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A B S T R A C T

Two mechanisms, induced fit (IF) and conformational selection (CS), have been proposed to explain ligand
recognition coupled conformational changes. The histidine binding protein (HisJ) adopts the CS mechanism, in
which a pre-equilibrium is established between the open and the closed states with the ligand binding to the
closed state. Despite being structurally similar to HisJ, the maltose binding protein (MBP) adopts the IF mech-
anism, in which the ligand binds the open state and induces a transition to the closed state. To understand the
molecular determinants of this difference, we performed molecular dynamics (MD) simulations of coarse-grained
dual structure based models. We find that intra-protein contacts unique to the closed state are sufficient to
promote the conformational transition in HisJ, indicating a CS-like mechanism. In contrast, additional ligand-
mimicking contacts are required to “induce” the conformational transition in MBP suggesting an IF-like mecha-
nism. In agreement with experiments, destabilizing modifications to two structural features, the spine helix (SH)
and the balancing interface (BI), present in MBP but absent in HisJ, reduce the need for ligand-mimicking contacts
indicating that SH and BI act as structural restraints that keep MBP in the open state. We introduce an SH like
element into HisJ and observe that this can impede the conformational transition increasing the importance of
ligand-mimicking contacts. Similarly, simultaneous mutations to BI and SH in MBP reduce the barrier to
conformational transitions significantly and promote a CS-like mechanism. Together, our results show that
structural restraints present in the protein structure can determine the mechanism of conformational transitions
and even simple models that correctly capture such structural features can predict their positions. MD simulations
of such models can thus be used, in conjunction with mutational experiments, to regulate protein ligand in-
teractions, and modulate ligand binding affinities.
1. Introduction

Proteins function by binding other molecules and this binding is often
associated with protein dynamics (Henzler-Wildman and Kern, 2007;
Grant et al., 2010; Amemiya et al., 2012). Characterizing the nature of
such ligand associated conformational dynamics in terms of structure,
kinetics and energetics is essential for understanding key cellular pro-
cesses. This knowledge is also necessary for biotechnological applications
such as rational structure based drug and sensor design (Medintz and
Deschamps, 2006; Ribeiro et al., 2019; Lukman et al., 2014). Two distinct
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have been proposed to describe ligand-binding associated conforma-
tional changes (Monod et al., 1965; Koshland et al., 1966; Hammes et al.,
2009). In CS, the protein exists in an equilibrium between the ‘open’ (or
unbound or apo) and the ‘closed’ (or bound or holo) conformational
states. The ligand binds to the closed conformation and shifts the
conformational equilibrium to this state (Fig. 1A). Thus, the conforma-
tional change is intrinsic to the protein and not induced by the ligand. In
contrast, in IF, the ligand interacts with the open state and the ligand
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Fig. 1. Conformational transitions and structures of HisJ and MBP. (A) The
ligand (cyan ellipse) binds to the protein (orange and green cartoons with the C-
Terminal and N-Terminal Domains marked) before the conformational transi-
tion (O→C) in IF, while it binds to the protein after the conformational transi-
tion in CS. O is the open state, C is the closed state. (B) The aligned structures of
the open (PDB ID: 2M8C; grey) and the ligand bound closed states of HisJ (PDB
ID: 1HSL, chain B; green). The ligand is drawn with cyan spheres. (C) The splay
diagram of HisJ. Helices are shown as cylinders and β-strands are drawn as
arrows. The N- and C-termini are marked. (D) The aligned structures of the open
(PDB ID: 1OMP; grey and blue) and the ligand bound closed states of MBP (PDB
ID: 1ANF; orange). The ligand is drawn with cyan spheres. BI and SH, structural
elements that restrain the movement from the open to the closed states, are
marked in blue in the open structure and lie behind the ligand binding pocket.
The position of the domains in the open states bring BI (the loop at the bottom of
the cartoon) closer to the NTD. (E) The splay diagram of MBP. Helices are shown
as cylinders and β-strands are drawn as arrows. The N- and C-termini are
marked. As in D, BI and SH are shown in blue. Other structural elements present
in MBP but absent in HisJ are marked in grey.

L.P. Jayanthi et al. Current Research in Structural Biology 2 (2020) 180–190
(Fig. 1A). A mixture of the two mechanisms has also been shown in some
proteins, where an equilibrium between the open and a semi-closed state
exists with the ligand binding to the semi-closed state inducing it to
convert to the closed state (Silva et al., 2011).

Protein simulations have shown that ligands with stronger and
longer-ranged ligand-protein interactions may be able to induce
conformational changes in proteins more easily (Okazaki and Takada,
2008). Kinetic analyses of both experimental and simulation data have
also led to insights into ligand coupled conformational dynamics (Weikl
and Von Deuster, 2009; Paul and Weikl, 2016; Chakraborty and Di Cera,
2017). Specifically, it has been shown that lower ligand concentrations as
well as lower rates of protein dynamics lead to a CS like mechanismwhile
higher concentrations of ligand and rates of protein dynamics can lead to
an IF like mechanism (Greives and Zhou, 2014; Zhou, 2010; Cai and
Zhou, 2011). However, in the cellular milieu ligand concentrations are
likely to be regulated and features intrinsic to the protein structure may
determine the mechanism of conformational transitions. Here, we
investigate this hypothesis using two structurally similar periplasmic
binding proteins (PBPs), histidine binding protein (HisJ) and maltose
binding protein (MBP), whose conformational transitions occur by the
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two different mechanisms.
PBPs are located in the periplasmic regions of gram negative bacteria,

bind to a wide variety of ligands and are involved in the transport of these
solutes across the cytoplasmic membrane (Quiocho and Ledvina, 1996;
Ames, 1986; Scheepers et al., 2016; Felder et al., 1999). They usually
have two domains (or lobes), often termed the N-terminal domain (NTD)
and the C-terminal domain (CTD), interlinked by one or more flexible
peptide linkers. The ligand binding site is located at the cleft between the
two domains. Linker (or hinge) flexibility facilitates domain motion,
allowing the proteins to switch between different conformations. The
conformational adaptability of PBPs has been used in the development of
biosensors and biologically active receptors (Medintz and Deschamps,
2006; Allert et al., 2004; Nadler et al., 2016). Therefore, understanding
the structural basis of ligand-coupled conformational transitions in the
PBPs will enable the development of sensors with bespoke binding
specificities.

One of the smaller PBPs, the 241 amino acid HisJ, is a part of the
periplasmic histidine transport chain. It has a canonical PBP structure
with two linkers, connecting its two domains (Fig. 1B and C). A sensor
based on HisJ has already been used to track histidine concentrations in
cells (Hu et al., 2017). HisJ also binds other positively charged amino
acids with differing binding affinities (Paul et al., 2017) making it a
target for binding site redesign. Experimental studies indicate that HisJ
interconverts between its open and closed states even in the absence of
the ligand (Wolf et al., 1994). Recent molecular dynamics simulations
have also demonstrated that unbound HisJ can transition to the closed
state (Chu et al., 2014). This implies that the conformational transition in
HisJ precedes ligand binding suggesting a CS-like mechanism.

