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ABSTRACT: Functional segregation among protein isoforms depends on the interplay of
their overall structures and the molecular dynamics of these structures. Thermotoga maritima
maltose-binding protein (tmMBP) isoforms show size-dependent differential binding of
maltose and malto-oligomers while maintaining remarkable fold conservation. This differential
behavior needs detailed characterization in native-like aqueous conditions to understand the
effects of protein dynamics on ligand binding and recognition. Small-angle neutron scattering
(SANS), neutron spin echo (NSE) spectroscopy, and dynamic light scattering (DLS) were
used in conjunction with previously published computational molecular dynamics (MD)
simulations to understand the dynamic behavior of tmMBPs experimentally. SANS provided
information on the overall structure of the molecules, while NSE was used to determine the
dynamics in the nanosecond time scale. Both tmMBP2 and tmMBP3 have a bidomain
architecture linked with a flexible hinge, with the binding pocket sitting in the cleft between the
two domains. tmMBP2 and tmMBP3 showed different solution dynamics, with the
translational and rotational components dominating the dynamics of both systems, resulting
in a clear differentiation of their diffusion pattern. A faster dynamics component was also observed and was attributed to segmental
dynamics. Differences observed between the ligand-free (apo) and ligand-bound (holo) states of the two proteins are attributed to
conformational entropy. Our results highlight the intricacies of how structure and dynamics can together shape binding to a
repertoire of substrates in structurally similar proteins.

■ INTRODUCTION
Proteins are dynamic and undergo specific conformational
changes in response to stimuli such as reaction to light, binding
to a substrate or ligand, or changes in the physiochemical
environment that further modulate and complicate the
dynamic landscape of functional states. Molecular dynamics
plays an essential role in the regulation of the biochemical
function of enzymes or the binding affinity of a ligand to its
protein binding partner. From a thermodynamic perspective,
protein−ligand binding is characterized by a fragile balance
between the enthalpy and entropy of the system regulated by
the difference in Gibbs free energy between the ligand-bound
and ligand-free states of the protein. Ligand−protein
interactions can either increase or reduce the flexibility of
the ligand−protein complex compared to the ligand-free
proteins. The increase of protein flexibility upon ligand-
binding results in a gain of conformational entropy, which
stabilizes the bound state, while a reduction of protein motions
in the ligand−protein complex results in a loss of conforma-
tional entropy, which is thermodynamically unfavorable. While
the enthalpic contributions can be derived based on high-
resolution structures, knowledge of the protein dynamics

requires the use of high-resolution spectroscopic methods and
adequate models to investigate protein systems.

Several protein systems have emerged as essential paradigm
models for experimental, computational, and theoretical
analyses of the protein dynamical landscape. One such system,
the periplasmic binding proteins (PBPs), is ubiquitous in
bacteria where they operate in conjunction with adenosine
triphosphate binding cassette (ABC) transport systems to bind
and translocate a diverse array of metabolites across the
bacterial membrane. PBPs exhibit strong structural conserva-
tion, even when sequence similarities are low, and are
characterized by a two-domain architecture in which the N-
and C-terminal domains are connected by a flexible linker
region that serves as a hinge.1,2 Substrate binding occurs at the
interface of these two domains, through which the flexible
hinge switches from an open configuration to a closed
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configuration that captures the ligand at the interface. The
degree and extent of these substrate-dependent domain
motions characterize the PBP family. Across bacterial genera,
substrate binding affinities are selectively tuned to the local
milieu of the host organism, which can result in differing
affinity profiles for identical ligands in respective cellular
environments.1−5 This is achieved by tailoring nonbonded
interactions in and around the ligand binding sites and through
conformational dynamics that can help fine-tune the
thermodynamics and kinetics of ligand binding.2,5,6 Moreover,
some PBPs exhibit inbuilt allosteric mechanisms that modulate
the affinity profiles for preferred ligands by controlling
conformational switching between apo and substrate-bound
states, properties that can be engineered to alter their ligand
affinities.7,8 Based on these findings, it is hypothesized that
modulated changes in overall protein dynamics can provide a
potential mechanism to encode broader functional diversity
within a protein fold, beyond that attained by simply tuning
molecular recognition through structural interactions in and
around the binding pocket.2,6

Maltose-binding proteins (MBPs) serve as the primary
receptors for alpha-linked glucose-based oligosaccharides,
binding to malto-oligomers with varying affinity, typically at
low micromolar concentrations. The MBP from Escherichia coli
MBP (ecMBP) is the prototypical PBP, characterized in its
apo-state as an open conformation that fluctuates on the
nanosecond time scale between a major open and a minor
partially closed conformation and by a switch upon ligand
binding to closed forms that capture the substrate at the
hinged interface between the two domains. Notably, ecMBP is
very promiscuous, binding a variety of maltose-based ligands
with markedly differing affinities mediated through a range of
induced structural reorganizations and closed conformational
states. Moreover, these binding interactions, which are
generally enthalpically unfavorable, are favored by solvent
release and local reordering at and around the binding site.
The internal conformational dynamics associated with these
type-specific ligand binding interactions thus serve as
determinants of ligand affinity. While many other bacteria
retain only a single copy of a more promiscuous MBP, some
organisms maintain more than one MBP isoform. The
hyperthermophile Thermotoga maritima maintains three iso-
forms of MBP (tmMBP1−3) that are high affinity receptors for
di-, tri-, and tetra-saccharides, respectively.9 tmMBP1 (391
residues) and tMBP2 (393 residues) share significant sequence
identity (approximately 90%) but tmMBP3 (411 residues)
shares less than 40% identity. The tmMBPs share roughly 35%
sequence identity with ecMBP. Thus, this cluster of MBP
isoforms offers an interesting opportunity to investigate the
mechanisms underlying the evolution of specificity and affinity
profiles in a genome where MBP gene redundancy is present.
In previously published work, we determined the X-ray

