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Model and Methods

Energy Hamiltonian.To extend a structure-based model to
systems with multiple basins, we modified the contact map
and the dihedral angles. Note that all the residue indexes are
rearranged from 1 to 366 in the model. To include the side
chain dynamics on the conformational change of enzyme, we
developed a coarse-grained model in which each amino acid
is represented by one or two beads dependent of its location.
One bead (named CA in our model), representing the back-
bone, is located on the Cα atom, and one bead (name CB),
representing the side chain, is located on the center of mass
or the farthest heavy atom of the side chain, depending on
its residue characterize (see details in section of Side-chain
Interactions). Based on the fact that the interface between
the NTD and CTD is lined by negatively charged residues,
that are responsible for an array of hydrogen bonds with the
sugar substrate in holo-close form of MBP, we introduced the
electrostatic interactions into the two-bead model to study
the effect of charged residues on the conformational change of
MBP. The two-bead structure-based hamiltonian is given by
the expression:

Utotal(ΓO,ΓA,ΓH)

= Ubackbone + Uattraction + Urepulsive + Ucharge

=
X
bonds

Kr(r − r0)2

+εp ∗ [Uangle(γ
non−hinge) + εhinge ∗ Uangle(γhinge)]

+ε1 ∗ ULJ(γC)

+ε2 ∗ [εo ∗ ULJ(γO) + εa ∗ ULJ(γA) + εh ∗ ULJ(γH)]

+ε3 ∗ ULJ(γligand)

+
X

non−native

Krepulsion(
σNC
rij

)12

+Kcoulomb ∗B(k)
X
i,j

qi ∗ qj ∗ exp(−krij)
εrrij

The total energy is divided into backbone, non-bonded
and electrostatic interactions. The backbone interaction
Ubackbone maintains the geometry and local bias. The non-
bonded interaction can be partitioned into two components:
attraction term Uattraction is contained within a contact map
to provide the tertiary bias; and repulsive term Urepulsive is
used to provide the excluded volume. The contacts are de-
termined from the given PDB structures. Any atoms not
interacting through a contact, bond, angle or dihedral, are
considered ’non-contacts’ and interact only through excluded
volume. The key to construct a triple-basin model is to define
a mixed contact map which integrates multiple structural in-
formation together. The Ucharge term introduces the electro-
static interactions. A detailed description of a structure-based
model can be found elsewhere (1).

In the MD simulation, we used coordinates of PDB 1OMP,
2V93 and 3MBP to represent the open, apo-close and holo-
close state, respectively. A triple-well potential was modelled
according to the three PDB coordinates. Note that, we use
the first MODEL of 2V93 to import the information of the
apo-close state.

Repulsive interaction.

Urepulsive =
X

non−native

Krepulsion(
σNC
rij

)12

σNC is the excluded distance between non-native pairs to
provide excluded volume repulsion. The repulsive radii is 4.0
and 2.5 Å for CA and CB , respectively. rij is the distance be-
tween bead i and bead j. The strength of the repulsive term
Krepulsion is 1 kJ/mol. All possible contact pairs existing in
contact map of each state are not considered in the repulsive
term.

Construction of triple-basin potential.

Uattraction = ε1 ∗ ULJ(γC) + ε2 ∗ [εo ∗ ULJ(γO) +

εa ∗ ULJ(γA) + εh ∗ ULJ(γH)] + ε3 ∗ ULJ(γligand)

ULJ(γX) =
X
γX

[5(
σij
rij

)12 − 6(
σij
rij

)10]

The non-bonded interactions are defined by contact map
obtained with CSU (2). CSU acknowledges a contact between
two atoms based on the intersection of their putative surfaces
and their hydrophobicity. Each contact is regarded as an at-
tractive interactions between the two involved amino acids. In
our two-bead model, these interactions are divided into dif-
ferent contributions. The possible combinations are contacts
of the type CA − CA, CA − CB and CB − CB . In our model,
we only include CA − CA and CB − CB contacts, although
CA − CB pairs still are included in repulsive term given by
σij =

√
4.0 ∗ 2.5 = 3.16Å. Including the CA − CB contacts

into the model should not qualitatively change the folding
mechanism (3).