The 370 amino acid MBP (Fig. 1D and E) can bind several sugars with
differing binding affinities (Miller et al., 1983; Ferenci, 1980; Sharff
et al., 1993). The two domains of MBP are connected by three linkers:
two β-strands and a short helix called the spine helix, which lies behind
the binding cleft (Fig. 1E). MBP has been widely used as a solubility and
affinity tag (Kapust and Waugh, 1999; di Guana et al., 1988). Its prop-
erties have also been tuned to create several biosensors (Medintz and
Deschamps, 2006; Marvin and Hellinga, 2001a). Molecular simulations
have been used to investigate several important questions about the
conformational transitions of MBP including which residues contribute
to ligand recognition, water mediated interactions and domain closure
and whether MBP transitions to the closed state in the absence of ligand
(Stockner et al., 2005; Huang et al., 2015; Bucher et al., 2011a,b).
Although a minor semi-closed state (population ~5%) was detected for
MBP using nuclear magnetic resonance (NMR) spectroscopy (Tang et al.,
2007), analyses of both simulations (Stockner et al., 2005; Kondo et al.,
2011) and single molecule F€orster resonance energy transfer (smFRET)
traces (Kim et al., 2013; De Boer et al., 2019) concluded that this
off-pathway intermediate did not affect the ligand coupled conforma-
tional transitions which proceeded predominantly through the IF
mechanism. Henceforth, we do not include this semi-closed state in our
models and analyses.

Although MBP and HisJ have a similar overall topology (Fig. 1B–E),
structural differences exist which could influence the mechanism of
conformational transitions. Mechanical unfolding studies have shown
that such structural differences can even result in changes in global dy-
namics with different unfolding behavior, i.e., two and three state
unfolding, being observed across the PBP family (Kotamarthi et al., 2014;
Aggarwal et al., 2011). A comparison of the topologies of HisJ (Fig. 1C)
and MBP (Fig. 1E) highlights the presence of two structural modules that
lie behind the binding pocket in MBP but which are absent in HisJ,
namely the spine helix (SH; residues K313-M330) and the balancing
interface (BI; residues K170-D180). Several experimental and simulation
studies have showed that these two modules anchor MBP in the open
state (Bucher et al., 2011a,b; Telmer and Shilton, 2003; Walker et al.,
2010; Marvin and Hellinga, 2001; Millet et al., 2003; Mascarenhas and
K€astner, 2013; Wang et al., 2012; Seo et al., 2014). Contact calculations,
detailed in the methods section, also indicate that the residues of BI and



Fig. 2. Top views of the binding pocket and two sets of contacts. (A) QC

(broken lines linking open circles) are contacts formed only in the Closed state.
(B) QL (lines linking filled circles) are Ligand mediated contacts formed between
the two domains of the proteins in the closed state. The effect of the ligand was
included implicitly into the model through QL. The grey oval represents the
ligand. The NTD is hatched, the CTD is unfilled.
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SH are involved in several interactions in the open state which break in
the closed-state (Supplementary Information).

Here, we examine whether the absence of these structural anchors
promotes the CS mechanism in HisJ and whether their presence enables
the IF mechanism in MBP, by using coarse-grained dual structure-based
models (dSBMs) and molecular dynamics (MD) simulations. dSBMs
encode structural information from both the open and the closed states.
MD simulations of such models enable extensive sampling of the
conformational transition and have been successfully used to describe
both the folding and the functional transitions of proteins (Baxter et al.,
2012; Whitford et al., 2007; Giri Rao et al., 2016; Okazaki et al., 2006;
Ramírez-Sarmiento et al., 2015; Best et al., 2005). We find that dSBMs
correctly capture the mechanism of conformational transitions in both
HisJ and MBP. Specifically, intra-protein closed state interactions are
sufficient to enable the conformational conversion of HisJ. In contrast, BI
and SH act as structural restraints in MBP and in addition to closed state
interactions, ligand mediated contacts are also needed to induce the
conformational transitions of MBP. Finally, we show that the ligand
coupled conformational dynamics of both HisJ and MBP can be modu-
lated through the addition or deletion of appropriate structural restraints.

2. Results

2.1. Dual structure-based models of HisJ and MBP

Conformational transitions occur on timescales still not routinely
accessible to all-atom molecular dynamics (MD) simulations with the
required computational power escalating with the size of the protein.
One solution to this problem is to use coarse-grained structure-based
models which simplify the potential energy function and enable exten-
sive sampling of the free energy landscape of the protein. Dual structure-
based models (dSBMs) assume that the mechanism of conformational
transitions depends solely on the two end structures (e.g. the open and
the closed states) and have been successful at capturing the conforma-
tional free energy landscapes of proteins (Whitford et al., 2007; Giri Rao
et al., 2016; Okazaki et al., 2006; Ramírez-Sarmiento et al., 2015). To
simulate the conformational transition, dSBMs encode structural data
from the two endpoints of the transition in their potential energy func-
tions. Generally, one of the structures, usually the open structure is
encoded completely. However, the amount of information encoded from
the second structure depends on the nature of the conformational tran-
sition with different flavors of dSBMs including everything from only a
few contacts from the second structure (Whitford et al., 2007) to
including both structures equally (Giri Rao et al., 2016). The construction
of dSBMs is further discussed in the first subsection of Discussion.

In proteins like adenylate kinase (Whitford et al., 2007), MBP (Wang
et al., 2012) and glutamine binding protein (Okazaki et al., 2006), in
which conformational transitions involve the relative motion of entire
domains about a small number of hinge residues with little change in
secondary structure, it is sufficient to include only a few contacts calcu-
lated from the closed state in the dSBM. To verify that such a dSBMwould
also be sufficient for both HisJ and MBP, we compared the dihedral an-
gles formed by the Cα atoms of four successive residues in the open and
the closed states of both proteins. We found, for both proteins, that the
dihedral angles do not vary appreciably between the two states except in
the hinge regions indicating that the secondary structure remains mostly
unchanged. Thus, we use a dSBM which includes only a few contacts
from the closed state structure to understand the mechanistic differences
between the ligand associated conformational changes in HisJ and MBP.
It should be noted that secondary structural elements (e.g. α-helices) in
the hinge regions can locally unfold or “crack” in dSBM simulations even
when dihedrals are calculated from a single structure (Whitford et al.,
2007). The loss of stability due to such local unfolding is usually
compensated for by the formation of the closed-state specific contacts.