crystal structures of tmMBP1, tmMBP2, and tmMBP3 in the
absence and presence of substrates, to better understand how
local binding interactions may modulate specificity and used
solution-based small-angle X-ray scattering and microsecond
time scale (500 ns) computer simulations and theoretical
modeling to examine the contribution of conformational
dynamics to the binding properties and behaviors encoded
within each tmMBP isoform.1 The results indicated that the
interplay of structure and dynamics within these homologues
are principal determinants of their substrate interaction
profiles. Specifically, the study showed that tmMBP2 and

tmMBP3 exhibit differential binding profiles based on the size
of the cognate substrate, wherein tmMBP2 binds larger malto-
oligomers and tmMBP3 binds only to maltose, and the
published MD simulations1 indicated the possibility of an
underlying dynamical variation that may dictate the prefer-
ential ligand binding mode in the two isoforms.

To further investigate this hypothesis, the differences in the
internal dynamic landscapes of the two structurally related
isoforms, tmMBP2 and tmMBP3, were assessed by using
neutron spin echo (NSE) spectroscopy. NSE spectroscopy has
significant advantages over other experimental techniques
commonly used to study protein dynamics. NSE spectroscopy
can measure protein dynamics across broad time and length
scales in a nondenaturing environment, which enables
measurement in a near-native state. In NSE spectroscopy,
the protein does not need to be tagged or altered and can thus
provide a direct high-resolution method to measure various
contributors to the overall dynamics of the protein. Due to a
highly concentrated sample requirement for NSE, often above
50 mg/mL, the technique can also simulate the crowded
environment inside the cells and can provide a more realistic
picture of in vivo protein conformational changes. The NSE
method measures dynamics in the picosecond to nanosecond
time scales, similar to the time scales accessed by MD
simulations.

Our present study provides differences between the dynamic
states of two structurally related proteins performing divergent
functions and identifies the subtle change in dynamics
underlying biochemical events like ligand binding. We
incorporated dynamic light scattering (DLS), small-angle
neutron scattering (SANS), and NSE in conjunction with
previously obtained computational MD simulations to examine
the differences in the dynamic landscapes of two structurally
related Thermotoga maltose-binding protein isoforms,
tmMBP2 and tmMBP3. As stated before, the MD simulations
indicated a possible underlying dynamical variation in the two
isoforms that dictate a preferential ligand binding mode. The
inherent structural conservation in these proteins and their
marked complexity in size-dependent substrate selection make
interesting targets to test theories of dynamics-mediated
functional segregation in proteins. Here, we present data on
both systems in the absence (apo) and presence (holo) of their
cognate ligands. SANS was used to determine the overall shape
of the proteins, while DLS and NSE were combined to
determine translational diffusion and its contribution to overall
dynamics and changes in rigidity due to the presence of
cognate ligands. The previously published MD simulations
provided a theoretical model to compare the NSE
experimental dynamics profiles with the predominant modes
during ligand binding events. Together, these techniques have
helped differentiate the collective motions of the structurally
related isoforms from their subtle segmental motions. They
also demonstrate new ways to empirically detect and correlate
the dynamics of structurally related proteins to help determine
and interpret their differential mechanism of action.

■ MATERIALS AND METHODS
Molecular Dynamics Simulation. Twenty-one separate

MD simulations were performed in 2018 on 21 tmMBP’s
systems from Thermotoga maritima (tmMBP1, tmMBP2, and
tmMBP3) and Escherichia coli (ecMBP) bound to various
glucose-based oligosaccharides substrates. Complete details of
the MD simulations conditions and equilibration protocols
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were the subject of previously published studies and can be
found in Shukla et al., 2018 and Gagne ́ et al., 2016.1,2 In the
following, we summarize only the most relevant information
for the systems in our study: tmMBP2 and tmMBP3. MD
simulations on tmMBP2 and tmMBP3 in apo and holo-states
were performed using AMBER3,4 version 14 suite, in explicit
water solvent. An SPC/E water model5,10 was used to solvate a
periodic rectangular box, with a 10 Å distance between protein
and the edge of the box and a previously published
equilibration protocol.1,6 The final production run of 500 ns
was performed under constant-energy conditions (NVE
ensemble). The analysis of trajectories was performed using
CPPTRAJ.7 To identify global motions on slower time scales,
the protein flexibility was characterized using quasi-harmonic
analysis (QHA), and the first (slowest) 10 quasi-harmonic
modes (RMSF10) were computed and aggregated as a
measure of protein flexibility, denoted as root mean square
fluctuations (RMSF10).8 A total of 10,000 conformational
snapshots from the last 100 ns of simulation time were finally
saved and used for NSE analysis and coherent intermediate
scattering function calculations.
Protein Expression and Purification. Both tmMBP2 and