The concrete details of building the mixed contact map
are as follow:

a) Total contact library γAll. We build a contact li-
brary by collecting all the CA−CA and CB −CB pairs in the
contact maps obtained from open, apo-close and holo-close
PDB coordinates. There are 1359 contacts (1313 CA − CA
pairs and 46 CB − CB pairs) in the total library γAll.

b) Reference distances. We calculate the distances rOij ,
rAij and rHij between the two beads i and j in the library. rOij , r

A
ij

and rHij represent the beads’ distance in open, apo-close and
holo-close states, respectively. The often encountered prob-
lem is these contacts appear in the three states with different
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rij . Thus, care must be taken while constructing a mixed
attractive potential with multiple basins.

c) Core sublibrary γC . We define Rij(X/Y ) =
rX

ij

rY
ij

, X

and Y can be O, A and H. For a bead pair i and j, if any
Rij(X/Y ) < Rcut, this bead pair is considered as a member
of core contact library (γC). We set Rcut = 1.1 for CA − CA
pairs and Rcut = 1.25 for CB − CB pairs. There are 980
CA − CA pairs and 14 CB − CB pairs in core contact library
γC .

d) State-specific sublibraries γO, γA and γH . If any
possible Rij(X/Y ) > 1.5 is in a pair, this pair will be con-
sidered as a member of unique contact library which contains
three subsets, open library γO, apo-close library γA and holo-
close library γH . Note that any contact libraries contain three
parameters, atom indexes of two beads and corresponding
optimal distance. Any other conflicting contacts which may
strain the system are disregarded. There are 31 contacts (all
is CA −CA pairs) in γO. There are 55 contacts (47 CA −CA
pairs and 8 CB −CB pairs) in γH . There are 40 contacts (23
CA − CA pairs and 17 CB − CB pairs) in γA.

In summary, γO, γA and γH combine the structural infor-
mation of open, apo-close and holo-close state, furthermore
the additional contact library γligand are added to represent
ligand binding. The strengths of the core contacts and the
state-specific contacts are rescaled by ε1 and ε2, respectively.
And the strength of ligand binding contacts is rescaled by ε3.
Furthermore, εo, εa and εh are introduced to modulate the
relatively stability of O, A and H basins, respectively.

Side-chain Interactions. A comparison between the apo-close
(PDB code 2v93) and holo-close (PDB code 3mbp) forms
of MBP suggests that the side chains in active site groove
play important roles in binding with maltose ligands. A Cα-
backbone model with uniform interactions is lack of resolution
to describe this feature. Thus, a number of important features
associated with the conformational transition of MBP are in-
volved with side-chain dynamics. To introduce side chains into
a coarse-grained structural based model, we have modified
the Cα model. Because many side-chain interactions in active
site of MBP are involved between charges residues (Asp, Glu,
Lys, Arg), we use the most distant heavy atom (N,C,O) from
the Cα to model the charged residues. For the non-charged
residues, the interaction centers of side chains are modeled
by using center of mass of the side-chain atoms in the na-
tive structures. We did not include the side chains, except
those around the active site, so that in the model to minimize
the computational cost. Including other side chains into the
model should not qualitatively change the dynamics.

Ligand-mediated Contacts (γligand). We introduce a pseudo-
ligand into the bound simulation by adding selected ligand-
mediated interactions to the structured based potential, an
approach that has been used before in the double-well coarse-
grained simulation (4, 5). An explicit coarse-grained ligand
representation was previously used for simulation of ligand-
induced global transitions in the catalytic domain of protein
kinase A (6). However, such a representation will make the
dynamics more complex.
i) We select the residues around ligand in the active site.
It includes D10, K11, E40, W58, E149, P150, Y151, W226,
M326, W336, Y337, R340 (Fig. S1).
ii) We calculate the distance rij between the Cα atoms of any

two ligand-binding residues i and j (in the above list).
iii) We exclude local contacts (|i− j| < 4 residues) and intra-
domain contacts.
vi) The ligand-mediated contacts library γligand is constructed
by the contacts in the holo-close coordinate with CA-CA
distances that are over 40% further apart (Rij(O/H) or
Rij(A/H) > 1.4) while in the open form or apo-close form.
Finally, we identified 14 ligand-mediated interactions based
on the maltotriose-binding close structure (3MBP).