To construct the dSBM, we first define a single structure-based model
(sSBM) using the open conformations of each protein (Fig. 1B and D) and
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then add to this sSBM a perturbation in the form of scaled closed state or
ligand mediated contacts which drive the conformational change.
Consequently, three types of contacts are present in the simulations: (1)
Open state contacts: Many of these are also incidentally present in the
closed state, (2) Closed state contacts: These are specific to the closed
state and absent in the open state and (3) Ligand mediated contacts:
These ligand-mimicking contacts are present between pairs of residues
both of which are in contact with the ligand in the closed state. So, the
ligand is included implicitly through these contacts. In order to use a
minimal set of contacts, we use only inter-domain contacts for both
closed state and ligand mediated contacts. Details of the contact calcu-
lations and the dSBM are given in theMethods section. MD simulations of
the dSBMs were then used to gain insights into the structural modules
that determine the mechanisms of conformational transitions. We first
ask if dSBMs can capture the mechanism of conformational transitions
for HisJ (CS) and MBP (IF).
2.2. Intra-protein contacts promote transition to the closed state in HisJ but
not in MBP

The closed state is populated in the absence of the ligand in the CS
mechanism. In order to test for CS, we removed the ligand from the
closed states of the proteins and calculated intra-protein contacts which
are specific to the closed states (QC). As an example, some QC contacts are
present along the binding pocket (Fig. 2A). If addition of only the QC
contacts at scaled strengths (εC) can enable the conformational transition,
then interactions present only within the protein are required for the
conformational transition and an equilibrium between the open and
closed states can be achieved even when the ligand is absent. We first
performed dSBM MD simulations with QC to test whether these contacts
are sufficient to enable a conformational change in HisJ and in MBP.

The distance between residues D53 and G119 was chosen as a proxy
for the inter-domain distance in HisJ and served as the reaction coordi-
nate to monitor the conformational transition (see Methods). The free
energy profile (FEP) is the negative logarithm of the number of states
populated at a specific inter-domain distance plotted as a function of the
distance. A minimum in an FEP indicates a large population while a
hump implies a transition state. Fig. 3A shows the FEP for HisJ with the
strength of QC, εC, scaled to 1.5 times the strength of the open state
contacts. Two minima at distances similar to those in the open and the
closed states are observed, separated by a single barrier. This implies that
closed state contacts are sufficient to promote conformational transitions
in HisJ in dSBM simulations and the mechanism of conformational
transitions in HisJ is indeed CS-like.
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Fig. 3. Conformational transitions of HisJ and MBP. The free energy (-lnP) is
plotted as a function of distance between inter-domain residues D53 and G119
in HisJ and D14 and N150 in MBP. The vertical dashed (open state; HisJ:
1.66 nm; MBP: 2.30 nm) and dotted (closed state; HisJ: 0.39 nm; MBP: 1.36 nm)
lines mark the distance between these residues in the respective crystal struc-
tures. The error bars shown in black represent the standard deviation of the free
energy profile (FEP). Cartoons of populated structures (HisJ in green and MBP in
orange) are shown below the basins. The approximate location and types of
contacts within the binding pocket present in each of the simulations is shown in
the inset cartoon. (A) HisJ: The closed state contacts (QC) at a strength, εC ¼ 1.5,
are sufficient to promote conformational transitions and both the open (mini-
mum at ~1.68 nm) and the closed (~0.55 nm) basins are populated. Several
closed state contacts are present in HisJ and they line the binding pocket. (B)
MBP: The closed state contacts are not sufficient to induce the conformational
transition in MBP. A single partially closed ensemble at a distance intermediate
between the open and the closed states is populated and an increase in the
strength of QC (black: εC ¼ 1, minimum at ~2.25 nm; red: εC ¼ 2, minimum at
~1.80 nm; orange:εC ¼ 4, minimum at ~1.57 nm) only induces increased
closing. Few closed state contacts are present in MBP and these are located at the
edges of the binding pocket. The structural restraints, BI (blue loop) and SH, that
prevent the complete transition are shown in the cartoons below. (C) MBP:
Addition of the ligand mediated contacts, QL, at a strength of εL ¼ 2.0 to the QC

at a strength of εC ¼ 1.0 can induce the conformational transition in MBP and
both the open (minimum at ~2.21 nm) and the closed state (~1.50 nm) basins
are populated. The additional QL are located at the center of the binding pocket,
with the ligand shown in cyan. Several interactions of both SH and BI (blue loop:
extended towards the NTD in the open state) are broken in the closed state and
this is depicted in the cartoons below. Although the ligand is shown in both the
inset and the cartoon below, it is included only implicitly into the model through
QL, contacts between those pairs of residues which are bridged by the ligand in
the closed state.
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The distance between residues D14 and N150 was chosen as a proxy
for the inter-domain distance in MBP. Three FEPs of MBP are shown in
Fig. 3B with varying strength of QC. Although, the position of the mini-
mum decreases to smaller distances with increasing QC strengths only a
single minimum is seen in each of the FEPs. Thus, with increasing
strengths of closed state contacts, MBP shows increasing partial closure
reminiscent of down-hill folding (Mu~noz, 2007). However, complete
closure is not seen even with contact strengths unrealistically larger than
those of the open state contacts. Thus, closed state contacts are not suf-
ficient to enable MBP to access its closed state.

2.3. Ligand mimicking contacts are necessary to induce a transition in
MBP

In the closed ligand bound conformation of MBP, the ligand atoms
interact with residues that line the binding pocket. Many of these ligand
contacting residues are not directly in contact with each other through
QC. However, the ligand provides an interaction bridge between some of
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these residues and we term such bridging contacts, ligand mediated
contacts (QL; Fig. 2B; see Methods for contact calculations). We test if the
addition of QL with the scaled strength, εL, and the previously calculated
QC with the scaled strength, εC, can together induce a conformational
transition in MBP. We set εC ¼ 1.0, so that all intra protein contacts (both
open and closed state) have the same strength, and vary the strength of
εL. Two minima at the open and closed states separated by a barrier are
present in the FEP of MBP (Fig. 3C) when QL are added with εL ¼ 2. Thus,
the ligand mediated contacts, QL, enable the transition to the closed
conformation, which is inherently inaccessible to MBP through only the
intra-protein contacts. We conclude, in agreement with experiments
(Kim et al., 2013; De Boer et al., 2019), that the conformational transi-
tions of MBP are IF-like.

Together, our results show that the conformational transitions of HisJ
are CS-like while those of MBP are IF-like. We next test if structural el-
ements within MBP, absent in HisJ (Fig. 1C and E), act to keep it in the
open state.