tmMBP3 were expressed and purified as per the protocol given
in ref 1 with a few modifications. Briefly, both isoforms were
grown in 3L of Enfors minimal media in a bioreactor at 32 °C
until an O.D. of 20 was reached. The cells were then induced
using 1 M IPTG and grown at 25 °C for overnight induction.
Cell disruption by sonication was followed by incubation of the
lysate at 80 °C for 15 min to get rid of any contaminating
Escherichia coli proteins. The lysate was spun down, and the
supernatant was subjected to a two-step purification process
involving a His-tag affinity purification, followed by gel
filtration. The collected fractions of purified protein were
concentrated to approximately 51 mg/mL and were buffer
exchanged with gel filtration buffer (20 mM Tris pH 7.5 and
40 mM NaCl) containing D2O.
Small-Angle Neutron Scattering (SANS). SANS experi-

ments were performed at the EQ-SANS beamline (BL-6) at
the Spallation Neutron Source (SNS), Oak Ridge National
Laboratory (ORNL).11 Dialyzed tmMBP2 and tmMBP3

protein solutions in apo form: tmMBP2-apo and tmMBP3-
apo, and substrate bound form: tmMBP2-MTT and tmMBP3-
MAL (with MTT = maltotetraose for tmMBP2, and MAL =
maltose for tmMBP39), were used for SANS experiments in a
five dilutions series: 1, 5, 10, 20, and 50 mg/mL. The
generated data were background-corrected by using D2O
dialysis buffer. All the data sets were collected at 50 °C to
match the NSE measurement. The Q-range explored during
the SANS experiment was from ∼0.01 to ∼0.60 Å−1. The
relative scattering intensities I(q) as a function of momentum
transfer vector q (q = 4π sin θ/λ) was calculated by circular
averaging of the scattered data. ATSAS12,13 was used for the
P(r) analysis. Form factor per unit mass F(q) was estimated by
scaling the background-corrected scattering data and extrap-
olating it to the zero concentration for each q-value. The form
factor F(q) gives information about the shape of the molecule
in a diluted solution. The structure factor, S(q), describes the
protein−protein interaction in high concentration solution and
is calculated by dividing the concentration scaled scattering
data I(q) by F(q). SANS was performed on samples from the
same batch as later used for NSE experiments to maintain data
consistency.
Dynamic Light Scattering. DLS experiments were

performed using a DynaPro NanoStar (Wyatt Technology
Corp.) at a scattering angle of 90°. 100 μL samples of dilutions
ranging from 1 to 50 mg/mL were used for the experiment.
The samples were centrifuged and filtered prior to the
experiment to remove any large aggregates. The CONTIN
algorithm in the DYNAMIC software was used to analyze the
data and to identify polydispersity, molecular mass, and
translational diffusion coefficient.14−16 All measurements were
performed at 50 °C.
Neutron Spin Echo (NSE) Spectroscopy. NSE experi-

ments were performed on four samples (tmMBP2-apo,
tmMBP3-apo, tmMBP2-MTT, and tmMBP3-MAL) at the
SNS-NSE spectrometer at the Spallation Neutron Source,
ORNL.17 Quartz cells of 40 × 30 mm2 and a path length of 4
mm were used to store ∼4 mL of protein solution. Three
different incident wavelengths of 8, 9, and 11 Å were used to
measure the NSE spectra with a dynamical range of 0.1 ns <

Figure 1. Conformational flexibility of tmMBP2 and tmMBP3 isoforms as shown by MD simulation results. (A) Root-mean-square fluctuations of
the first 10 quasi-harmonic modes (RMSF10) computed and aggregated as a measure of the proteins flexibility: the width of the tube represents the
sampled area of the residues; blue regions represent rigid or less flexible regions, whereas regions highlighted in red represent highly dynamic
profiles. (B) Quasi-harmonics (QHA) of the top modes with the regions of interest marked.
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τmax < 130 ns (Fourier times) for q values ranging from 0.05 to
0.2 Å−1. Data were also collected on dialysis D2O buffer for
background subtraction. Sample concentration was ∼51 mg/
mL for all samples. All the experiments were performed in an
enclosed sample environment at ∼50 °C. No sample
aggregation or degradation was observed after a prolonged
data collection time that extended over several days. Data
reduction was performed using the DRSPINE18,19 software
package of the SNS-NSE instrument. Data analysis was
performed using Jscatter software developed by Biehl.20