Fig. 1. Important residues around active site. Ligand (maltotriose here) is repre-

sented by blue sticks.

Backbone Potential and the Flexibility of Hinge Regions.

Ubackbone = Ubond + εp ∗ [Uangle(γ
non−hinge) +

εhinge ∗ Uangle(γhinge)]

Ubond =
X
bonds

Kr(r − r0)2

Uangle(ΓX) = UCX−CX−CX(ΓX) +

UCX−CX−CX−CX(ΓX)

UCX−CX−CX(ΓX) =
X
angles

Kθ(θ − θ0)2

UCX−CX−CX−CX(ΓX) =
X

dihedrals

Kφ[(1− cos(φ− φ0)) +

0.5(1− cos(3(φ− φ0)))]

The total backbone energy is divided into bond stretch-
ing, angle bending, torsion interactions. The bonded ener-
gies Ubond are summed over the energy of all co-valent bonds.
Kr = 10000 kJ/(mol nm2) is the bond constant, r is the dis-
tance between the two bonded atoms and r0 is the reference
distance of these atoms in the native structure. The angular
energy Uangle has the angle constant Kθ = 20 kJ/mol. θ is
the angle between two adjacent bonds, and θ0 is the reference
angle in the native structure.

The dihedral energy Udihedral possesses the dihedral con-
stant Kφ and the angle φ between the two planes formed
by four connected atoms. We distinguish between differ-
ent dihedral angles, dependent on the type of the involved
atoms. If all four atoms are CA, Kφ=0.344 kJ/mol. For
CB−CA−CA−CB dihedral angles and CA−CA−CA−CB
dihedral angles, Kφ=0.086 kJ/mol. Improper torsion angles
(or improper dihedral angles) are implemented using the same
equation. Improper dihedral angles have a maximum value at
the cis conformation and help to maintain the system’s chi-

2



rality.
The hinge regions were computationally identified from

differences in both pseudo-angles and pseudo-dihedral angles
between any two native conformations of open, apo-close and
holo-close states. Hinges are located wherever pseudo angle or
pseudo dihedral angle differences are greater than threshold
values. In this article, the threshold values for angle bending
term UCX−CX−CX(hinge) is 15 degree and for dihedral an-
gle term UCX−CX−CX−CX(hinge) is 40 degree corresponding
to 1KJ/mol. The list of hinge regions is shown in Fig. S2.
Note that we only list the backbone angles (consecutive CA-
CA-CA) and dihedral angles (consecutive CA-CA-CA-CA) in
table.

Pseudo-angles Table in Hinge Regions
i-1 i i+1 O A H |O-A| |A-H| |O-H|
250 251 252 109.11 120.02 103.6 10.91 16.42 5.51

253 254 255 111.89 132.06 101.58 20.17 30.48 10.31
323 324 325 119.08 113.24 130.78 5.84 17.54 11.7
327 328 329 95.376 111.52 94.328 16.144 17.192 1.048

Pseudo-dihedral angle Table in Hinge Regions
i-1 i i+1 i+2 O A H |O-A| |A-H| |O-H|
252 253 254 255 256.96 292.03 245.48 35.07 46.55 11.48
309 310 311 312 210.39 176.14 217.57 34.25 41.43 7.18

322 323 324 325 264.17 55.12 250.82 150.95 164.3 13.35
327 328 329 330 109.68 93.39 134.05 16.29 40.66 24.37

Fig. 2. Tables of hinge regions determined according to our criterion. Only the

backbone angles (consecutive CA-CA-CA) and dihedral angles (consecutive CA-CA-

CA-CA) are listed in table.

Electrostatic Interaction.

