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1 Methods and Computational Details

1.1 QM/MM Free Energy Surface

In this paper, we employ ab initio QM/MM methodology used in the previous work.1–5

Within the electrostatic embedding scheme, the total energy of system is defined by

Etotal = EQM + EQM/MM + EMM (1)

where EQM and EMM are molecular energies in QM and MM regions, and EQM/MM is the

interaction energy between QM and MM regions. The interaction energy between QM

and MM regions is defined by

EQM/MM = Eelec
QM/MM + Evdw

QM/MM + Estrain
QM/MM (2)

where Eelec
QM/MM is the electrostatic interaction energy, evaluated by the ab initio MO

method as follows:

Eelec
QM/MM =

∑
MM

[ ∑
µν

Dµν

〈
µ
∣∣ −ZMM

|r − RMM |
∣∣ν〉

+
∑
QM

ZQMZMM

RQM − RMM

]
, (3)

where ZQM and ZMM are the nuclear charges of QM atoms and MM point charges, RQM

and RMM are the QM and MM nuclear coordinates, and Dµν is the density matrix in

which µ and ν run over atomic orbitals. Evdw
QM/MM is the non-bonded van der Waals

interaction energy, and Estrain
QM/MM is the steric interaction energy at the boundary region

between QM and MM regions. The last two terms are evaluated by using empirical force

fields. Estrain
QM/MM includes the bonding interaction energy at the boundary, calculated from

MM-bond, bend, torsion, and improper torsion energies.

On the basis of this electrostatic embedding QM/MM scheme, we evaluate the free

energy profile for the carbohydrate binding. Formal definition of the configurational
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partition function of QM/MM system is

Z =

∫
e−β[EQM (RQM )+EQM/MM (RQM ,RMM )+EMM (RMM )]dRQMdRMM , (4)

and the free energy of QM/MM system is

F (RQM ,RMM)

= −kBT ln

∫
e−β[EQM (RQM )+EQM/MM (RQM ,RMM )+EMM (RMM )]dRQMdRMM . (5)

We introduce appropriate operators to reduce the dimension of free energy surface (FES).

We want to map a QM geometry onto the reduced 2D-FES. At first, we consider to extract

a particular QM configuration (denoted Ri
QM) from the total FES as follows:

F (Ri
QM ,RMM)

= −kBT ln

∫
dRQMδ(RQM − Ri

QM)e−β[EQM (RQM )+EQM/MM (RQM ,RMM )+EMM (RMM )]dRMM

= EQM(Ri
QM) − kBT ln

∫
dRMMe−β[EQM/MM (Ri

QM ,RMM )+EMM (RMM )]. (6)

The first term is the electronic energy of QM region (conformational energy of Lewis

b carbohydrate); the second term is a free energy cost to create an appropriate sur-

rounding environment for stabilizing particular QM geometries. Next, we evaluate the

second free energy term of the above equation. In our 2D-FES model, this free energy

contribution corresponds to the reorganization energy for creating an ideal environment

configuration that stabilizes a particular carbohydrate conformation. For evaluating this

free energy cost, we consider the operator described by the collective reaction coordinate

δ(E − E(RMM)), where E(RMM) is the interaction energy between the QM region and

surrounding MM environment, determined by RMM configurations. The second term of

the above equation becomes

F 2nd(RMM) =
1

ZMM

∫
dRMMδ(E −E(RMM))e−β[EQM/MM (Ri

QM ,RMM )+EMM (RMM )], (7)
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where ZMM is the normalization factor defined by

ZMM =

∫
dRMMe−β[EQM/MM (Ri

QM ,RMM )+EMM (RMM )]. (8)

In summary, the final form of QM/MM 2D-FES is given by the following relationship:

F (Ri
QM , E(RMM))

' EQM(Ri
QM) (9)

−kBT ln
[ 1

ZMM

∫
dRMMδ(E − E(RMM))e−β[EQM/MM (Ri

QM ,RMM )+EMM (RMM )]
]

Since this equation is a formal definition, for practical calculations, we first define a par-

ticular form of the reaction coordinates. In the present case, we introduce two kinds

of reaction coordinates: the solvation coordinate that describes the degrees of solvation

stability of the carbohydrate ligand, and the solute coordinate that describes conforma-

tional changes of the Lewis b ligand. For the selection of the solvation coordinate, we

consider the interaction energy between the carbohydrate ligand and surrounding environ-

ment (including protein and solvent molecules). This energy term directly corresponds

to the QM/MM interaction energy. As for the selection of the solute coordinate (this

corresponds to the selection of Ri
QM in the first term of eq(9)), however, there is no gen-

eral guideline. As demonstrated by the previous paper,1 we could not identify particular

modes of dihedral angles that describe crucial conformational changes of carbohydrate

structure. Therefore, we select the intramolecular QM energy as the solute coordinate.