■ RESULTS AND DISCUSSION
Dynamical Substates in tmMBP’s Revealed by

Molecular Dynamics. MD simulations of apo- and
substrate-bound tmMBP isoforms were performed for 500
ns. The aggregated root-mean-square fluctuations of top 10
slowest quasi-harmonic modes, RMSF10,8 displayed in Figure
1A, and the quasi-harmonic top modes, QHA, displayed in
Figure 1B, revealed distinct dynamical behaviors between
tmMBP2 and tmMBP3. In tmMBP2, the apo form is more
flexible, particularly in the C-terminal loop region interacting
with the N-terminal domain (Region 1, Figure 1A), and N-
terminal helices are near the binding site. Upon substrate
binding, tmMBP2 becomes rigid, with some local fluctuations
in exposed loop regions. QHA analysis confirms reduced
overall dynamics but localized motion in tmMBP2. In contrast,
tmMBP3 shows different dynamics, becoming more flexible
upon substrate binding, particularly in the C-terminal loop
near the binding site. In the apo form, this loop interacts with
the N-terminal domain, but substrate binding disrupts this
interaction. This loop modulates the protein’s affinity for its
substrate, stabilizing the open state in tmMBP3 and the closed
state in tmMBP2. QHA calculations also show that there is
differential fluctuation observed in tmMBP2 but not in
tmMBP3.
Ten thousand (10,000) protein conformations from the last

100 ns of simulation time were averaged for each sample to
create structural files (PDBs) later used for rigid body diffusion
calculations and NSE scattering data analysis.
Conformation of tmMBP Isoforms in Solutions

Revealed by SANS. Multiple SANS data sets were collected
on both apo (tmMBP2-apo and tmMBP3-apo) and substrate-
bound forms (tmMBP2-MTT and tmMBP3-MAL) at different
protein concentrations to determine the effects of high
concentration on the protein behavior in solution before the
NSE experiment. The SANS data were fitted against the
theoretically derived intensities of published crystal structures
of tmMBP2 and tmMBP3, in both apo and holo-forms.21,22

The solution scattering intensities and the theoretically derived
intensities are in good agreement for the low concentration
samples with minor variations for the high concentration
solutions. The low concentration solutions of 5 mg/mL
presented here in Figure 2A show a good representation of the
form factor of tmMBP isoforms by their crystalline structures.
The calculated P(r) functions12,23,24 of tmMBP’s showed small
variations in the radius of gyration (Rg) between the apo and
the substrate-bound forms. The difference was larger between
tmMBP2-apo (Rg = 19.87 Å) versus tmMBP2-MTT (Rg =
20.29 Å) than between tmMBP3-apo (Rg = 20.53 Å) versus
substrate-bound form tmMBP3-MAL (Rg = 20.49 Å) (see
Table 1).

The normalized P(r) plot (Figure 2B) is an indicator of the
overall compactness of the systems. At low concentration (5
mg/mL), all samples display similar compactness with both
tmMBP3 samples slightly more expanded. At high concen-
tration, 50 mg/mL, inset in Figure 2B, the tmMBP2-apo form
is the least compact and most expanded protein, while the
substrate-bound forms tmMBP2-MTT and tmMBP3-apo have
similar compactness. At high concentration, the substrate-
bound form of tmMBP3 is the most compact protein.
Interestingly, the compactness of tmMBP3-apo is comparable
to that of the substrate-bound form tmMBP2-MTT at 50 mg/
mL.

The structure factor, S(q), was calculated by dividing the
high concentration scattering data by the low concentration
form factor, for each of the four samples. An example is shown
in Figure 3A for sample tmMBP3-apo. The calculated structure
factors were fitted using the SASView program25 (Figure 3B).
tmMBP2-apo and tmMBP2-MTT structure factors were fitted
by using the hard-sphere model. The model indicates less
interaction with surrounding proteins, allowing faster particle
diffusion, even in a crowded environment. On the other hand,

Figure 2. Small-angle neutron scattering (SANS) results of hydrogenated tmMBP2 and tmMBP3 @ 5 mg/mL in D2O buffer. (A) Intensity vs q
plot of tmMBP samples with their form factor fits shown as solid lines. I(q) data are logarithmically spaced for better visualization. (B) Normalized
P(r) analysis of tmMBP proteins in the presence and absence of their cognate substrates, with the inset presenting the normalization of the high
concentration (50 mg/mL) data.

Table 1. Radius of Gyration Derived from the P(r) Analysis
Method for the Low Concentration (5 mg/mL) and High
Concentration (50 mg/mL) samples

sample name
Rg by P(r) analysis 5 mg/

mL(Å)
Rg by P(r) analysis 50 mg/

mL(Å)

tmMBP2-apo 19.87 ± 0.04 20.07 ± 0.02
tmMBP2-
MTT

20.29 ± 0.02 20.23 ± 0.03

tmMBP3-apo 20.53 ± 0.04 20.63 ± 0.01
tmMBP3-
MAL

20.49 ± 0.04 20.64 ± 0.04
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the sticky-hard-sphere model was a better fit for the structure
factor data from tmMBP3-apo and tmMBP3-MAL samples.
The sticky hard-sphere model calculates the hard-sphere

model with a narrow, attractive potential well. The strength of
its attractive well determines the extent of the “stickiness” of a
particle and describes an increased interaction with surround-
ing molecules. Close inspection of the structure factor further
indicates different protein−protein interaction behaviors of
both isoforms and a significant difference in the structure
factor of tmMBP2-apo vs tmMBP2-MTT at high concen-
tration, possibly attributed to the more flexible nature of the
apoprotein vs locked-down upon binding the MTT substrate.
Minimal differences in the structure factor between the apo-
and holo-states of tmMBP3 were noted. These results were

also consistent with our previous findings on the flexibility of
both isoforms1 and reflected by the Rg values in Table 1. The
calculated structure factors are essential for correcting the
intermediate scattering function by the particle−particle
interactions as strong interactions can affect the overall
dynamics obtained from NSE measurements.
Dynamics of tmMBP Isoforms Revealed by NSE. The