2.4. The role of structural restraints in MBP

Several studies have demonstrated that the ligand binding affinities of
MBP can be modulated by mutating the BI, a loop in the CTD which
makes contacts with residues in the NTD (Fig. 1D, E, 4A), or the SH, a
helix that lies behind the binding pocket making contacts with both the
NTD and the CTD (Fig. 1D, E, 4A). Specifically, placing bulky residues in
and near the SH (A96W and I329W) resulted in amultiple fold increase in
affinity for maltose (Marvin and Hellinga, 2001b). The presence of the
bulky tryptophan residues at positions A96 and I329 (Fig. 4B, cartoons
below the plot) was modeled in the dSBM by increasing the distance
between the Cα beads representing these residues by a factor of ~1.2, i.e.,
from 0.63 nm in the wild type (WT) to 0.8 nm in MBPWW (also see
Methods). This factor was chosen to be the average of the ratio of the
sizes of the residues after and before mutation, i.e., ((rW/rI)þ(rW/rA))/2
where the subscripts denote residue identities. In this model (MBPWW), a
lower value of εL (¼1.5) than WT (εL ¼ 2) is required to induce confor-
mational transitions. The open state minimum in the FEP (Fig. 4B) is



Fig. 4. Mutational manipulation of conformational transitions in MBP. (A)
Ligand bound structure of MBP. Ligand is shown as cyan spheres located in the
binding cleft. Although the ligand is shown here and in the cartoon in (B), it is
included only implicitly into the model through the QL contacts. Cα atoms of
residues that form the QL, contacts between those pairs of residues which are
bridged by the ligand in the closed state, are shown as black spheres and are
adjacent to the ligand. The structural restraints BI (K170-D180) and SH (K313-
M330) are shown in blue. BI is flanked by protein fragments (N150–Y210)
shown in grey which form several contacts with the ligand. (B) The free energy
(-lnP) of MBP is plotted as a function of distance between residues D14 and
N150. The vertical dashed (open state: 2.30 nm) and dotted (closed state:
1.36 nm) lines mark the distance between these residues in the respective crystal
structures. The error bars shown in black represent the standard deviation of the
FEP. The grey curve is reproduced from Fig. 3C and represents the FEP of the
ligand induced conformational transitions of WT MBP (εC ¼ 1, εL ¼ 2; open state
~2.21 nm; close state ~1.50 nm). An increased distance between the Cα atoms
of A96 and I329 serves as a proxy for the double mutation, A96W/I329W, in
MBPWW. Cartoons of the populated structures showing the position of the mu-
tations in MBPWW are shown below the basins. MBPWW (orange; εC ¼ 1, εL ¼ 1.5;
open state ~2.16 nm; close state ~1.58 nm) requires a lower strength of ligand
mediated contacts to induce the conformational transition. A similar effect is
seen in MBPΔBI (red; εC ¼ 1, εL ¼ 1; open state ~2.16 nm; close state ~1.72 nm).
Both mutants also have lower barriers, i.e., the rate of conformational transi-
tions can be modulated through mutations to residues in BI or SH.
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more closed than it was in the WT because the protein has been pushed
closed by increasing the distance between the SH and the NTD behind the
binding pocket. Additionally, the barrier to conformational transitions is
also lower. We conclude that the protein has an increased propensity to
close and a lower concentration of ligand will be required to induce the
conformational transition as is seen in experiment.

In a separate experiment, the effect of modulating the BI interactions
was studied by deleting 4 BI residues E172, N173, K175 and Y176
(Telmer and Shilton, 2003). These modifications in combination with
different mutations of the SH (M321A and Q325A) were shown to in-
crease the ligand binding affinity by up to two orders of magnitude in
MBP. To model the deletion of the BI residues, we removed eleven
attractive interactions between the BI and the NTD from the open state of
the WT MBP and created MBPΔBI (see Methods for details of contacts). It
should be noted that, unlike in MBPWW, this modification preserves the
average inter-domain distance in the open state when no closed state
contacts are present (Fig. S2A). However, an even lower ligand contact
strength (εL ¼ 1.0) is required to induce conformational transitions upon
deletion of these contacts (Fig. 4B). BI is behind the binding pocket and
its contacts with the NTD keep MBP in the open state. Some residues in
the binding pocket that make up the ligand mediated contacts and pro-
mote MBP closure flank the BI (Fig. 4A). The BI and the ligand binding
pocket may thus be allosterically coupled and this may be why the
deletion of the BI contacts lowers the strength of ligand mediated con-
tacts required to induce MBP to close.

In conjunction with the experimental results, the dSBM simulations
indicate that BI and SH act as structural locks in the open state that resist
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conformational change andmutations to these regions can destabilize the
open state and promote transitions to the closed state. We next examine
these structural restraints in detail.

2.5. Structural modifications can modulate the mechanism of
conformational transitions in HisJ and MBP

In this section, we study the effect of adding or deleting structural
restraints on the ligand coupled conformational transitions of HisJ and
MBP. We performed two sets of simulations: (1) A structural restraint,
which mimics the SH in MBP, was added to HisJ generating HisJSH and
(2) BI and SH were modified to construct three dSBM variants of MBP
termed MBPΔBI, MBPΔSH and MBPΔBIΔSH.

A ‘spine helix’-like kink exists in HisJ but it is much shorter than the
MBP SH. So, the open structure of HisJ was first modified by extending
the SH by four-residues from the MBP SH. This modified structure was
used to create an open state sSBM (details of all the modifications are
given in Methods) to which the WT HisJ QC at strengths εC and QL at
strengths εL were appended to create a new model termed HisJSH. While
an εC of 1.5 is sufficient to see conformational conversion in WT, the
closed state minimum is only marginally populated in HisJSH even at an
εC of 1.6 (Fig. 5A). Thus, the addition of SH does indeed stabilize the open
state. Further, analogous to MBP, addition of ligand mediated contacts to
HisJSH (with εC ¼ 1.6; Fig. 5A) at a strength of εL ¼ 0.5 induced a
conformational transition. However, an intermediate state, henceforth
termed the semi-closed state, was also populated (Fig. S1). In order to
further understand this intermediate, the inter-domain angle, i.e., the
angle between the NTD and CTD (Table S2) was also used. The inter-
mediate is characterized by an inter-domain distance of about ~1.05 nm
and an inter-domain angle of 120� where the closed state angle is ~112�

(~103� in the crystal structure) and the open state angle is ~135�

(~135� in the crystal structure) (Fig. S1). Residues D11-A15 and
S69–S72 form contacts, which are proximal to the ligand binding pocket,
in the semi-closed state (Fig. S1C). Additionally, contacts made by the
added SH structure remained intact in all the states (open, closed and
semi-closed states). So, although an IF-like mechanism of conformational
transitions is seen in HisJSH, this transition is not cooperative as in MBP,
with a single free energy barrier between the open and the closed states.
Thus, partially closed intermediates can be populated in conformational
transitions if the interactions that keep the protein open are inconsistent
with the interactions that the ligand makes to close it.