Ucharge = Kcoulomb ∗B(k)
P
i,j

qi∗qj∗exp(−krij)

εrrij
[1]

The electrostatic potential was represented by the Debye-
Huckel model, which is a linearization of the Poisson-
Boltzmann equation. All charged residues were given a full
charge according to their electrostatic charge at neutral pH.
The charge was placed on the CB bead. The Debye-Huckel
theory predicts the range of electrostatic influences of an
ion to be the Debye screening length 1/k. Linearization
of the Poisson-Boltzmann equation yields the following re-

lation k2 = 8πNAe
2ρA

1000εkBT
, where NA is Avogadro’s number, ρA

is the solvent density, e is the proton charge, ε is the sol-
vent dielectric constant, and Cs is the ionic concentration in
molar unit. For monovalent salt at room temperature and
with ε = 80, k = 0.32

√
CsÅ

−1. qi is the point charge of
the ith bead, rij is the distance between two charged beads,
Kcoulomb = 4πε0 = 332kcalmol−1 = 138kJmol−1nm−1.

Bk is the salt-dependent coefficient, and rij is the dis-
tance between charged beads i and j. For the calculation of
the screening factor k and the salt-dependent coefficient B(k),
solvent density was taken as 1kg/L and the ion radius was
taken as 1.4 Å. More details of the Debye-Huckel model can
be found elsewhere (7, 8).

In this study, we set εr = 80, the dielectric constant of wa-
ter is at near-ambient conditions. The Debye screening length
1/k depends on the salt concentration. For simplicity, we fo-
cus on physiological salt concentrations of 100 nM, which lead
to 1/k = 10Å. Residue charges correspond to pH 7, such that
qi = +e for Lys and Arg, −e for Asp and Glu, where e is the
elementary charge.

Superior Angle Models. Based on the difference of backbone
angles in all possible states of MBP, we developed three mod-

els: ΦO (using native angles in open state), ΦA (using native
angles in apo-close state) and ΦH (using native angles in holo-
close state). We found that ΦO and ΦH models were able to
reproduce the three native states with reasonable stability.
It seems that the energy landscape constructed from ΦA po-
tential is not smooth enough to make the system mis-fold in
local minima other than native basins. This result suggests
that the apo-close structure as a relatively unstable confor-
mation, is not appropriate to be used as the basic structure
to model the basin dynamics.

Functional Φ values

The functional Φ values can be approximately calculated
through the following equation:

ΦFi

RP =
< Qi >

R∩P − < Qi >
R

< Qi >P − < Qi >R

where < Qi > is the thermal mean value of the number of
two-body interaction contacts for residue i over all the corre-
sponding states, and the R∩P subscript represents the tran-
sition state from R to P state. R and P subscripts represent
reactant state and product state which can be any two of the
open, apo-close and holo-close states, respectively. Note that,
for these residues in which the difference between < Qi >

P

and < Qi >
R is less than a certain cutoff value (using 1.0 in

this article), their functional ΦFi values are not calculated.
It is important to clarify the similarities and differences

in the definition and interpretation of ΦF -values and protein
folding Φ-values. Protein folding Φ-values give a measure of
the interaction strength of a particular residue existing in na-
tive state which is also present in the folding transition state
ensemble. Similarly, functional Φ-values measure the interac-
tion strength involving a particular residue in the transition
state from R state to P state. Note that, the reactant and
product states are dependent on the definition. Both folding
Φ and functional Φ values give a quantitative detection of a
residue’s importance in the transition state from reactant to
product conformation. The main difference is, in the defini-
tion of reactant state and product state, that folding Φ cal-
culation uses the unfolded state as reactant state and folded
native state as product state. Overall, Φi = 1 implies that
this particular residue is crucial for change from reactant to
product state, or is close to the product conformation at the
transition state. On the other hand, if Φi = 0, then it means
this particular residue is not important for change from re-
actant to product state or close to the reactant state at the
transition state. It is noteworthy that the best targets for
mutations to perturb the transition rates are those residues
for which ΦFi close to either 0 or 1.