NSE experiments were performed on four samples, the apo
and substrate-bound forms of tmMBP2 and tmMBP3 to
quantify their pico-to-nanosecond solution-state dynamics in a
noninvasive way. The intermediate scattering function I(q, t)/
I(q, 0) was measured up to t ∼ 100 ns over a q-range of 0.05 to
0.2 Å−1. The NSE data set was collected for the maximum q-
range possible, close to the coherent-incoherent transition

Figure 3. (A) Example of SANS data on dilution series, here for tmMBP3-apo, with the inset presenting the normalization of the high
concentration (50 mg/mL) data by the low concentration (5 mg/mL) form factor. (B) Calculated structure factors fitted by hard-sphere models.

Figure 4. Neutron spin echo (NSE) data on tmMBP isoforms. (A) Intermediate scattering function I(q, t)/I(q, 0) for four selected q values. Solid
lines represent the single exponential fit. (B) Effective diffusion of tmMBP’s as a function of q, corrected by structure factor and hydrodynamics.
Solid lines are the scaled rigid body diffusion calculation, and the star symbols are the translational diffusion coefficients measured by DLS.
Diffusion curves are shifted for better visualization with the factor marked on the figure. (C) The difference in effective diffusion between proteins
isoforms. (D) The difference between experimental diffusion data and calculated rigid body diffusions. *The vertical dashed lines delimit the q-
range (low, intermediate, high) and the horizontal dash lines are the lines of zero difference, i.e., equal effective diffusion.
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point of the sample, around q-value of ∼0.2 Å−1. Each protein
sample was concentrated to ∼50 mg/mL, and the temperature
during the experiment was 50 °C. Figure 4A highlights four
selected q values representing the low q-regime (0.05−0.1
Å−1), the intermediate q-regime (0.1−0.16 Å−1), and the high
q-regime (0.16−0.2 Å−1). As a first step in the analysis, the
intermediate scattering function was fitted by the single
exponential: I(q, t)/I(q, 0) = exp(−Deffective·q2·t) to calculate
the effective diffusion coefficient Deffective.
From low q toward the high q, we transition from pure

diffusive translational motions observed over the full range of
relaxation time (up to 100 ns) toward the internal dynamics
and segmental motions of the proteins, in the short time
regime of several nanoseconds.26 The signal decays faster from
low q to high q (Figure 4A). The slower dynamics observed in
the low q regime (q < 0.1 Å−1) are dominated by the
translational diffusive motions, which can take hundreds of
nanoseconds to fully relax and represent collective motions for
the molecules diffusing in the solvent. The intermediate q
range (0.1− 0.16 Å−1) shows a faster decay compared to the
low q diffusive motions and is usually attributed to the
rotational and tumbling motions of the proteins. Finally, the
high q region (q > 0.16Å−1) represents a “zoomed-in view” into
the proteins’ structures and dynamics and can reflect the
flexibility of a particular secondary structure element or
domain in the target protein, although translational and
rotational diffusion are of course also visible.
The effective diffusion coefficient, Deffective, as a function of q

presented in Figure 4B is a primeval estimation of the dynamic
behavior of these samples. It encompasses translational and
rotational motions, which are directly affected by the
interparticle interactions, as well as the contributions from
the internal dynamical modes directly affected by hydro-
dynamics. Therefore, the Deffective has been corrected by the
structure factor S(q) derived from SANS measurements and by
hydrodynamic interactions HT (translational hydrodynamics
factor), so that the corrected effective diffusion coefficient
calculated for the lowest q matches the translational diffusion
coefficient at q = 0 determined from DLS experiments (D0).
This correction yields the translational hydrodynamic factors,
HT, shown in Table 2. For this analysis, HT was considered q-
independent within the NSE window observed for each sample
and was used as input value for further analysis by coarse grain
modeling. Hydrodynamic effects on rotational diffusion are not
considered at this point and are included in the modeling
approach described further below. The effective diffusion
analysis shows differences between samples quantified in
Figure 4C and summarized as follows:

1. In the low q regime (<0.1 Å−1), the apo form of both
proteins, tmMBP2-apo and tmMBP3-apo, have similar
diffusion coefficients. Binding tmMBP2-apo to MTT
makes the complex diffusing faster (tmMBP2-MTT has

higher diffusion coefficient than tmMBP2-apo) while
tmMBP3-apo and the ligand-bound tmMBP3-MAL have
almost identical diffusion coefficients. The difference
between the two substrate-bound forms shows that
tmMBP2-MTT is faster (higher diffusion) than
tmMBP3-MAL.