The structural restraints that stabilize the open state of MBP, namely
BI and SH, were disengaged individually and together and three variants
of MBP were generated. These modifications do not destabilize the open
state and they also do not change the average inter-domain distance
when no closed state contacts are present (εC ¼ 0; Fig. S2). The confor-
mational transitions of the first construct, MBPΔBI, in the presence of
ligand mediated contacts, were described in the previous section. The
conformational transitions of MBPΔBI with only closed state contacts are
shown in Fig. S2A. The second construct, MBPΔSH, made by deleting the
contacts of the SH with the NTD (see Methods for contact details), shows
conformational transitions similar in nature to MBPΔBI (see Fig. S2B; no
ligand mediated contacts). Here we examine the results from the third
variant, MBPΔBIΔSH, where contacts of both SH and BI were deleted. At
εC ¼ 1.0, WT MBP is in the open state, while the open-like state of
MBPΔBIΔSH at the same εC has a smaller inter-domain distance and is
more closed (Fig. 5B). Additionally, the MBPΔBIΔSH FEP nominally has
two minima separated by a small barrier. The closed-like state is more
open (~1.85 nm; Fig. 5B) than the closed state of the WT (~1.50 nm)
with added ligand mediated contacts (Fig. 3C). When εC is increased
further to 2.0, the MBPΔBIΔSH FEP shows a single minimum with a more
closed state (Fig. S2C). However, ligand mediated contacts are not
needed to induce the conformational transition. These results suggest
that BI and SH play a key role in resisting the conformational transition
and act as structural modules responsible for a IF-like mechanism inMBP.
Their deletion may allow MBP to convert to a CS-like mechanism.



Fig. 5. Structural modifications that modulate conformational dynamics.
The free energy (-lnP) is plotted as a function of distance between inter-domain
residues D53 and G119 in HisJ and D14 and N150 in MBP. The vertical dashed
(open state; HisJ: 1.66 nm; MBP: 2.30 nm) and dotted (closed state; HisJ:
0.39 nm; MBP: 1.36 nm) lines mark the distance between these residues in the
respective crystal structures. The error bars shown in black represent the stan-
dard deviation of the FEP. Cartoons of the structural modifications made to the
proteins are shown below the plots. HisJ is in green and MBP is in orange. (A)
The FEP of WT HisJ (εC ¼ 1.5; open state ~1.68 nm; closed state ~0.55 nm) is
reproduced from Fig. 3A and shown in grey. Addition of SH to HisJ (HisJSH;
blue; εC ¼ 1.6; minimum at ~1.70 nm) restrains the conformational transition to
some extent. Addition of ligand mediated contacts, QL, (HisJSH þ L; green;
εC ¼ 1.6, εL ¼ 0.5; open state minimum at ~1.68 nm) overcomes this restraint
and the conformational transition can progress to the closed state (~0.44 nm)
through an intermediate (~1.05 nm) ensemble. (B) The FEP of WT MBP
(εC ¼ 1.0; only open state populated at ~2.25 nm) is reproduced from Fig. 3B
and shown in grey. Deletion of BI and SH promotes the conformational transi-
tion and at the same closed state contact strength (εC ¼ 1.0), MBPΔBIΔSH (red)
shows a two basin FEP with an open-like state at ~2.15 nm and a closed-like
basin at ~1.85 nm. MBPΔBIΔSH (black) further shifts to a single closed-like
basin at ~1.60 nm when εC is increased to 2.0.
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3. Discussion

3.1. dSBMs can recapitulate the mechanism of ligand coupled
conformational transitions

Single SBMs, originally constructed to study protein folding, can have
different levels of coarse graining. For instance, sSBMs have been con-
structed with all-heavy atoms (Whitford et al., 2009), 2 beads (a back-
bone bead and a sidechain bead) per residue (Azia and Levy, 2009;
Oliveira et al., 2008; Maity and Reddy, 2018) or the Cα coarse-graining
used here. Further, all contacts may be represented with the same
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strength and potential energy function or they may be weighted (Yada-
halli and Gosavi, 2016) and may use different functional forms such as
the Lennard-Jones (10–12 or 6–12) potential (Whitford et al., 2007;
Cheung et al., 2005), the Coulomb interaction (Azia and Levy, 2009) or a
Gaussian potential (Lammert et al., 2009). In addition to such differ-
ences, dSBMs can vary in the amount of information that they encode
from the second structure: from just closed-state specific contacts
(Whitford et al., 2007, 2008), similar to those calculated here, to a
complete encoding of the second structure (Giri Rao et al., 2016). In fact,
even for the same protein, it is important to tune the dSBM construction
based on the question that needs to be answered.

Here, we set out to understand if dSBM simulations can capture the
experimentally observed mechanism of conformational transitions for
HisJ and MBP and in turn, if such simulations can lead to an under-
standing of protein structural elements that determine the mechanism.
The main difference between the IF and CS mechanisms is whether the
ligand binds to the open or the closed state. Thus, the effect of the ligand
was specifically incorporated into the dSBM by separating closed state
contacts into intra-protein closed state specific contacts, QC and ligand
mediated contacts, QL (Fig. 2). The interaction strengths of these contacts
were collectively scaled using a single parameter (εC, εL � 1) per contact
type to effect the conformational change. However, since εC increased the
strength of the intra-protein contacts, which are in nature similar to intra-
protein open state contacts whose strength is 1, we chose εC to be as close
to 1 as possible. With this dSBM, we observed that QC alone were enough
to drive the conformational change in HisJ but both QC and QL were
needed in MBP. Since HisJ does not require ligand mediated contacts to
equilibrate between the open and closed states, its conformational
transitions follow the CS mechanism. The fact that MBP undergoes
conformational change only upon the inclusion of ligand mediated con-
tacts indicates that it follows the IF mechanism. Overall, dividing con-
tacts present only in the closed state into intra-protein contacts and
ligand mediated contacts in the dSBM enabled the experimentally
observed assignment of IF and CS to MBP and HisJ respectively.

3.2. Structural features that promote a specific mechanism of
conformational transition

An examination of the open and closed states of HisJ and MBP pro-
vides a possible reason for the differences between their mechanisms.
Both the open and the closed states of HisJ with inter-domain angles of
~135� and ~103� respectively are more closed than the open (~159�)
and closed (~135�) states of MBP (Table S2). Consequently, in HisJ, the
binding pocket encapsulates the ligand and in doing so forms more intra-
protein contacts between the domains of the protein (QC ¼ 44). Addi-
tionally, residues which make up QC line the entire binding pocket
(Figs. 2 and 3A inset) making it possible for only these contacts to pro-
mote the conformational transition. In MBP, the NTD and the CTD do not
come as close together in the closed state as they do in HisJ, the ligand is
not completely enclosed and fewer intra-protein closed state contacts are
formed (QC ¼ 16). Further, the MBP QC residues are concentrated at the
edges of the NTD and the CTD while the residues that make up QL (a
proxy for the ligand) are at the center of the binding pocket (Figs. 2, 3B
and 3C, insets). Hence, both the intra-protein contacts and the ligand are
required to induce the conformational transition.