Since intramolecular (or potential) energy of a molecule is defined by a function of nu-

clear coordinates of given molecule, this type of reaction coordinate can describe any

conformational changes of molecules, such as dihedral angles between glycosidic linkages

or rotation angles of hydroxyl groups.

For practical calculations, we employ another efficient approach to evaluate eq(9). To
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collect MD trajectories, we first perform classical MD simulations on a nanosecond order

timescale. After obtaining sufficient numbers of sampling configurations, we next perform

ab initio QM/MM calculations to evaluate QM/MM 2D-FES based on eq(9). Due to the

molecular flexibility of Lewis b structure, different conformations have nearly the same

intramolecular energy; that is, E(Ri
QM) ∼ E(Rj

QM). In such cases, it is meaningless to

distinguish among different structures that have nearly same energy even though they

have apparent structural differences. Therefore, for the solute coordinate, we use the

potential of mean force description along the selected solute coordinate,

F (E(RQM)) = −kBT ln ρ(E(RQM)) + C (10)

where ρ is the probability distribution of the QM solute energy and C is a constant. Based

on these definitions, we finally estimate the QM/MM 2D-FES.

1.2 QM/MM structural refinements and QM/MM 2D-FES cal-

culations

Initial coordinates of the protein complex were adopted from the X-ray geometry of the

capsid P domain complex with the Lewis b from the Funabashi 258 strain, determined

at 1.6 (for the wild-type) and 1.4 (for the Gln389Asn mutant) Å resolutions (PDB codes

3ASS and 3AST, respectively).6 The carbohydrate ligand, Lewis b (Leb) was modeled and

placed onto the original X-ray position of the carbohydrate recognition domain (CRD) by

removing the p-Nitrophenyl group observed in the experimental carbohydrate structures.

In this computational model, The GlcNAc was capped with a terminal methoxy group.

Considering the physiological condition in which carbohydrate recognition is observed

around neutral pH, we assumed the standard protonation state to all polar residues, and
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hydrogens were added to capsid protein complexes in a standard manner. All the crystal

water molecules were included in the initial protein models.

To identify the hydrogen bonding network on the CRD, first we refined the X-ray

structures by ab initio QM/MM geometry optimizations. To obtain reliable structural

models, we needed to remove unfavorable initial steric contact in the original experimental

coordinates. Since the Lewis b carbohydrate is weakly bound onto the protein surface of

the CRD, at first, we prepared reasonable solvated structure so as not to destroy native

molecular interactions between the flexible carbohydrate and the capsid protein. The

initial structures of the capsid P domain complex with the Lewis b ligand were solvated

in a sphere of TIP3P water7 with 39 Å radius centered on the center of mass of the model

complex. In these initial models, total 4880 water molecules are included in the wild-

type capsid model, while 4910 water molecules are considered in the Gln389Asn mutant

model. After Monte Carlo sampling for aqueous solvent to obtain reasonable solvation

configurations at 310 K, we conducted QM/MM geometry optimizations for the solvated

capsid protein systems. In all QM/MM calculations, the QM region was simply limited to

the Lewis b ligand only, and no cutoff was introduced between QM and MM interactions.

Since the main purpose of QM/MM structural refinements is to explicitly identify the

hydrogen bonding network on the CRD, in all QM/MM geometry optimizations, we

employed the restricted Hartree-Fock (RHF) wave function with the 6-31G** basis set.

For the MM region, we employed the AMBER (parm.96)8,9 and GLYCAM0610 parameter

sets for MM force field calculations. Since our QM/MM program is based on ab initio

MO methodology, we selected AMBER (parm.96) for the MM protein model. As clearly

demonstrated in our previous QM/MM and FMO calculations, this method properly

considered the consistent treatment of QM/MM electrostatic interaction.4 And also,
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this level of calculation reasonably reproduces molecular geometries of the carbohydrate

binding structure.1

For mapping carbohydrate structures onto the QM/MM 2D-FES, we first performed

MD simulations and then conducted QM/MM energy corrections for MD sampling struc-

tures. In MD simulations, we considered a larger solvation structure of the capsid P

domain model: the protein complex was solvated in a sphere of TIP3P water with 50 Å

radius centered on the center of mass of the model complex. After an equilibration for

the molecular system, we conducted NVT MD simulations under the system temperature

at 310 K. The Nosé-Hoover-chain (NHC) method was employed in all MD simulations

to generate the NVT ensemble, and the system temperature was maintained at 310 K

by attaching the five chains of thermostat with the thermostat mass corresponding to

τ = 0.5 ps.11,12 The reversible reference system propagation (rRESPA) algorithm ex-

tended to the non-Hamiltonian NHC system was also used.13,14 Long-range nonbonded

forces (electrostatic and van der Waals interactions) were integrated in a long time scale

(2.0 fs), while short-range bonding forces, including bond, bend, torsion, and improper

terms, were integrated in a short time scale (0.25 fs). No cut-off was introduced for

non-bonding interactions in all MD simulations.