Due to the complexity of conformational switching be-
tween multiple basins, < Qi >

P can be less than < Qi >
R

which indicates that contacts formed in residue i at R state
are more than P state. And < Qi >

R∩P can be out of the
range of < Qi >

P and < Qi >
R, although this case does not

occur frequently. It can cause ΦFi value to be negative or even
larger than 1 which are not easily interpreted in traditional
folding Φ value analysis. Therefore, the functional ΦF -values
should be handled carefully.
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Local Cracking

In this article, local unfolding was measured by calculating
the average deviation in backbone dihedral angle comprised
of residue i-1, i, i+1, i+2:

CRPi = 0.5∗ | < Ψi >
R∩P −ΨR

i |+ | < Ψi >
R∩P −ΨP

i | − |ΨR
i −ΨP

i |
|ΨR
i −ΨP

i |

where Ψi is the mean value of the dihedral angle for residue
i over all the corresponding state, and the R ∩ P subscript
represents the transition state between R state and P state.
It is noteworthy that the CRPi we calculated reflects the po-
tential cracking regions which may not contain the known
hinge residues, such as E107, V257 and A308, due to the large
|ΨR
i −ΨP

i |. Furthermore, we don’t consider the residues whose
|ΨR
i − ΨP

i | are less than a certain threshold value (20 degree
in the article). If CRPi is larger than 0.1, a local cracking is
considered to occur.

Reaction Coordinates

The state of MBP is quantitatively measured by the fraction
of formation of certain state-specific contacts, the so-called
state-specific Q fraction or functional Q. The state-specific
Q fraction has been used in previous conformational change
studies (4, 9) and suggested to be a good reaction coordi-
nate to capture the process of conformational change between
multiple states. Namely, to monitor the closeness to apo-close
state, we used a set of residue pairs that are in contact in the A
state, but not in contact in the O state or the H state. These
A-specific contacts monitor the closeness to the A state.

Q =
X

Open,Apo,Close

1− (Rij −D0)/Rnatij )n

1− ((Rij −D0)/Rnatij )m

Where, m=20, n=10, Rnatij is native distance of a pair atom i
and atom j. D0 = 0.42 ∗Rnatij .

Static Structure Analysis

The previous studies (10, 11) on the conformational equilib-
ria between open and holo-close states show that interactions
on the interface opposite the ligand binding cleft, located at
some distance from the ligand binding pocket, are responsi-
ble for modulating the stability of the open conformation. It
has an effect on the ligand-binding affinity by a “conforma-
tional coupling” mechanism (10). This functional interface,
called “balancing interface”, was considered to play a role of
“molecular switch” that triggers the conformational turnover.

The balancing interface includes two important segments.
One is a loop region (residues Y167 to D173) which is mod-
estly conserved in MBPs from various organisms. While MBP
is in open state, this loop interacts with NTD (N-terminal
domain) to form a number of contacts. These contacts are
broken in partially and fully closed state, resulting in higher
flexibility for the loop (12, 13). Another segment is the linker2
(residues D310 to P330) which plays important roles not only
in bridging the two domains, but also as the base of the ligand-
binding groove. Several site-specific chemical modifications in
this region, such as replacement of I325 with larger bulky
groups (10), mutations of residues M317 and Q321 to alanine
(11), have large impacts in destabilizing the open conforma-
tion and increasing the ligand binding affinity by almost two

orders of magnitude. As such, in the present work, we term
the loop as “balancing loop” and the linker2 as “balancing
linker” for more clear description of the process in details (see
schematic diagram in Figure 1 in main text).

By comparing the structures of open, apo-close and holo-
close states, we found that balancing loop forms contacts with
NTD in open state and is free in apo-close and holo-close
states (Figure 1 in main text). On the other hand, from
open state to holo-close state, balancing linker moves away
from NTD (5.6Å translation for Cα in Q321). This results
in the contacts between balancing linker and NTD decrease,
and several residues (including I325, M317, Q321) become
more solvent-exposed. In the apo-close state, balancing linker
is closer to NTD following a rotation of linker1 and linker2.
However, the interacting site in NTD is different with that in
open state due to the movement of linker2.
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Fig. 3. Structure comparison (A) Structure comparison between open, apo-close and holo-close whose CTDs are colored in red, green and blue, respectively (NTD

is grey). (B) Backbone RMSD between open and holo-close, between open and apo-close, and between apo-close and holo-close are 3.75, 5.18 and 3.11, respectively.
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Fig. 4. Dynamical equilibrium between major open form and minor apo-close form of free MBP. These parameters are