One possible reason for the larger inter-domain angles in MBP could
be the size of the ligand. The MBP ligand, maltose, has 23 heavy (non-
hydrogen) atoms as compared to the HisJ ligand, histidine, which has 11
heavy atoms. The smaller histidine may be able to access the binding
pocket in not only a more compact open state but also the closed state of
HisJ, leading to a CS mechanism. In contrast, MBP may need to stay open
in order to avoid occluding the larger maltose and in turn, promote its
binding, leading to an IF like mechanism. Additionally, the larger size of
maltose may allow it to make more inter-domain contacts and enable the
closure of the protein. We next examine the structural restraints that keep
MBP open.
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A comparison of the splay diagrams of HisJ (Fig. 1C) and MBP
(Fig. 1E) shows that there are several extra structural elements, including
the spine helix (SH; residues K313-M330) and the balancing interface
(BI; residues K170-D180), which are present in MBP but absent in HisJ.
Previous simulations and experiments have also underlined the impor-
tance of SH and BI in stabilizing the open state of MBP (Bucher et al.,
2011a,b; Telmer and Shilton, 2003; Walker et al., 2010; Marvin and
Hellinga, 2001; Millet et al., 2003; Mascarenhas and K€astner, 2013;
Wang et al., 2012; Seo et al., 2014). The dSBM simulations (Figs. 4 and
5B) also indicate that modifying the positions or the interactions of the
SH and the BI changes the nature of the conformational transition. Spe-
cifically, intact SH and BI increase the interactions between the NTD and
the CTD behind the binding pocket and can potentially stabilize MBP in
the open state.

3.3. Conformational transitions, free energy barriers and cooperativity

Although MBP requires ligand mediated contacts to promote
conformational transitions while HisJ does not, both proteins have a free
energy barrier separating the open and the closed states in models where
the conformational transitions occur (Fig. 3A and C). This implies that
distinct open and closed-like states are populated in both proteins, as is
seen in experiment, rather than a continuum of states which progres-
sively look more or less closed. Having distinct populated states is likely
to be advantageous for both biological regulation as well as sensing
where both specificity and sensitivity matter. Having a barrier implies
that there is cooperative breaking and formation of multiple contacts
when transitioning from one state to another. In HisJ, this cooperativity,
and in turn the barrier, arises from the formation of the many QC contacts
while destabilizing some of the open state contacts and dihedrals
(Fig. 3A). In MBP, this cooperativity arises from the restraining action of
the BI and SH with several of the BI and SH open state contacts being
broken in the closed state. The BI (residues K170-D180), although pre-
sent behind the binding site, is flanked by residues N150–Y210 in the
CTD, which are part of both QC and QL and this leads to an allosteric
coupling between the BI and ligand binding (Fig. 4A). Since the forma-
tion of closed and ligand mediated contacts can break the open state BI
and SH contacts, the ligand binding site is optimally located to disengage
the BI and SH and make the transition cooperative (Fig. 3C).

Although the HisJ and MBP mutations made here modulate the
mechanism of conformational transitions (Fig. 5), they do not change the
intrinsic angles of the open and closed states of the proteins. Thus, the
HisJ closed state retains the numerous closed state contacts. The spine
helix added to the HisJ structure can hold the protein in the open state
but the SH contacts do not break during the conformational transition
and a semi-closed intermediate is populated (Fig. 5A). Similarly, when
the structural restraints keeping MBP open are reduced, the transition
from the open to the closed state is gradual with a small free energy
barrier and reduced cooperativity (Fig. 5B) because a sufficient number
of closed state contacts do not exist as in HisJ. We conclude that the
interactions that hold the protein in the open state have to be consistent
with the closed state and ligand interactions both in position and free
energies in order for there to be cooperativity and a free energy barrier in
the conformational transition.

3.4. Biological implications and applications in protein design

More generally, the PBPs bind and transport their ligands to a
transmembrane transporter complex on the cell membrane and can
either be domains of the transporter or standalone proteins (Scheepers
et al., 2016). Recent FRET experiments showed that the conformational
transitions of other PBPs could also be classified as induced fit with no
closed-like state being detected in the absence of the ligand (De Boer
et al., 2019). A preliminary examination of these PBP structures indicates
that the restraints present in these proteins are distinct from the BI and
SH, with some PBPs having an extensive interface between the NTD and
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the CTD. dSBMs similar to the one used here should be able to identify
the specific structural features as well as interactions that can modulate
the mechanism of conformational transitions of these proteins.

MBP and HisJ are standalone PBPs. They bind their transporters and
release ligand into the transporter channel. It is possible that the trans-
porters make use of the PBP structural restraints, which are destabilized
in the closed conformation, by binding and stabilizing them and enabling
ligand release. For instance, the maltose transporter, MalF, has an un-
usually long P2-loop which binds MBP (M€achtel et al., 2019). The
binding of this loop to the CTD of MBP could allosterically stabilize the BI
and SH, lock theMBP structure back into the open state and enable ligand
release. Carefully constructed dSBMs of the PBP-transporter complex
should be able to identify potential regions in the complex which enable
such transporter assisted ligand release.

Both mutational experiments and the simulations presented here show
that mutations to the spine helix modulate the binding affinity of MBP
(Figs. 4B and 5B). Further, an SH-like extension can also be used to tune the
mechanism of conformational transition in HisJ (Fig. 5A). Stapled peptides,
small standalone peptides in which a chemical cross-link between a pair of
distal amino acids helps maintain the helical structure, have been designed
to bind and inhibit target proteins which bind to helical regions (Tan et al.,
2016). Our simulations indicate that stapled SH-like peptides could be
designed to bind diverse PBPs on the region posterior to the binding pockets
in order to modulate their ligand affinity on the fly.

4. Conclusions

We investigated the reasons behind the distinct ligand coupled
conformational transitionmechanisms adopted by two structurally similar
proteins, HisJ and MBP. Dual structure based models (dSBMs) were built
which included the open state structure and contact information from the
closed state structure. Closed state specific contacts consisted of intra-
protein closed state contacts and ligand mediated contacts. MD simula-
tions of the dSBMs show that the intra-protein closed state contacts are
sufficient to enable a conformational transition from the open to the
closed states in HisJ indicating a conformational selection mechanism.
However, ligand mediated contacts are also required to promote a tran-
sition in MBP suggesting an induced fit mechanism. Two structural ele-
ments, the spine helix (SH) and the balancing interface (BI) present on the
posterior side of the ligand binding pocket increase the number of contacts
between the NTD and the CTD and restrain MBP in the open state. Our
simulations corroborate experiments which show that individual desta-
bilizing mutations to the BI and SH enhance the rate of transition to the
closed state. Extending this idea, we also show that eliminating the
attractive interactions of the BI and SH removes the need for ligand
mediated contacts and reduces the barrier to conformational transitions.
Additionally, restraining HisJ in the open state by adding a SH-like
structural element reduces the population of the closed state increasing
the role of ligand mediated contacts in facilitating the conformational
transition. Thus, short structural elements can lock a protein into the open
state and impede conformational transitions. The ligand then binds the
open state and provides a driving force for a transition to the closed state.
The absence of structural anchors provides a protein with the hinge
flexibility required to access the closed state even when ligand is not
present. Thus, the preferred mechanism of conformational transitions is
intrinsic to the protein structure. Overall, MD simulations of dSBMs are a
computationally inexpensive method for understanding ligand binding
dependent conformational transitions of proteins.

