) were diagonalized to obtain
standard phonon-like vibrational entropy terms by quasi-harmonic
analysis;30 total entropies of the ricin chain B (in units of kcal/
(mol K)) are 10.9 (apo), 10.8 (cplx), 11.2 (l1), and 11.3 (l2). As
shown, all four forms have similar entropies with cplx being the
least flexible one.
To obtain a more detailed understanding of ricin�sugar binding,

it is useful to perform a correlation analysis on ricin’s conforma-
tions. The correlation is defined as the normalized covariance
between two different positions, say, of particle i and j, Cij =
ÆδrBi 3 δrBjæ/(ÆδrBi

2æÆδrBj
2æ)1/2. Here, we have defined the fluctua-

tion around the mean position of particle i as δrBi = rBi� ÆrBiæ. At
the residue�residue level covariance, the averaging over the
three-dimensional components of the atoms of the residue, i.e.,
the elements of correlation matrix spanned, renders the correla-
tion of motions to a number between þ1 and �1, with þ1
indicating a total sync of motions between these two residues. As
shown in Figure 5, the correlation matrix plot at the residue level
measures how the movement of one residue indexed by x-axis is
correlated with the movement of another residue indexed by
y-axis. Here, strongly negative (red) regions show that residues
are highly anticorrelated with each other, while positive (blue)
regions are the opposite and indicate motions are in sync. A near
zero value colored by green indicates no correlation. Since the
off-diagonal interdomain regions (interaction between domain 1

and domain 2) contain many strongly (anti)correlated regions, it
suggests that the two domains are structurally one entity. Thus,
one cannot separate twoCRDs and study only one-half of it. This
is interesting since it is against our initial intuition that the
intradomain dynamics should be more correlated than interdo-
main dynamics. The presence of bound sugar(s), in cplx and l2,
diminishes the correlation between various residues. The system l1
has almost the same level of correlation as apo, especially between
residues in domain 1.
Binding Stability. Besides structural analysis of protein’s

response to different binding states, it is important to directly
examine sugar binding properties, hydrogen bonding, and bind-
ing free energy. Ligand binding properties of the two sites (site
1R and site 2γ) of cplx, l1, and l2 were monitored in terms of
hydrogen bond formation as well as their binding free energy
(GBSA level). The most important interactions between lectin
and sugar are the hydrogen-bonding network and hydrophobic
stacking. In the current case of lactose binding, the nonreducing
terminal galactose carries the main role, while the upstream
glucose assists. To distinguish the atoms from the two residues,
we use the symbol prime to label glucose. Specific hydrogen-
bonding interactions for both site 1R and site 2γ are labeled in
Figure 6e and enumerated in Table 1. In the crystal structure,
as shown in Figure 6e, left panel, the protein�ligand complex
forms six hydrogenbonds in site 1R. One of them is formedbetween
protein and glucose (Asp25�O30), and the rest are formed between
protein and galactose (Asp22�O4, Asp22�O3, Gln35�O6,
Asp25�O6, andAsn46�O3).Whereas in site 2γ (Figure 6e, right),
the protein�ligand complex has five hydrogen bonds formed in
the crystal structure. All hydrogen bonds are formed between
protein and galactose (Asp234�O3, Asp234�O4, Ala237�O4,
His251�O3, and Asn255�O3).
When looking at the crystal structures of the pockets of the

cplx, it is puzzling that site 2γ, with a less number of possible

Figure 5. Correlationmatrix shown in triangle forms for the apo (upper
panel, lower triangle), cplx (upper, upper), l1 (lower, lower), and
l2 (lower, upper). Residue numbers are labeled on axes.

Figure 6. Ratio of hydrogen bond formed as a function of time for
(a) cplx:1R, (b) cplx:2γ, (c) l1:1R, and (d) l2:2γ, obtained from 50 ns
MD simulations. Each data point displayed is from 50 ps local averaging.
(e) List of possible hydrogen bond interactions, at site 1R and site 1γ.
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hydrogen bonds than site 1R, has a higher sugar binding affinity
than site 1R. As such, we tracked the hydrogen bonds formed
throughout our MD simulations. Here, we examined whether
each potential hydrogen bond listed above persists throughout
the 50 ns MD simulations.
Figure 6a�d presents the hydrogen bonds formed at site 1R and

site 2γ for cplx, l1, and l2. Each data point is a local average of 50 ps
for an easier display. As shown, hydrogen bonds form and break
during the 50 ns MD simulations. Some of those motions are at the
time scale of nanosecond. This dynamics plot indicates, especially for
hydrogen-bondingproperties, that short timenanosecondor lessMD
simulations may not capture the sugar binding phenomenon as com-
plete. Percentage of hydrogen bond formation is shown in Table 1.
By comparing hydrogen-bonding statistics in the 50 ns MD sim-