2. Relaxation follows similar trends in the intermediate q
regime (0.1−0.16 Å−1) with the small difference that
tmMBP2-apo seems to diffuse faster than tmMBP3-apo
in this q range.

3. In the high q regime (>0.16 Å−1), the dynamic is
activated by substrate binding: tmMBP2-apo is slower
than tmMBP2-MTT and tmMBP3-apo is slower than
tmMBP3-MAL and the holo-form tmMBP2-MTT
becomes slower than tmMBP3-MAL.

Upon ligand binding, tmMBP2-MTT gets faster than
tmMBP2-apo and maintains almost constant difference at
any given q range. This implies that mostly translation and
rotation diffusion in tmMBP2 are affected in a similar way by
the substrate presence. Upon substrate binding the protein
structure gets more compact and uniform diffusing faster than
its apo form. For tmMBP3 there is no dramatic change in the
low and intermediate q range upon ligand binding. Differences
in the rotational and internal q range (intermediate and high
q’s) pick up and become more pronounced for tmMBP3-MAL
showing faster dynamics than its apo form. Some dynamic
activation happens upon substrate binding of tmMBP3, and
the protein suddenly shows the most prevalent motions
between all four proteins showing the highest effective
diffusion values.

Effective diffusion calculated from the NSE intermediate
functions was compared to the protein rigid body diffusion
calculated by the program HYDROPRO27 using as protein
structures input the pdb files averaged from 10,000 proteins
conformations obtained from the last 100 ns of MD simulation
time. The difference between the effective diffusion coefficient
determined by NSE and the calculated rigid-body translational
and rotational diffusion ΔD = Deffective − Drigid is thought to
indicate the presence of internal motions in the case that
internal motions make a significant contribution to the NSE
spectra. The calculated rigid body diffusion of the monomer as
a function of q (solid lines in Figure 4B) describes well the
experimental distribution of diffusion coefficients, when scaled
to match the translational diffusion at q = 0 (D0 obtained from
DLS) by the factors in Table 2. Calculated rigid body
diffusions show stronger differences in the intermediate-to-
large q-range (>0.1 Å−1) for all samples when compared to the
NSE effective diffusion (Figure 4D), pointing toward variations
in both structural flexibility and dynamics of the proteins as
opposed to a simple rigid body motion. Again, the highest
difference is observed for tmMBP3-MAL with a higher
effective diffusion at q range >0.16 Å−1. We note that

Table 2. Results Parameters from HYDROPRO Calculations and Coarse-Grained Global Fit of the Intermediate Scattering
Function

sample name HT Hr

Dt0 rigid HYDROPRO
(Å2/ns)

Dr0 rigid HYDROPRO (1/
ns)

D0 DLS DLS (Å2/
ns)

internal relaxation
time(ns)

Dt0 (Å2/
ns) χ2 MSD (nm2)

tmMBP2-apo 0.91 0.80 7.37 6.19 × 10−03 10.66 12.32 8.48 5.63 5.33 ± 0.36
tmMBP2-
MTT

0.89 0.80 7.42 6.52 × 10−03 11.30 10.68 8.65 6.99 5.40 ± 0.32

tmMBP3-apo 0.87 0.80 7.31 6.22 × 10−03 10.88 10.67 9.24 8.26 5.91 ± 0.29
tmMBP3-
MAL

0.88 0.80 7.42 6.55 × 10−03 10.85 26.45 10.70 4.29 3.60 ± 0.38
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hydrodynamic effects on rotational diffusion have not been
considered here, which can lead to an underestimation of the
effective diffusion coefficients by NSE in the intermediate and
high q range and mask the presence of internal protein
dynamics in the ΔD plots.
In the next step, we analyze the I(q, t)/I(q, 0) data by using

an analytical model that considers both hydrodynamic effects
on translational and rotational diffusion and includes addi-
tionally a contribution for internal protein dynamics. Values for
the translational and rotational diffusion coefficients from rigid
body calculation by HYDROPRO are collected in Table 2 and
were used further as initial values for the analysis of the
coherent intermediate scattering intensity. The intermediate
scattering function, as stated before, has contributions from
overall translational and rotational diffusions and motions
within the molecule segments. We assumed that the full range
of the relaxation function can be described by I(q, t)/ I(q, 0) =
Itranslation(q, t) · Irotation(q, t) · A0·Iinternal(q, t) where the internal
protein dynamics part, Iinternal(q, t), is described by a q-
independent relaxation rate Γ corresponding to a relaxation
time τ = 1/Γ and a q-dependent amplitude A(q) as given by
Iinternal(q, t) = 1 − A(q) + A(q)·exp(−Γt). This model has been
successfully used to characterize the internal motions in
various enzymes,28−30 antibodies,31 and transporter proteins26

as well as intrinsically disordered proteins.32,33 A global fit of all
NSE spectra (Figure 5) was performed by coarse-grained
structure-based calculations using structural PDB files obtained
from the last 100 ns of MD simulation time for each sample,
coarse-grained to 200 individual grains.
The model fits the translational diffusion coefficients Dt0 as

an indicator of the overall global motions, and the internal
relaxation time and the amplitude of internal motions for each
sample, while keeping as constant parameters the translational
hydrodynamics factor, HT equal to the values obtained from
the correction of the effective diffusion Deff by structure factors

and hydrodynamics interaction (Figure 4B, Table 2), the
rotational hydrodynamics factor fixed to Hr = 0.8, and the
rotational diffusion coefficients fixed to the HYDROPRO rigid
calculated values to ensure the convergency of the fit and avoid
ill-posed problems due to large numbers of correlated
parameters. The results of the global fit are displayed in
Table 2 and Figure 5.