ε1 = 1.0, ε2 = 0.4, εo = 1.0, εa = 1.0, εh = 0.2, ε3 = 0.001, εp = 0.5, εhinge = 0.1, with ΦH potential. The population of open state is 93.96%. Apo-close

state is 4.93%. Note that there is about 1.00% misfolded conformation. (A) The two-dimensional free energy surface is shown as a function of QO and QA. (B) The

free energy profile is shown as a function of QO . (C) The free energy profile is shown as a function of QA. (QA, QO)=(0.9,0.3) and (0.1, 0.9) for the apo-close minimum

and open minimum, respectively. The free energy barrier from apo-close to open state is 6KbT , from open state to apo-close is 9KbT . In addition, transition state TSOA
between O and A basin is located at (QA, QO)=(0.6,0.5).
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Fig. 5. (A) Free energy as a function of QA without ligand binding (ε3 = 0.001 by red solid line) and with modest ligand binding (ε3 = 0.4 by dashed green line). The

region of transition state ensemble of O-A transition are colored in yellow. It is evident that transition state of O-A transition is not holo-close state. (B) Free energy profiles

F (QA, QH) of free MBP indicates O-A transition. (C) Free energy profiles F (QA, QH) of MBP under modest ligand concentration indicates O-H and H-A transition.

O-A transitions are hidden in the free energy profile. (D) Typical kinetic trajectory of O-A transitions. (E) One typical O-A transition. The smoother line is a running average

of neighbor 20 samples. (F) Schematic basin transitions. It is difficult to distinguish the directly O-A transition (grey arrow) and indirectly O-A transition (pink arrows) passing

H basin from free energy profiles.
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Fig. 6. Typical kinetic trajectories. (A) Induce fit route O → H . (B) Population shift route O → A → H . The kinetic trajectory shows that a

thermodynamically invisible path actually exist. (C) O → H → A route.
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Fig. 7. Effects of hinge flexibility on the kinetics mechanism and transition rate constants. The relationships between fractional

flux of IF routes fI and hinge flexibility with ΦO (a) and ΦH models (c) are shown. Furthermore, the influences of hinge flexibility on transition rate constants are shown in

(b) with ΦO model and (c) with ΦH model. Increasing hinge rigidity in both models can facilitate the conformational transition process of MBP along induced fit pathway.

However, the influences of hinge flexibility on the transition rate have big differences. In ΦO model hinge flexibility can greatly accelerate the O-H. However the corresponding

fractional flux fI decreases as hinge flexibility increases. This can be explained as the competition between IF transitions and PS transitions because KOA and KAH also

increase. To be more exact, KOA increases 17.3 times and KOH increases 10.6 times from εhinge = 1.0 to εhinge = 0.0. In contrast, in ΦH model, the O-H transition

process is slightly slowed down by the increase of the hinge flexibility, the corresponding fractional flux decreases also. The decrease of O-H transition and the slightly increase

of the rate of O-A transition which is the rate-limiting step of PS routes together lead to the decrease of fractional flux of IF routes. Overall, the flexibility of hinge regions

play an important role not only in the basin stability and but also in basin dynamics.
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Fig. 8. Effects of εhinge on the thermodynamics with different native angle models. (A) and (C) show free energy profiles as a function of

QA with different hinge flexibility with ΦO model and ΦH model. (B) and (D) show the correlations between basin probability, which reflects the stability for corresponding

state, and hinge flexibility with ΦO model and ΦH model. For ΦO model, decreasing of εhinge decrease the depth of open basin, for destabilizing the open-close basin

and increasing the stability of apo and holo-close basin. But it has little influence on either H → A or A → H transition barrier. For ΦH model, hinge flexibility mostly

decreases the stability of holo-close basin and increases the stability of apo-close basin. However, there is little impact on H → O free energy barrier and stability of open

basin. Overall, our results clearly show that the effect of hinge flexibility on protein stability. Although the models have different native biases, they all imply that increasing

hinge flexibility can decrease the free energy barriers from their native basin to other basins.
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Fig. 9. Functional ΦFi
values analysis of transition state ensembles TSOH and TSOA. (A) Functional ΦOHFi

and ΦOAFi
as a function

of residue index. (B) Functional ΦOHFi
and ΦOAFi

mapped onto the two-ending crystal structures. Upper subfigure shows the open and holo-close structures. Lower subfigure

shows the open and apo-close structures. Open structure is represented by green cartoon. The CTD of apo- or holo-close structure is demonstrated by grey transparent cartoon.