ulations performed for cplx, l1, and l2, it is clear that the essential
hydrogen bonds in site 1R are formed by Asp22�O4 and As-
p22�O3, while in site 2γ, these are formed by Ala237�O4 and
Asn255�O3 (Table 1). This would suggest that OH4 and OH3
hydroxyl groups are the most critical sugar recognition sites for both
1R and site 2γ. This is in agreement with the experimental results of
Niwa and co-workers.37 If we look at the difference in the hydrogen-
bonding dynamics between the monoligand (l1, Figure 6c; l2,
Figure 6d) and two-ligand (cplx, Figure 6a,b) systems, it is clear that
the possible hydrogen bonds enumerated in the crystal structure
(Figure 6e) persist throughout the 50 ns MD simulations in cplx
system but not in the monoligand systems, l1 and l2. This would
suggest that the presence of lactose in both site 1R and site 2γ has
an overall positive cooperativity effect. Also, Figure 6a�d supports
our notion that Asp22�O4 (black) and Asp22�O3 (red) and
Ala237�O4 (green) and Asn255�O3 (orange) are the essential
hydrogen bonds in site 1R and site 2γ, respectively. A constraint was
added in l1 system as mentioned earlier; there is a brief area of no
bonding in Figure 6c.
Besides hydrogen bonding, we also investigated the hydro-

phobic packing effect between the sugar ring and the aromatic
residue. Here, we define the ring-to-ring distance d as the
distance from the center of the galactose ring to the center of
the six-membered ring part of the indole of Trp37 for 1R or the
benzene ring of Tyr248 for 2γ. We show the probability
distribution of the distances p(d) in Figure 7. The mean ring-
to-ring distances are, in increasing order, 4.57, 4.72, 5.04, and
5.17 Å for cplx:2γ, l2:2γ, cplx:1R, and l1:1R. Note that by doing
block analysis, we ensure the reported results are statistically

robust for this and other properties. For example, in the case of
cplx, the difference between the mean ring-to-ring distance for
the first and second half of the 100 ns simulation is less than 2%.
A shorter distance for site 2γ presents a more favorable config-
uration for ring hydrophobic stacking interaction than that for
site 1R. The corresponding distance distributions are wider in the
monoligand form than those in the double-ligand form. This also
indicates that the interactions in the bound form are stronger in
the cplx form than those in the monoligand forms and thus
suggests the cooperativity of the binding (Figure 7).
A previous thermodynamic perturbation calculation got en-

tirely incorrect results as they favor the weaker binding site 1R
over 2γ by more than 60 kcal/mol.23 In the current study, we did
not perform the perturbation calculation which spreads the
efforts along “reaction” pathway. Rather we focus on all the
sampling at the end-point states, the apo and complex states.
Following the molecular mechanics calculation from snapshots
of 50 ns trajectories, we found the bare binding energies are the
following:�91.1( 9.2,�75.8( 11.4,�75.7( 24.5, and�0.9
( 10.3 kcal/mol for cplx:1R, cplx:2γ, l1, and l2, respectively.
With GBSA solvation energy added, we found that for cplx site
1R’s binding energy is ΔGmmgbsa =�34.5( 4.5 kcal/mol, while
site 2γ’s binding energy is �26.2 ( 9.6 kcal/mol. We thus
conclude that when both ligands are bound, the energies of the
two sites are similar. In the cases of single ligands, for system l1,
the binding energy is �24.3 ( 10.3 kcal/mol. While for system
l2, 2γ site has �0.2 ( 2.1 kcal/mol. The high fluctuation of
binding energy in system l1 may be caused by the transient
escape of the ligand around 14 ns. It is difficult to simply compare
the two single bound energies as in the case of l1; a constraint was
enforced to prevent ligand escape. In contrast, no constraints
were added in l2. From the fact that l2 can hold the ligand for the
whole run (50 ns) while the ligand escaped in less than 14 ns in
l1, it is tempting to suggest that site 2γ is stronger than site 1R. Of
course, an accurate, statistically meaningful setup involves a
much longer time scale simulation involving sugar’s association
and escape to fully sample the bound and unbound forms of the
complex. The time scale required will be at least 2 orders longer
than that of this study. However, it is certain that the current
results suggest that the binding strengths of monoligand systems
are much weaker compared to that of the cplx case. This is an
indication of cooperative binding, a very important concept for
allosteric mechanism of signal transduction.27,28

Figure 7. Probability distribution of the ring-to-ring distance, d, between
the galactose ring and the aromatic ring of Trp37 or Tyr248 in cplx:1R,
cplx:2γ, l1, and l2 obtained from snapshots.