The coarse-grained model fits well the overall relaxation with
the χ2 values in Table 2. Three of the four samples relax with
similar relaxation time, in the range of τ ∼ 10 ns, with
tmMBP3-MAL exhibiting double the relaxation time, τ = 26.45
ns. Using relaxation time as an indicator of how quickly the
proteins return to equilibrium state (higher entropy state), this
slower relaxation of tmMBP3-MAL can be attributed to the
rigidity and compactness of the structure upon substrate
binding. Similarly, the translational diffusion, Dt0, has the
highest value for tmMBP3-MAL indicating faster translational
motions. tmMBP3-MAL also has the fastest rotation: Dr0 is
larger than the rest of the samples. A symmetrical and dense
structure of the substrate bound tmMBP3-MAL is expected to
translate and rotate faster in solution, acting like a compact
rigid body, while asymmetry and expansions in the shape of the
other tmMBP’s structures shift the center of mass reducing
tumbling and diffusive motions, with higher structural
flexibility in general.
Amplitude of Internal Motions and Normal Modes

Analysis. Normal Modes analysis in proteins refers to the
collective motions that a protein can undergo, represented by
specific motion patterns like bending, stretching, twisting, etc.
Each normal mode has a frequency associated with it, which
determines how fast these motion patterns are. Generally, the
modes with lower vibrational frequencies correspond to slower
and larger-scale motions, while higher-frequency modes
correspond to faster and smaller-scale motions. The amplitude
of internal motions resulting from coarse grain fit of the NSE

Figure 5. Global fit of translational, rotational, and internal dynamics for NSE intermediate scattering function I(q, t)/I(q, 0) by a coarse grain
model of 200 grains.
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data for each sample is displayed in Figure 6 and, as a measure
of the extent of internal dynamics, we compared this amplitude
to the calculated amplitude prediction of the first three
nontrivial Normal Modes, NM7 to NM9. At first glance, each
sample exhibits individual amplitude characteristics as a
function of q. Similarities in both values of the amplitude A
and the shape of A(q) can be seen for tmMBP2-apo and
substrate bound tmMBP2-MTT. The tmMBP2-apo amplitude
of internal motions is fairly described by both NM9 and NM8
amplitude, while the tmMBP2-MTT amplitude is generally
best described by the NM8 amplitude mode.
Stronger differences are observed in the amplitude of the

internal motions between tmMBP3 samples. While tmMBP3-
apo displays amplitude values in the same range comparable to
those of tmMBP2 samples (with NM8 amplitude mode best
describing the overall trend), the shape of A(i) is in general
poorly described by any mode calculation. This could be
attributed to differences in the structure between tmMBP2 and
tmMBP3, which result in the binding to larger or smaller
substrates within the same fold. Due to its significantly smaller
binding pocket and due to the presence of steric hindrance
near the substrate binding site in tmMBP3, the two domains
open to only ∼35°. As a consequence of these shorter domain
displacements, tmMBP3 in the apo form might resemble a
transitional state intermediate of tmMBP2, somewhere
between the fully open and the fully closed tmMBP2 forms.
This becomes also evident from the SANS profiles analysis,
where the radius of tmMBP2-MTT (Rg = 20.29 Å) is very
close to tmMBP3-apo (Rg = 20.53 Å) (Figure 2B and Table1).
Their internal relaxation times are also identical: 10.68 ns for

tmMBP2-MTT and 10.67 ns for tmMBP3-apo, pointing
toward similar structural flexibility. The most visible differences
are observed in the amplitude of tmMBP3-MAL. Smaller
amplitude values with larger errors as a function of q are
calculated, with the NM9 amplitude best describing the
behavior. The smaller amplitude values with large errors and
higher frequency point toward annihilation of strong domain
motions upon substrate binding no doubt due to the rigidity,
compactness, and symmetric shape of the bound structure.
This is also consistent with the slower relaxation and faster
translational and rotation diffusive motions we observed
experimentally in tmMBP3-MAL. In general, upon substrate
binding, both proteins structures get more compact and
uniformized, and stronger larger-scale domain motions are
replaced by fast, high frequency, and small amplitude motion
patterns.
Mean Square Displacements and Conformational

Entropy. For binding substrates, thermal fluctuations are
required within proteins to transition between different
conformational states. The protein−substrate binding inter-
action is regulated, among others, by variations in the
conformational entropy. The entropy difference between the
two protein conformational states normalized per residue that
participates in the observed motional processes, ΔSconf/residue,
can be estimated using the mean square displacement (MSD),
which quantifies the amplitudes of average fluctuations within
the protein structure:34,35