5. Methods

5.1. Dual structure-based models

We built dual structure-based models (dSBMs) to study the confor-
mational transitions between the open and closed states of HisJ andMBP.
An SBM encodes in its potential the native structure as the global
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minimum (Noel and Onuchic, 2012). In a typical coarse-grained (CG)
SBM each residue is treated by one CG bead located at the Cα atom. The
potential energy (E) that defines the interactions between these Cα beads
is given by the following expression (Lammert et al., 2009; Noel and
Onuchic, 2012).

E¼
X
bonds

Krðr � r0Þ2 þ
X
angles

Kθðθ � θ0Þ2 þ
Xn¼1;3

dihedrals

Kφð1� cosðnðφ�φ0ÞÞ

þ
X

contacts

ε1

�
5
�
σij
rij

�12

� 6
�
σij
rij

�10�
þ

X
non�contacts

ε2

�
σ
rij

�12

The first two harmonic terms are used to model bond and angular
vibrations while the third term models the dihedrals in terms of a cosine
function. The bond length, r0, angle, θ0, and dihedral, ϕ0, are calculated
from the native structure. Kr ¼ 100ε, Kθ ¼ 20ε and Kϕ

(1) ¼ 1ε and
Kϕ
(3) ¼ 0.5ε are the force constants of the bond, angle and dihedral terms,

respectively. These parameters ensure that the values of bonds, angles
and dihedrals are maintained close to the value derived from the native
structure. Here, ε is the basic energy scale and is set to 1 kJ/mol. The last
two terms represent the interactions of native contacts (10–12 Lennard
Jones (LJ) interaction) and non-contacts respectively. The native con-
tacts were determined using contacts of structural units (CSU) software
(Sobolev et al., 1999). σij is the distance between residues i and j in the
native state. ε1 defines the strength of the attractive interaction for a
native contact. All beads that do not form native contacts (non-contact)
are defined to interact by a repulsive (excluded volume) term with
σ ¼ 0.4 nm and with ε2 ¼ ε.

In a dual SBM (dSBM), the above potential energy is extended to
encode native structural data from two structures, the open and the closed
states. A previous three-structure based model of MBP (Wang et al., 2012)
had used backbone terms derived only from a single structure and contact
information from all three structures. In order to understand if a similar
model should be used here, we compared the dihedral angles between all
sets of four successive Cα beads (ϕ in the equation for the potential energy,
E) from the open and closed structures of both MBP and HisJ. In MBP, the
single N-terminal residue shows a large change in dihedral angle but we
disregard this change because the N-terminus is not part of a secondary
structural element and is also expected to be mobile because it is the ter-
minus. In HisJ too, a few dihedral angles present in unstructured regions
such as loops and the C-terminus show large changes and can be dis-
regarded. A few hinge dihedral angles also show a large difference be-
tween the open and the closed states in HisJ, but hinge regions are
expected to be strained during the conformational transition (Whitford
et al., 2007). Given the minimal change in the secondary structural content
(dihedral angles) of the open and closed structures, we chose to construct a
dSBM which uses backbone terms from the open structure and only in-
cludes contacts calculated from the closed structure. This is achieved by
first defining the SBM of the open-state (with bond, angle, dihedral and
contact terms) and then appending attractive interactions for contacts
unique to the closed state to this SBM. Accordingly, we define three
different sets of contacts (open state, closed state and ligand mediated) for
each protein and scale their strengths of interactions, εO, εC or εL to achieve
equal populations of both the open and the closed states. Thus, ε1 in the
equation above equals εO/C/L � ε. A detailed description of the contact list
calculation is given in a subsequent section. All contacts that were included
in this model are listed in the SI.
5.2. Protein structures

The following crystal structures were used: HisJ: open state: PDB ID
2M8C (Chu et al., 2013); closed state: 1HSL (Yao et al., 1994) and MBP:
open state: 1OMP (Sharff et al., 1992); closed state: 1ANF (Quiocho et al.,
1997). MBP (1OMP) has 370 residues, however, some atoms of residue
370 were missing in the closed structure (1ANF). To keep the total
number of atoms equal in both states, residue 370 was disregarded, so
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that both states had 369 residues. Similarly, in HisJ, out of 241 residues,
three (residue 1–3) were missing in the open structure (2M8C). So, the
residues were renumbered such that residue A4 was numbered A1 and
therefore, both states now had 238 residues.

5.3. Contact calculation

In order to define the single SBM of the open state, its native contacts,
QO, were calculated using the contacts of structural units (CSU) analysis
(Sobolev et al., 1999) on the open structure. According to CSU, two
residues i and j are in contact if the distance between them is less than the
sum of their van der Waals radii and the diameter of a water molecule.
The strength of the QO contacts, εO, is set to 1 and thus ε1 for these
contacts equals ε ¼ 1 kJ/mol. HisJ and MBP have 655 (List S1) and 1081
(List S4) open state contacts respectively.

The recipe used to calculate the closed state (QC) and ligand mediated
(QL) contacts for the two proteins closely follows that used in a dSBM of
adenylate kinase (Whitford et al., 2007). In order to calculate QC, the
closed state contacts, the ligand was removed from the PDB and CSU was
used to calculate the contacts. Thus, the calculated contacts are solely
intra-protein contacts. All open state contacts, i.e., those which are part of
QO are deleted from this set. QC are a subset of the remaining contacts
which also satisfy the following conditions (i) the contacts be
inter-domain (domain boundaries are given in the SI, Table S1), i.e., they
be formed between pairs of residues one each from the NTD and the CTD
and (ii) their distance in the open state be at least 1.5 times their distance
in the closed state. HisJ andMBP have 44 (List S2) and 16 (List S5) closed
state contacts respectively. The first condition, that QC be inter-domain
contacts, was set in order to identify a minimal set of contacts that
would induce the conformational transitions. We expected that
intra-domain contacts would result in localized changes but would not
induce the inter-domain motion required for the conformational transi-
tion. However, a later examination found that there are no intra-domain
contacts that meet the second condition (their distance in the open state
be at least 1.5 times their distance in the closed state) in HisJ while only
the intra-domain contacts of the floppy N-terminal residue meet the
second condition in MBP. Thus, the first condition may not have been
necessary for determining QC.