Table 1. Percentage of Hydrogen Bond Formation

site interaction cplx l1 l2

site 1R
Asp22�O4 Oδ1 3 3 3HO4 99.6 82.8

Asp22�O3 Oδ2 3 3 3HO3 82.0 59.6

Gln35�O6 Nɛ2Hɛ21 3 3 3O6 62.9 12.0

Asp25�O30 Oδ1 3 3 3HO3
0 25.3 20.8

Asp25�O6 NH 3 3 3O6 29.5 4.2

Asn46�O3 Nδ2Hδ21 3 3 3O3 42.4 4.5

site 2γ

Asp234�O3 Oδ2 3 3 3HO3 72.1 0.3

Asp234�O4 Oδ1 3 3 3HO4 85.6 1.0

Ala237�O4 NH 3 3 3O4 77.1 40.7

His251�O3 Nɛ2Hɛ2 3 3 3O3 54.3 1.5

Asn255�O3 Nδ2Hδ21 3 3 3O3 53.7 26.7
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For example, the binding cooperativity is achieved when the
interaction strength of molecules A and B is changed as a
consequence of molecule A being bound to molecule C. Appar-
ently, the physical reason is that, through interaction, molecule C
alters the distribution of molecule A’s conformations. The first
order effect of a probability distribution comes from its mean
value, thus the mean structure, which is the location of the
ground state, the minimum of the free energy basin. If the
presence of molecule C could significantly change the ground
state, then an allosteric effect emerges. Beyond the first order
change, the second moment of a distribution of the conforma-
tions indicates the flexibility. In this current case, even though the
first moment (ground state) did not change much, allosteric
effect can come from the change of the second moment of the
distribution of the conformations. Our results show that there is
little change in the mean structure, and the strengthened interaction
comes from the decreased flexibility at site 1R upon site 2γ’s binding
and vice versa, site 2γ upon site 1R’s binding. We believe this type of
cooperativity is difficult to detect by fluorescence signal since
fluorescence signal is sensitive to the major conformational changes
between different free energy basins, not the level of the fluctuation
strength of the conformation ensemble.
Lactose Conformations. There are three aspects of protein�

sugar interactions. The current work focuses on two aspects: the
viewpoint of the protein’s respond and direct protein�sugar inter-
action. We now briefly present the third aspect, sugar’s responses.
As mentioned in a previous work, the backbone flexibility of

polysaccharides can be measured using the super backbone angle
θ, which is defined by the angle of direction changes of the
sequential backbone linkage oxygen.38 Specifically, in this case,
we label the position of atomO10, O40(=O1), andO4 with rBa, rBb,
and rBc, respectively. We thus have the direction vector nBij =
(rBi � rBj)/|rBi � rBj|. We can then define θ = arccos(nBab 3 nBbc).
Thus, a fully extended backbone gives θ = 0. We calculated θ
for each frame of the complex simulations and obtained the

probability distribution p(θ). For comparison, we also collect the
distribution of θ for free lactose in water.
As shown in Figure 8, we see that ricin keeps the disaccharide’s

backbone in amore extended form, compared to that of free in water.
In the latter case, the simulation of the lactose in water, we observed
that lactose starts to explore another basin besides the basin of the
bound form. The new basin gives lactose a more curved backbone.
Note that due to the infrequent transitions between the two basins in
the simulation (only a few transitions observed in 150 ns) of lactose
alone, we are certain that the two-basin feature of the landscape of
lactose conformation and that ricin suppresses lactose being in the
more curved conformations, but are less so on the relative free energy
difference between the two basins for the case of free lactose. Amuch
longer and/or specialized simulation can further clarify the protein-
free lactose free energy landscape. For the comparison among four
different protein-bound forms, again we see that the monoligand
form has a more dispersed distribution than the double-ligand
complex forms. This confirms that the cooperativity between the
ligands strengthens the binding.
We also examined the sugar ring conformations, which can be

in various puckering states, from twist boat to chair.39 Generally,
sugar-interacting proteins, such as glycosidases, may strongly
influence the sugar ring. However, in this case, all the sugar rings
are in the usual chair conformations. No significant distortion of
sugar conformations was detected.

’CONCLUDING REMARKS

In this work, we performed 50 ns MD simulation on each of
the four binding states of RTB system. Statistics and dynamics
information on the systems, including the protein’s responses,
were obtained. We focused on examining the protein in different
sugar-bound states and the cooperativity of binding. The origin
of the cooperativity was examined in detail. On the stability of
ricin, we showed that each sugar is much more stably bound in
the presence of the other sugar. Rather than relying on allosteric
effects of changing pocket shapes, the cooperativity seems to be
originating from the decreased flexibility of one binding pocket
when the other pocket has a ligand in it. We think that this
flexibility effect can be very important for sugar�lectin interac-
tion. Other similar multidomain sugar binding systems can be
investigated.

In addition, the correlation matrix was able to show the structural
connection between the two domains and that the protein chain B,
despite being made from two homologous domains, is structurally
one entity. We also found that the time scale of some hydrogen-
bonding fluctuation is at several nanoseconds. As such, current study
captures behavior of sugar binding at the time scale of tens of
nanoseconds which is much longer than the previous 1 ns MD
analysis.

Important hydrogen bonds were identified in this study;
H-bonded to galactose’s OH3 or OH4 are the most critical ones.
It appears that using a two-residue strategy of separately forming
the essential H-bonds withOH3 andOH4 of the lactose (used by
site 2γ) has a better result than using one residue interacting with
OH3 and OH4 at the same time (used by site 1R).
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Figure 8. Probability distribution of the super backbone angle θ of
lactose in four protein-bound forms and free in solution. The vertical
lines indicate the values of θ in the crystal structure 2AAI.
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