Note that before MD simulations, we optimized the atomic partial charges derived

from the electrostatic potential (ESP) of the Lewis b ligand so as to reproduce QM/MM

interaction energy analysis. After collecting MD trajectories more than 50 ns time pe-

riod, we performed single point QM/MM energy calculations for each sampled structure:

a total 200,000 times QM/MM energy calculations was conducted in this analysis. For

a practical reason, we limited calculations to the QM/MM RHF/3-21G/AMBER level,

which is sufficient to construct the present reduced QM/MM 2D-FES. As clearly demon-
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strated in the previous work,1 the major interaction energy between the carbohydrate

ligand and surrounding environment is electrostatic interaction energy, and computations

at the QM/MM RHF/3-21G/AMBER and QM/MM RHF/6-31G*/AMBER levels re-

produce nearly the same results. With large numbers of QM/MM sampling data, we

analyzed the intramolecular QM energy of the Lewis b ligand and the QM/MM inter-

action energy between the ligand and surrounding media, and finally reconstructed the

QM/MM 2D-FES onto the reduced coordinate space based on eq(9) and (10).

1.3 Free energy of ligand binding

As mentioned in the main manuscript, we estimated the free energy difference of the

ligand binding between QM/MM optimized structures of the wild-type and Gln389Asn

mutant protein. In these calculations, we assumed the hypothetical thermodynamic cycle

summarized in Figure S1. Based on this definition, we evaluated the free energy difference

of the ligand binding as the sum of following three thermodynamic cycles: (1) free energy

cost to extract the Lewis b ligand from the capsid protein complex, (2) QM free energy

difference of the Lewis b ligand between the wild-type and mutant protein, and (3) free

energy cost to extract the Lewis b ligand from the reference aqueous solvent. For the first

and third steps, by gradually diminishing the interaction energy between the ligand and

surrounding environment, we evaluated the corresponding solvation free energy changes

via the free energy perturbation (FEP) technique developed in the previous enzymatic

simulations.2–4 To accelerate the convergence of FEP calculations, we employed an ap-

proximation in which the QM ligand conformation on the CRD was fixed by the QM/MM

optimized structure, and the intramolecular contribution to the free energy difference was

evaluated by QM/MM normal mode analysis. Using this reasonable approximation, we
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can employ the same algorithm, which was developed in the enzymatic simulations, to

evaluate the free energy difference along the thermodynamic cycle in Figure S1.

During FEP simulations, the internal degrees of freedom in the QM ligand were exactly

fixed by the QM/MM optimized geometries using the SHAKE/RATTLE constrained MD

techniques.15,16 All MD-FEP simulations were conducted in a classical MM-MD level,

and the key electrostatic interactions between QM and MM regions were approximated

with the ESP charge model,17,18 in which these ESP charges were determined so as to

reproduce QM/MM calculations mentioned above. A total of 30 windows (or steps) were

used to evaluate the solvation free energy changes along the hypothetical thermodynamic

pathway. In each FEP step, the simulations consisted of a 500-1000 ps equilibration run

and a 2000 ps averaging run at each point on the thermodynamic pathway. More longer

equilibrium MD-FEP simulations were conducted in the regions where a large free energy

change was observed (typically, in the earlier steps of FEP cycles in which large interaction

energy between the ligand and surrounding environment were diminished). Free energy

differences were evaluated based on the double-wide sampling method,19 and the total

free energy difference was evaluated as an average of the forward and backward MD-FEP

results. By varying the simulation length (in production run cycles) for each window in

MD-FEP step (1 ns/window or 2 ns/window), we checked and confirmed the convergence

of MD-FEP calculations: the total free energy difference between 1 ns/window and 2

ns/window simulation is less than 0.5 kcal/mol.

As for the second step, we performed QM/MM vibrational frequency calculations to

estimate the QM free energy contribution to the whole capsid protein complex. As the

sum of these hypothetical free energy changes, we finally determined the relative free

energy difference of the ligand binding between the wild-type and Gln389Asn mutant
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protein.

1.4 Cross-correlation mode analysis

For the analysis of global protein motion, we performed additional 6 ns MD simulations

to evaluate the cross-correlation movements for three protein models (wild-type capsid

protein with / without Lewis b, Gln389Asn mutant capsid protein with Lewis b). The

cross-correlation coefficient for the displacement of any two atoms i and j is given by:20

Cij =
〈∆ri · ∆rj〉√
〈∆r2

i 〉〈∆r2
j 〉

where ∆ri is the displacement from the mean position of the ”i-th” atom. The elements

Cij, which were collected in a symmetric matrix form, were computed as an average over

successive backbone (N-Cα-C=O) atoms to give one entry per pair of amino acid residues.