Figure 6. Amplitude of the internal motions contributing to the NSE relaxation spectrum. The amplitudes of the Normal Modes (NM7−NM9) are
calculated using the PDB files from the last 100 ns of MD simulation time for each sample and displayed for comparison. Gray area represents the 1
sigma amplitude error interval. Dashed orange line is the amplitude fit by the exponential: A(q) = 1 − exp(−⟨u2⟩ · q2) where ⟨u2⟩ is the mean
square displacement, equivalent to a Brownian Oscillator = BO amplitude.26,34
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where R is the universal gas constant. The calculated amplitude
of internal motions contributing to the NSE relaxation from
Figure 6 was described by an exponential function: A(q) = 1 −
exp(−⟨u2⟩ · q2), with ⟨u2⟩ as the MSD in one direction.34 The
MSD values are listed in Table 2. MSD values for tmMBP2 in
both apo and holo-forms are very similar (5.33 nm2 and 5.4
nm2) reinforcing the idea that the substrate binding has very
little effect on the domain motions in tmMBP2, pointing
slightly toward a plasticization of the structure. For tmMBP3-
apo, a higher MDS is calculated (5.91 nm2) as compared to
tmMBP2-apo, showing more flexibility and domain dynamics
in the ligand-free form of this protein. There is a significant
reduction in the MSD value for tmMBP3-MAL (3.6 nm2) and,
therefore, in the effective amplitude of internal motions,
pointing toward a strong reduction in flexibility of tmMBP3
upon substrate binding. Using the equation above, the
difference in conformational entropy between holo-and apo
states of tmMBP2 is ΔSconf/residue = 0.174 ± 2.25 J/mol/
residue, while in tmMBP3 is ΔSconf /residue = −6.19 ± 2.93 J/
mol/residue. Hence, in the time-and-length window of our
NSE experiment, no significant change in conformational
entropy of tmMBP2 is observed upon binding maltotetraose,
while for tmMBP3, the maltose-binding strongly reduces the
conformational entropy.

■ CONCLUSIVE REMARKS
Our study demonstrates how neutron scattering can detect and
differentiate the dynamic profiles of structurally and function-
ally close-related isoforms upon ligand binding. The results
suggest that structural similarity among tmMBP isoforms is
complemented by differential dynamic modes that allow them
to become functionally segregated. The NSE experiments
enabled us to study the nature of these interactions and
quantify their nanosecond solution-state dynamics across
differing q and time-range, in both apo and holo-forms.
MD showed that upon substrate binding, tmMBP2 becomes

rigid with reduced overall dynamics and some localized
fluctuations in the exposed loop regions, which were also
confirmed by the QHA analysis. In contrast, tmMBP3 became
more flexible upon substrate binding.
The NSE results identified differences in the global motions

of the two isoforms as well as in the segmental dynamics
regime. From the NSE diffusion analysis, we conclude that
upon binding MTT, the tmMBP2 structure gets more compact
and uniform, diffusing faster than in apo form. The changes are
even more pronounced for tmMBP3-MAL that exhibits the
highest effective diffusion values. From the amplitude of
internal motions and Normal Mode analysis, we reinforce the
conclusion that upon substrate binding, protein structures tend
to become more compact and rigid, where stronger and larger-
scale domain motions are replaced by high frequency and small
amplitude motion patterns, with the tmMBP3-MAL sample as
the most rigidized conformation. The NSE results are
supported by the P(r) curves for the highly concentrated
solutions where tmMBP3-MAL is the most compact state. This
is the opposite of MD simulation and QHA analysis, which
showed softening of tmMBP3. This discrepancy could stem
from the fact that the MD simulations were performed with the
NVE ensemble and might not reflect realistic thermodynamic

conditions of the proteins. Another explication might be that
the performed MD simulations and analysis methods are more
sensitive to local changes around the ligand-binding pocket
and do not probe the slow collective motional patterns that are
detected by NSE. The amplitudes of motions of the simulated
large-scale collective motions might be underestimated by MD
and, hence, are difficult to detect in the simulations. Extended
MD simulations up to the μs time range might be needed to
allow for a direct comparison between the MD simulation and
the NSE experiment.

No significant change in the conformational entropy of
tmMBP2 is observed upon maltotetraose binding, while for
tmMBP3 the maltose-binding reduces the conformational
entropy. Speculating further, this indicates only small structural
and dynamical changes in tmMBP2 upon ligand binding
confined to some localized fluctuations with less affinity and
binding specificity. Stronger reduction of the conformational
entropy in tmMBP3-MAL points toward higher specificity and
selectivity of tmMBP3, increased binding affinity toward MAL,
reduction in the structural diversity of tmMBP3, and stability
of the complex. This is consistent with the idea that the
surrounding environment of a protein has either plasticizer or
stabilizer effects and can allow or deny conformational
sampling of proteins between conformational substates.

Correlating experimental dynamical signatures with molec-
ular dynamics simulations to understand the conformational
dynamics and ligand binding remains a significant challenge in
biophysics. The role of conformational dynamics in molecular
recognition is controversial, but future advancements in joint
computational and experimental data analysis could lead to
better energy resolutions, which could enable studies of even
slower dynamical processes that form the basis of dynamics-
coupled recognition mechanisms and conformational selection
in proteins.
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