The effect of the ligand was implicitly included into the model
through QL. First the residues in contact with the ligand were identified
using the ligand protein contacts server (LPC) (Sobolev et al., 1999). All
pairs of residues which met the same conditions as defined for QC were
then identified as the ligand mediated contacts, QL. Thus, QL are
inter-domain contacts whose distance in the open state is at least 1.5
times their distance in the closed state. HisJ and MBP have 15 (List S3)
and 8 (List S6) ligand mediated contacts respectively. The HisJ ligand
mediated contacts were not required to induce the conformational
transition in the WT protein but were used in HisJSH þ L.

The strength of the open state contacts, εO, is set to 1 and ε1 in the
potential energy function above equals ε � εO ¼ 1 kJ/mol for these
contacts. The strengths of interaction of closed state and ligand
mediated contacts are respectively scaled by εC and εL in order to
achieve equal populations of the open and the closed states. It should
be noted that the atomistic interactions underlying the coarse-grained
open and closed state interactions are between similar types of atoms
and should be of similar strength and nature. So, the values of εO, εC
and εL should not be too disparate. To account for this underlying
physical basis of the coarse grained interactions, we only used protein
models with scaling factors greater than 2 for testing (e.g. Fig. 3B) and
not as final models of the proteins (e.g. Fig. 3C). All contact lists are
provided in the SI.

All open state contacts are included in QO and by default all contacts
interact through the attractive LJ 10–12 potential given in the potential
energy function. There are some open state inter-domain contacts which
are also part of the closed state contact list. Such common contacts were
explicitly deleted from QC. However, when the contact distance, σij, of
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such contacts is much shorter in the closed state than in the open state,
then they could prevent the protein from closing because of the fast rising
repulsive part of the LJ potential at distances less than σij. To overcome
this problem, we use a dual Gaussian (DG) potential energy function
(Lammert et al., 2009) for those QO contacts which are also contacts in
the closed state according to CSU and whose contact distance in the open
state is more than 1.2 times their contact distance in the closed state. The
form of this DG energy function is:
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rij is the distance between the two residues i and j in contact. rijn is the
distance between the two residues in the open (n ¼ 1) and closed (n ¼ 2)
states. σNC ¼ 0.4 nm is the excluded volume distance and
σ(n ¼ 1,2) ¼ 0.05 nm is the width of the Gaussian well. ε1 ¼ εO � ε is the
depth of the Gaussian well and the strength of the contact. No such
contacts were present in HisJ. Five such contacts, were present in MBP,
listed in SI (List S4B).

5.4. Construction of mutants of HisJ and MBP

MBPWW (Fig. 4B): Since each residue is represented only by its Cα
atom, the mutations of A96 and I329 to the bulky W were simulated by
increasing the single open state contact distance between these residues
from 0.63 to 0.8 nm. The minimum of the LJ contact potential was
changed by setting σij¼ 0.8 nm. The interaction strength, ε1¼ ε� εO, was
not changed.

MBPΔBI,MBPΔSH,MBPΔBIΔSH (Figs. 4B and 5B, S2): All contacts between
BI and the NTD were deleted to create MBPΔBI (List S7). Specific contacts
between the SH and the NTDwere deleted to createMBPΔSH (List S8). Both
the above sets of contacts were deleted to create MBPΔBIΔSH. Both domain
definitions and the sets of deleted contacts are given in the SI. The strength
of closed state contacts, εC, was also varied from 0 to 2.0 in steps of 0.5 in all
three protein models (Fig. S2).

HisJSH (Fig. 5A): The open states of HisJ (Fig. 1B) and MBP (Fig. 1D)
were structurally aligned in VMD (Humphrey et al., 1996). Then 4 resi-
dues of the SH (residues M321-A324) from the aligned structure of MBP
were appended as is to the pdb of HisJ and renumbered as residues
M239-A242. This structure with 242 residues was relaxed with short
atomistic MD simulations. This is the open state structure of HisJSH and
its contact map is calculated using CSU analysis (Sobolev et al., 1999) and
used in simulations. Additionally, the strength (ε228-238) of the contacts of
the short helical kink (residues K228-G238; already present in WT HisJ)
which precedes the added helical segment was increased to 2. The dSBM
was generated by adding the WT HisJ QC and QL to this SBM. The co-
ordinates of the Cα atoms of HisJSH and its contact map are given in the SI
(List S9, S10). It should be noted that the sequence of the helix extension
of HisJSH will likely need to be redesigned for use in experiments. Here,
we do not make explicit use of the sequence, but only use the structure to
understand the effect of having a spine helix on the conformational
transitions of HisJ.

5.5. Conformational transition simulations of HisJ and MBP

The input (.top and.gro) files for both the open and the closed states
were generated using the SMOG webserver (Noel et al., 2016) by giving
contact maps and PDB files as inputs. Subsequently, the pairs and
exclusion sections of the open state .top file was appropriately modified
by appending either only QC or QC and QL contacts from the closed state
.top files (Noel et al., 2010).
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MD simulations were performed using a modified version of GRO-
MACS 4.5.4, in which the Gaussian potentials were implemented (Lam-
mert et al., 2009). The basic units of energy, temperature and distance in
Gromacs are kJ/mol, K and nm, respectively. Simulations were per-
formed in a canonical (NVT) ensemble and a stochastic dynamics inte-
grator was used to simulate Langevin dynamics. All simulations were
performed at a constant temperature of ~0.83 (in reduced units, where
1K ¼ 0.008314 reduced units). More details on temperature estimation
are available on the SMOG website (Noel et al., 2016). Each trajectory
was run for 3 � 108 steps with a time step of 0.0005 ps. Simulations with
conformational transitions (e.g. HisJ with QC or MBP with QC and QL)
were performed for a sufficient number of steps such that the open and
the closed states were approximately equally populated and there were at
least a 100 transitions. Simulations in which only a single state was
present (e.g. MBP with QC) were run for a similar number of steps as an
equivalent simulation where conformational transitions were present.

5.6. Free energy plots (FEP) and error analysis

The distances between the Cα positions of residues D53 and G119 in
HisJ (open structure: 1.66 nm, closed structure: 0.39 nm in the WT) and
D14 and N150 in MBP (open structure: 2.30 nm, closed structure:
1.36 nm) were used as the reaction coordinates to monitor the confor-
mational transitions. These specific inter-domain distances were found to
best represent the transition between the open and the closed states as
they demonstrate the maximum variance. Free energy profiles (FEP)
were calculated by taking the negative logarithm of histogram counts of
the trajectory. FEPs were then baseline shifted such that the minimum
was at zero. To estimate the error in sampling, the data was divided into
~10–18 blocks such that the ratio of sample points belonging to the open
and closed states was similar in each block. The standard deviation of the
FEPs was calculated from these blocks.
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