These matrix elements were calculated from a stable 6 ns MD trajectory, and the MD

trajectory was divided into five 1.2 ns blocks. A covariance matrix comprised of Cij

elements was derived for each block. These five covariance matrixes were averaged to

generate a mean covariance matrix, which was plotted as a two-dimensional (2D) cross-

correlation diagram for each capsid protein model.

As summarized in Figure 6 in the main paper, the elements of Cij can be collected

and presented in a matrix form. In these panels, the colour map indicates the magnitude

of the corresponding correlation coefficient. Since proximal residues form a well-defined

secondary structure, and a domain region exhibit a correlated movement that reflects

communication among separate domains, the positive mode (red) indicates a collective

movement along the same direction, while the negative mode (blue) indicates a collective

movement along the opposite direction.
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2 Additional Results

2.1 QM/MM 2D FES for carbohydrate binding

On the basis of eq(9) and (10), we calculated the QM/MM 2D-FES. Figure S2 shows the

free energy diagram both for the wild-type (Fig S2 a) and Gln389Asn mutant (Fig S2 b).

The overall QM/MM 2D-FES has a funnel-like character with a shallow energy minimum.

Note that the energetically stable point along the solute coordinate is not exactly equal

to that on the solvation coordinate, implying that carbohydrate conformations are very

sensitive to perturbations from the external environment, and carbohydrates can easily

rearrange their own conformation from one state into another. If we compare the 2D-FES

between the wild-type and Gln389Asn mutant, both two energy profiles show a relatively

similar free energy landscape. This indicates that the binding affinity for the Lewis b

ligand between the wild-type and Gln389Asn mutant has a small energy difference at the

binding interface of the P domain.

2.2 Binding geometries on carbohydrate recognition domain

To clearly characterize the differences of carbohydrate recognition between the two pro-

teins, next we analyzed the details of structural parameters of the carbohydrate ligand

sampled from the minimum free energy region. Figure S3 (wild-type) and S4 (Gln389Asn

mutant) summarize the changes of the hydrogen bonding network on the CRD.

2.3 Binding free energy components

On the basis of Figure S1, by gradually decreasing a scaling factor connecting the interac-

tion energy between the ligand and surrounding environment (this equals the electrostatic
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and vdW interaction energy components), we can estimate the free energy change to ex-

tract the carbohydrate ligand from the condensed phase into the gas phase. Figure S5

summaries the free energy components along two thermodynamic processes: (1) free en-

ergy cost to remove the bound ligand from the complex protein environment, and (2) free

energy cost to remove the isolated (unbound) ligand from the reference aqueous phase.

One should note that here we evaluated the free energy cost to extract the Lewis b

ligand from the condensed phase environment (both in the protein complex and in the

aqueous solvent). Since the free energy change is a reversible process, the solvation free

energy stability (gain) is the negative value of each free energy component in Figure S5.
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Figure S1 : Schematic thermodynamic cycle used in the free energy calculations of the

ligand binding. Note that in the present calculations, we only focus on the free energy

difference of the Lewis b binding between the wild-type and Gln389Asn mutant capsid

protein.
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Figure S2 : Reduced QM/MM 2D-FES for the ligand binding state of the (a) wild-type

and (b) Gln389Asn protein complex obtained by MD simulations combined with QM/MM

energy corrections. The x-axis is the solvation coordinate defined by the ligand (Lewis

b) and generalized solvent (capsid protein and aqueous solvent) interactions (kcal/mol);

the y-axis is the solute coordinate defined by conformational changes of Lewis b ligand

(kcal/mol); the z-axis indicates the relative free energy within these definitions (kcal/mol).
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Figure S3 : Hydrogen bonding distances in the wild-type P domain complex: (a) between

Gal and corresponding amino acid residues; (b) between two Fuc and corresponding amino

acid residues.

S17



Figure S4 : Hydrogen bonding distances in the Gln389Asn P domain complex: (a) between

Gal and corresponding amino acid residues; (b) between two Fuc and corresponding amino

acid residues.
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Figure S5 : Free energy components of the ligand binding process between the wild-type

and Gln389Asn mutant capsid protein. The left part describes the binding process of the

capsid protein complexes (both in the wild-type and in the mutant proteins), while in

the right part shows the solvation process inside the reference aqueous phase. Red data

summarize MD-FEP results of the wild-type protein, while blue data summarize that of

the Gln389Asn protein. The error estimates indicate the differences between the forward

and backward simulations in the double-wide MD-FEP calculations.
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