Note that the structures of open and close states are aligned according NTD. The residues with ΦFi
values are represented by spheres with different colors according to the

right color bar in which blue means high value and red means low value. The best targets for mutations to perturb the transition rates are those residues for which ΦFi
close

to either 0 or 1. Here, the residues with modest ΦFi
values (0.4 to 0.6) are represented by small white spheres. In addition, if ΦFiRP

is larger than 1, the residue will be

colored in yellow. From the TSOH analysis, it indicates that residues in NTD (D10, K11, K293, P294, L295) and these residues in CTD (P225, W226, S229) play a key role

in stabilizing the holo-close state (< Qi >
H is larger than < Qi >

O) and contribute to closure of MBP (ΦFiOH
> 0.6). In holo-close state, these residues are clustered

together to form a tight interaction network which can be seen in contact probability map in Fig. 11, and thus close the tip of active site groove. Our model also predicts

that residues F88, D91, R94, N96, Y167, N169, Y172 and Q321 are especially close to open state in TSOH (ΦFiOH
< 0.2). In addition, the ΦFiOH

values for residues

Y95, N96, G170, K171 (white small spheres) are about 0.5 and < Qi >
O values for them are larger than < Qi >

H , indicate that the interactions between the balancing

loop and NTD are partially broken in TSOH , however the interactions between D91, R94 and Y167, Y172 are not broken. From the TSOA analysis, it indicates that the

clustered residues are the same as in TSOH except that K38 also plays an important role to stabilize the apo-close state. Furthermore, in helix in C2 domain, there are not

only high ΦFi
residues (W336, Y337, R340), but also low ΦFi

residue (M332). We found ΦOAFi
values of K252, K322 and G323 are larger than 1 (yellow spheres) caused

by that < Qi >
O∩A is out of the range of < Qi >

O and < Qi >
A. Indeed, for K252, < Qi >

O , < Qi >
O∩A and < Qi >

A are 3.8, 2.8, 3.3 respectively. For

K322, they are 3.9, 2.6, 3.1. And 2.7, 1.6, 2.2 for G323. K252 is located at the loop region of linker1, and K322 and G323 are located at the loop region of linker2 (balancing

linker).
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(A) (B)

Fig. 10. Local Cracking for open-to-close transitions. (a) Unfolding points at transition state of O-H transition. (b) Unfolding points at transition

state of O-A transition. Our model indicates that the local unfolding points may contain V106, L117, P119, E149, E168 and N328 in TSOH . And for TSOA, these unfolding

region may include H60, I104, P150, Q148, T204, P244, K322, G323, M326. These residues are located at the loop regions with high flexibility with exception of I104 and

V106 which are located in linker1 and approach to the known hinge residue E107. Especially, the high Ψi value for E168 which is located at balancing loop may be caused

by the high flexibility of balancing loop due to not interacting with NTD. In addition, N328 in TSOH and K322, G323, M326 in TSOA are located at the loop region of

balancing linker.
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Fig. 11. Effects of ligand concentration on specific heat curves. The parameters are ε1 = 1.0, ε2 = 0.4, εo = 1.0, εa = 1.3, εh =
0.2, εp = 0.5, εhinge = 0.01, with ΦH . A shift of the peak of the specific heat curves to higher temperatures is observed when increasing ε3. This suggests the increase

of protein stability. Along with the increase of stability, the folding cooperativity increases as well. This is evident from the narrowing of the specific heat profile when increasing

ε3. From the results in simulations by our model it reveals that, under higher ligand concentration or with stronger ligand-binding interactions, the ligand binding links the two

domains more tightly, leading to higher cooperativity, as well as stability.
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Fig. 12. Test of εr and ion strength. ε1 = 1.0, ε2 = 0.4, εo = 1.0, εa = 1.4, εh = 0.2, ε3 = 0.8, εp = 0.5, εhinge = 1.0, with ΦO .
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